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Chapter-1

Introduction

1.1 Introduction

Sugarcane molasses-based distilleries are sources of complex environmental
pollutants due to the presence of various heavy metal-containing organic pollutants
(Chandra et al., 2018). In India, there are more than 319 sugarcane molasses-based
distilleries in operation that generate an approx. 1500 tons of sludge per day during
the anaerobic digestion of spent wash (Chandra et al., 2018). The general process of
alcohol production and effluent generation has been illustrated in Fig.1.1. The main
source of effluent generation is the distillation stage of fermented molasses. During
the distillation process, an average of 12-15 L spentwash is generated for each litre of
ethanol produced. This reflects the magnitude of environmental pollution caused by
effluent generated from the distillery sector all over India (Tripathi et al., 2021).

The sludges of distillery contained high iron (Fe), zinc (Zn), copper (Cu),
chromium (Cr), cadmium (Cd), manganese (Mn), nickel (Ni), and lead (Pb) content,
all present in concentrations above the prescribed limit in the environment
recommended by US Environmental Protection Agency (USEPA), Environmental, U.
S. (2006) (Firestone et al., 2010). In addition, the recent studies have highlighted that
distilleries sludge contains several persistent organic compounds e.g. dodecanoic acid,
octadecanoic acid, n-pentadecanoic acid, hexadecanoic acid, B-sitosterol, stigmasterol,
[B-sitosterol trimethyl ether, heptacosane, dotricontane, lanosta-8, 24- dien-3-one, 1-
methylene-3-methyl butanol, and 1-phenyl-1-propanol as androgenic and mutagenic
compounds. These compounds are listed by the USEPA, 2012, as endocrine-
disrupting chemicals (EDCs). Due to the complexation of metals with organic
pollutants, these organometallic compounds restrict the bioavailability of metals to
plants. Consequently, their bioremediation and biodegradation process is seized.
Therefore, these pollutants persist in environment for long time without much change.
Hence, the generated sludge remains alkaline with a high pollution load they do not
allow the microbial growth and any vegetation. Moreover, the existing vegetation is
also damaged (Tripathi et al., 2021).

Kshitij Singh/Ph.D. ThesissDEM/BBAU/2022 1



Chapter-1 Introduction

Distillery waste contains a high concentration of recalcitrant organic pollutants
generated during the processing of sugarcane juice in sugar industries and alcohol
production. In addition, distillery waste water also contains natural color contributing
compounds such as polyphenols, caramels, melanoidins and alkaline degradation
products of hexoses (ADPH) etc. (Tripathi et al.,, 2010). The major colourant
compound present in distillery effluent is due to melanoidins (Singh et., 2021).
Melanoidins are nitrogenous, heterocyclic brown pigments polymer generated during
the chemical reaction between amino and carbonyl compounds at elevated
temperatures (Singh et al., 2021). These compounds are synthesized by the reaction
occurring between the amino groups of amino acids, peptides, or proteins and the
carbonyl groups of reducing sugars. These polyphenolic compounds have antioxidant,
anti-microbial, anticarcinogenic, free radical scavenging and metal chelating

properties (Singh et al., 2021).

Sugarcane Molasses | Water
J g

Feed Preparation J Diluted sugarcane

molasses
.
Yeast inoculums Y
+ =  Fermentor |=% Cooling Water
" Fermentor :< Cooling water
_J
L J
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—
’f'_ ______________________________ \\
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1 A J ]
! Steam 1 .
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Alcohol

Fig.1.1. Flow diagram representation of ethanol production and PMDE disposal in

environment.
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Chapter-1 Introduction

Phenolic compounds are also reported to react with proteins during beer storage and
form high molecular weight compounds and hazes (Aron and Shellhammer, 2010).
The presence of polyphenols in distillery waste is largely depends on the source of
molasses and sugar content in feed flow (Arimi et al., 2014). Polyphenols are
categorized into three broad classes: phenolic acids, flavonoids, and tannins. The
phenolic compounds detected in molasses based distillery waste includes benzoic acid
and its derivatives (e.g., gallic acid), cinnamic acid and its derivatives (e.g., coumaric
acid, caffeic acid, chlorogenic acid and ferulic acid) ring compounds (Chowdhary et
al., 2018).

Fig.1. Figure showing the environmental impact of distillery waste at disposed site.
(a) Discharge of PMDE (b) ecosystem affected after PMDE disposal at open area (c)
View of distillery sludge discharged from methane reactor (d) Potential plants

growing on disposed sludge showing phytoremediation

The discharge of distillery waste in water bodies without adequate treatment
causes severe water pollution. Due to its high BOD, COD values, high sulphate,
phosphate, and nitrogen content, it causes eutrophication of contaminated water

resources (Bhateria and Jain 2016). The toxicity of distillery wastewater (DWW) to

Kshitij Singh/Ph.D. ThesissDEM/BBAU/2022 3
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aquatic organism has been reported by several researchers. Mahimaraja and Bolan
(2004) have estimated the LC50 value of 0.5% by using a bio-toxicity test on fresh
water fish Cyprinus carpio var. communis. Besides,, it was reported by some other
researchers that respiratory process in Cyprinus carpio under DWW stress get
affected resulting in a shift towards the anaerobic conditions at organ level during the

sublethal intoxication (Ramakritinan et al., 2005).

Distillery waste also causes soil pollution and acidification in the case of
inappropriate land discharge. Further, it has been also pointed out that it inhibits seed
germination, reduces soil alkalinity, cause soil manganese deficiency and reduces the
growth and vyield of crop plants (Yadav and Chandra, 2019). In addition, Bharagava
and Chandra (2010) have also reported that post methanated distillery effluent
(PMDE) have deleterious effects on seed germination and seedling growth parameters
in Phaseolus mungo (L). The inhibition in seed germination at higher PMDE content
might be attributed due to high salt concentration and TDS, which increases high
osmotic pressure (OP) and anaerobic conditions, respectively. These conditions affect
various biochemical and physiological activities such as movement of solute,
respiration and enzymatic process of seed germination. It has been also reported that
high PMDE concentration also acts as an inhibitor for plant growth hormone(s) (auxin
and gibberline), which play an important role in plant growth and development
(Bharagava and Chandra, 2008). Moreover, Bharagava et al. (2008) have reported that
at higher PMDE concentration, the entrance of potentially toxic trace elements into
the protoplasm may result in the reduction of intermediate metabolites, which are

responsible for the reduction in plant growth parameters.

Besides soil and water pollution, the residents of distillery waste contaminated
area also face severe health problems such as irritation of eyes, skin allergies,
headache, fever, vomiting sensation, and stomach pain etc. due to gaseous pollutants
generated from wastes. Moreover, due to aquatic and soil pollution they also
adversely affect to human health. All these problems might be due to the presence of
high concentration of dissolved impurities like carbonates, bicarbonates, sulphates,
calcium chloride, magnesium, iron, sodium, and potassium along with the colloidal
impurities like coloring compounds, organic waste, finely divided silica and clay
(Patil, and Prasad, 2020).

Kshitij Singh/Ph.D. ThesissDEM/BBAU/2022 4



Chapter-1 Introduction

Some researchers have reported that excessive glycation process also destroys
the essential amino acids, inactivation of enzymes, cross-linking of glycated extra-
cellular matrix, inhibition of regulatory molecule binding sites, altered
macromolecular recognition, abnormalities in nucleic acid function, endocytosis and
increased immunogenicity etc. (Echavarria and Ibarz, 2012). Further, the genotoxic
compounds can act at various levels in cells (causing gene, chromosome, or genome
mutations), necessitating the use of a range of genotoxicity assays designed to detect
these different types of mutations (Taylor et al., 2004). Glosl et al. (2004) have
demonstrated that heated sugarcasein model melanoidins consisting variable sugars
exhibit different mutagenic activity. For example, ketose sugars (fructose and
tagatose) showed a remarkably high mutagenic activity as compared to their aldose
isomers (glucose and galactose) and generated reactive oxygen species results in the

breaking of DNA strands and mutagenesis.

In addition, some other maillard reaction products (MRPs) were also reported
to induce chromosomal aberrations in Chinese hamster ovary cells and gene
conversion in yeast cells. The mutagenicity and DNA strand breaking activity of
glucose-glycine model melanoidins was also demonstrated by Chandra and
Bharagava (2008), who reported that LMW fractions act as lipid sink and induced

DNA damage, where the effect increases with increase in concentration.

Though, various bioremediation techniques have been reported for mitigation
of environmental pollution by distillery waste in past decades (Rana et al., 2017). But
phytoremediation has emerged as a promising green technology for the
decontamination of organometallic polluted sites of various Industrial wastes
including sugarcane molasses based distilleries (Tripathi et al., 2021; Montpetit and
Lachapelle, 2017). Further, recent studies have also highlighted the phytoextraction
potential of some native plants growing as weeds and grasses such as Argemone
Mexicana (mexican poppy), Chenopodium album (goosefoots), Rumex dentatus
(toothed dock), Tinospora cordifolia (giloy), Calotropis procera (madhaar), and
Basella alba (pui)for metal-contaminated sources and other organometallic industrial
sludge disposed sites (Rana et al.,, 2022). However, among the potential metal
accumulators, several are known as food and medicinal plants (Shammi et al., 2016;
Singh and Prasad, 2014) which may be well recorded for social awareness to maintain
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the food and medicinal quality of crop plants or other medicinal plants because during
phytoextraction of metals from sludge will damage the food quality or medicinal
properties of their metabolites (Suman et al., 2018).

While many common native plants have been reported for more potential to
grow on disposed sludge of distillery waste, however, the accumulation of heavy
metals by these plants in the environment from the multi-metal contaminated site is
not well studied (Kumar and Chandra, 2019). To understand the impact of complex
industrial wastes in plants and explore their potential for phytoremediation, there is a
need to identify the mutagenic and carcinogenic constituents of the distillery sludge
and the metal-accumulation patterns in these native plants. Heavy metal pollution in
soil, water, and food material is a major threat to human health. Heavy metals tend to
accumulate in the soil, water, and plants in the environment, which could contaminate
the food chain subsequently (Ali and Khan, 2019). For example, Indian mustard
grown in distillery effluent irrigated soil showed significant accumulation of heavy
metals (Cd, Cu, Fe, Mn, Ni, and Zn) in their edible parts (i.e. seeds and leaves) and
could pose a health risk to humans (Bharagava et al., 2008). It is noteworthy that at
<10% (v/v), the effluent showed an inducible effect on the growth of the mustard
plant; while at >10% (v/v), the effluent showed an inhibitory effect on the various
physiological parameters of the plants.

A cheaper, practical and ecologically relevant alternative is the bacterial
assisted phytoremediation, association of plants with microorganisms that contribute
to the degradation and removal of pollutants both from soil and wetland ecosystem
(Bert et al., 2009). Bacterial assisted phytoremediation, referred to as a type of
phytoremediation, involves the interaction of plant roots and the bacteria associated
with these root systems to remediate soils containing elevated concentrations of
organic compounds (Morel et al., 2006). These techniques could provide cost-
effective methods of remediating soils and groundwater contaminated with metals,
radionuclides, and various types of organics, with fewer secondary wastes and less
environmental impact than would be generated using traditional remediation methods.
Bacterial communities like Bacillus, Rhodococcus, Paenibacillus, Acidovorax,
Alcaligenes, Mycobacterium, and Pseudomonas, etc. are also able to enhance the
phytoremediation process. For example, they can increase metal availability via the

production of polysaccharides and polymers (Wang et al., 2022).
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Phytoremediation for in situ remediation for industrial wastewater being seen
as an efficient, sustainable and cost-effective remediation technique compared to
conventional  physical-chemical techniques (Ali et al., 2013). During
phytoremediation, biodegradation of pollutants is promoted by the synergy between
plants and the microorganisms present in the rhizosphere, the region of soil that is
directly influenced by root secretions. Successful phytoremediation is dependent on
the survival and growth of plants on contaminated sites, as well as the ability of the
rhizosphere to support an active soil microbial population (Hou et al., 2015).
Phytoremediation is defined as the use of plants to destroy, sequester and remove
toxic pollutants from the environment. However, this method also has many
drawbacks. Therefore, phytoremediation associated with rhizospheric microorganisms
has emerged as an acceptable agronomic remediation technology. The relationships
that exist between plants and microbes in the rhizosphere play a key role in enhancing
the efficacy of phytoremediation through a process known as ‘bio-assisted
phytoremediation’ (Sharma et al., 2021).

Efficacy of phytoremediation strongly depends on a large and deep penetrating
root system and a high transpiration rate (Yadav et al. 2018). When the pollutant is
assimilated and translocated within plant tissues, metabolic transformation processes
occur that are mediated by a great variety of enzymes for several types of substrates
(Kvesitadze et al., 2015). The plant metabolic transformation process depends directly
on the solubility and bioavailability of the pollutant, to make phytoremediation a
feasible process. Physicochemical and structural properties determine the uptake of
organic chemicals by plant roots from the soil (Delgado and Gdmez, 2016).

The plant strategies for growth and phytoremediation at the polluted site
involved various biochemical mechanisms for the amelioration of environmental
pollutants. The mechanism of plant strategies is regulated through the production of
glutathione, phytochelatins, metallothioneins, and various organic acids (Kumar et al.,
2016). Therefore the plant may adopt phytoextraction, phytostabilization,
phytovolatilization, or rhizofiltration strategies based on the nature of pollutants and
plant species (Tripathi et al., 2021). The phytoextraction process is mediated by the
combined action of bacteria and plants due to secretion of some organic acids from
plant and bacteria facilitating plant growth and transpiration mechanism (Meena et al.,
2021). Consequently, various heavy metals are accumulated in the plant from

complex organometallic wastes. In addition to physico-chemical factors such as soil
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quality temperature, moisture, and light characteristics that influence plant root
growth and development, these rhizobacteria also affect the efficiecy of
phytoremediation and known as Plant growth Promoting Rhizobacteria (PGPR)
(Gouda et al., 2018). PGPR include bacteria that inhabit the rhizosphere, improve
plant health and may also enhance plant growth. It is well established that only 1 to
2% of bacteria promote plant growth in the rhizosphere. PGPR promote plant growth
and enhance phytoremediation through a variety of activities, such as synthesis is of
phytochromes and plant hormones [e.g., indole acetic acid (IAA)], bio-control,
promote nodulation in legumes, boost seedlings development, increase mineral
phosphate solubilization, produce siderophores and acetyl-CoA carboxylase (ACC)
(Etesami and Maheshwari, 2018). Through systemic acquired resistance and induced
systemic resistance, PGPR also help plants to become more resistant to various plant
pathogens and environmental stresses (Kamle et al., 2020). Several studies showed
that PGPR species including: Azotobacter, Pseudomonas, Rhodococcus,
Methylobacterium, Kluyvera, Ochrobactrum, Variovox, Burkholderia, Bacillus,
Brevibacillus, Flavobacterium, Xanthomonas, Azomonas and Brevundimonas, have
been successfully used to increase plant growth in phytoremediation (Tripathi et al.,
2022; Khan et al., 2009; Yadav et al., 2019).

The general process of microbial colonization in rhizosphere includes bacteria,
fungi, acticomycetes, protozoa and algae (Fig. 1.2). However, bacteria are the most
abundant microbial present in the rhizosphere. The genera such as Azospirillum,
Azotobacter, Acetobacter diazotrophicus, Azoarcus include bacterial species that have
the ability to fix nitrogen biologically (Turan et al., 2016). Besides biological nitrogen
fixation, phosphate solubilization is also an important phenomenon in the rhizosphere
that enhances the nutrient availability to the host plant. Direct and indirect
mechanisms are followed by PGPR for plant growth (Olenska et al., 2020). The direct
mechanism includes secretion of phyto-hormones i.e. auxin, decrease of plant
ethylene levels and facilitates the uptake of nutrients from the environment through
nitrogen fixation. Direct plant growth promotion by PGPR involves either providing
plants with microbe-oriented compounds or helping in the absorption of several
nutrients from the environment that are essential for plant growth. While, indirect
mechanism PGPR prevents the deleterious effects of one or more phytopathogenic

organisms (Jeyanthi, and Kanimozhi, 2018). This includes production of antagonistic
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substances for inhibition of phathogenic microbes it is a type of biological control.
Among these mechanisms PGPR adopted one or more for plant growth. PGPRs
control the detrimental effects of pathogenic agents on plants to reduce the impact of
diseases by producing growth inhibitors i.e. antibiotics, bacteriocins, siderophores,
induction of systemic resistance, competition for nutrients and niches and lytic
enzymes or by increasing natural resistance of host plant (Wang et al., 2018).
Antagonistic activity of PGPR is regulated by several mechanisms including
competition, parasitism, and siderophores or antibiotics production (Tariq et al.,
2017). The mechanism for biocontrol by PGPR is induced systemic resistance (ISR)
that manipulates the physical and biochemical properties of the host plant for
controlling plant diseases. The direct mechanisms are biofertilization, stimulation of
root growth, rhizoremediation, and plant stress control.
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Fig.1.2. Ecology and Biodiversity of PGPR living in the Rhizosphere

PGPR and their interactions with plants are exploited commercially and hold great
promise for sustainable agriculture. Applications of these associations have been
investigated in maize, wheat, oat, barley, peas, canola, soy, potatoes, tomatoes, lentils,
radicchio and cucumber (Gray and Smith, 2005). PGPR are agriculturally important
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bacteria having specific symbiotic relationships with plants. PGPR serve as one of the
active ingredients in biofertilizer formulation. Based on the interactions with plants,
PGPR can be separated into symbiotic bacteria, whereby they live inside plants and
exchange metabolites with them directly and free-living rhizobacteria, which live
outside plant cells. Symbiotic bacteria mostly reside in the intercellular spaces of the
host plant, but there are certain bacteria that are able to form mutualistic interactions
with their hosts and penetrate plant cells. In addition to that, a few are capable of
integrating their physiology with the plant, causing the formation of specialized
structures. Rhizobia, the famous mutualistic symbiotic bacteria, could establish
symbiotic associations with leguminous crop plants, fixing atmospheric nitrogen for
the plant in specific root structures known as nodules. PGPR can also be termed as
plant health promoting rhizobacteria (PHPR) or nodule promoting rhizobacteria
(NPR) and are attached with the rhizosphere that is an important ecological
environment of soil for plant-microbe interactions. Various species of rhizobacteria
belonging to the genera Alcaligenes, Arthrobacter, Azospirillum, Azotobacter,
Bacillus, Bradyrhizobium, Burkholderia, Enterobacter, Flavobacterium, Klebsiella,
Mesorhizobium, Pseudomonas,Rhodococcus, Streptomyces, Serratia etc. have been

reported to promote plant growth and antagonize plant pathogens.

By adopting various strategies, including the production of antioxidant
enzymes, subcellular localization of metals, and organic acid exudation, these plant
growth promoting bacteria, such as Pseudomonas and Bacillus, alleviate abiotic
stresses in plants (e.g., heavy metal toxicity), enhance plant growth (Wang et al.,
2020) and promote plant life (Sharma et al., 2020a). According to the Environmental
Protection Agency (EPA), heavy metals such as Cu, Cd, Pb, As, Cr, Ni, and Hg are
the most common environmental pollutants. Several studies showed that plant
growth-promoting rhizobacteria (PGPR)-assisted phytoremediation were very
effective in removing of heavy metal from contaminated soils (Dhiman et al., 2016;
Sharma et al., 20214, b). The application of PGPR is regarded to be a cost-effective
and environmentally friendly treatment to enhance the clean-up process of
contaminated soil by plants that are subjected to biotic and abiotic stress (Pandey et
al., 2017; Sharma et al., 2020a, b). PGPR are helpful for plant growth enhancement
and bioremediation of contaminated soil through sequestering or degrading heavy
metals and other toxicants. Bioremediation is, therefore, an option that offers the
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possibility to destroy or render harmless, various contaminants using natural
biological activity. PGPR assist phytoremediation directly or indirectly through
several mechanisms, such as increased nutrient uptake, suppressing pathogens by
producing antibiotics and siderophores or bacterial and fungal antagonistic substances
(hydrogen cyanide), phytohormone production and nitrogen. Many plants are shown

to accumulate metals and biotransformation of recalcitrant compounds.

Fast community fingerprints of 16s rDNA denatured gradient electrophoresis
(DGGE) based on a polymerase chain reaction (PCR) showed bacterial phyla such as
Proteobacteria and Firmicutes are commonly found in the rhizospheric zone of plants
to remove heavy metals from different industrial contaminants (Marques et al., 2015).
The development of mutually beneficial interaction between the host plant and
rhizosphere micro-organisms leads to the enhancement of plant growth and resilience
(Hansen et al., 2017). Hence, the use of appropriate rhizosphere microorganisms can
simultaneously increase metal phyto-availability, decrease metal toxicity and
stimulate the host plant biomass to accumulate a high level of metals (Shelake et al.,
2018). The enhancement of interactions between plants and rhizosphere bacteria
could be a critical component of phytoremediation technology. In heavy metals
contaminated environment, the luxuriant growth of several indigenous plants
suggested the phytoextraction capacity of these native plants against the heavy metals
(Kumari et al., 2016). The use of native plants is strongly recommended, but little
work has been carried out regarding using invasive species for phytoremediation. The
invasive species often out compete native plants due to their adaptability and

robustness (Traveset, et al., 2014).

The microbial population present in the rhizosphere or near the root zone can
degrade the pollutant or make it more bioavailable, challenging the plant tolerance
when exposed to environmental pollutant (Martin et al., 2014). Plant growth
promoting rhizobacteria (PGPR) have also been used as inocula to further increase
plant growth, reduce environmental stress and promote degradation by rhizosphere-
associated microorganism (Hou et al., 2015). Mainly the studies have been focused
only on the remediation of heavy metals through rhizospheric bacteria from the
contaminated sites. But, the study on the removal and minimizing of organic

pollutants from the polluted sites is not much studied so far.
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Some native potential plants (weeds and grasses) grow on the discharge site of
distilleries sludge; they have been reported for heavy metal phytoextraction by
Chandra et. al. 2018. But, there rhizospheric bacterial community is not yet revealed
by any researcher. Due to the specific variant of pollutants there may be indigenous
rhizospheric bacterial community which is playing role in mineralizing and assisting
phytoremediation of distillery waste. Thus, distillery waste may be responsible for the
variation in the population dynamics of different tolerant group’s rhizospheric
bacterial community. Rhizospheric bacterial community may increase bioremediation
of soil contaminated with distillery waste.

Several researchers have focused on bioremediation of environmental
pollutants through rhizospheric bacterial community of various industries. The
maximum work on distillery has been updated to the phytoremediation of heavy metal
and organic compounds from distillery waste by Chandra et. al. 2018, Chandra and
Kumar; 2017. But, there rhizospheric bacterial community assisting phytoremediation
has not been revealed so far. Therefore, the combined effect of plant associated
bacterial species or that of rhizosphere bacterial species and biotransformation of
effluent by native indigenous bacteria for the decolorization and degradation of
distillery waste will be a beneficial study for the removal of various environmental

pollutants.

Keeping in view to the above hypothesis, the thesis has been compiled into
eleven chapters; chapter first has introduced the basic information on the topic of
thesis. The information related with number of sugarcane molasses based distilleries
installed in India and their wastewater generated in the environment. Further, this
chapter also provides comprehensive information on the distillery wastewater
colorants, as well as its toxicological effects on environment, human and animal
health. Additionally, the role of rhizospheric bacteria in mineralizing various organic
and metallic compounds present in distillery sludge and effluent.

The background and rational of the study has been explained well in chapter 2.
The chapter has highlighted to understand the problem of distillery waste i.e. organic
pollutants, heavy metals, Post Methanated distillery effluent (PMDE), and their
environmental impact. Some bacterial species and consortium also have been reported
for their capability to degrade the various pollutants present in the distillery waste.
The dark brown colourant in the distillery wastewater is basically caramelized sugar
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which is known as melanoidins. The decolourizsation abilities of various bacteria
have been reported in this chapter. The roles of some wetland plant for
phytoremediation potential in different conditions are also mentioned. Though, the
various attempts have been reported for decolourization and degradation of distillery
wastewater at laboratory stages by using different bacterial consortium but all these
studies have been reported at very low concentration of effluent. Therefore, this
restrict for pilot-scale up-gradation of technology. Therefore, in the present study, the
study has been focused for decolourisation and degradation of distillery wastewater at
high concentration for feasibility of technology. Moreover, the hyperaccumulator
herbaceous plants are also screened out for heavy metal phytoextraction potential

from complex organo-metallic distillery sludge for eco-restoration of polluted site.

Further, chapter three has focused on five objectives as per topic of thesis.
Chapter four has focused on characterization of organic pollutants and heavy metals
from Post-Methanated Distillery Effluent (PMDE) and their environmental effect. The
study has focused on the characterization of organic pollutants by using GC-MS
technique and heavy metals through Inductively Coupled Plasma (ICP) from Post-
Methanated Distillery Effluent (PMDE) and their environmental effect. Various
unknown complex recalcitrant organometallic complexes with EDC properties which
are a major source of environmental pollutants and health hazards are identified. The
absorption maxima of PMDE were noted between 200-350 nm in the UV-Vis
spectral analysis also indicated polymerized-form of Maillard product. Hexadecanoic
acid, butyl ester, octadecanoic acid, monopalmitin 2 TMS, effusanin E, 1-(benzyl) -2-
fluoro-2-phenyl-3-(p-toluene’s sulfonyl) propane, and 24-hydroxy-3,4-secolanost-
4,(28),8- died-3-nitrile were prominent organic compounds in the category of
mutagenic and androgenic compounds characteristics, detected in PMDE. In addition,
the presence of various activity in germinating Zea mays seeds and gel imaging at
different concentrations of PMDE heavy metals also indicated the contribution of
toxic property of PMDE, as resulting in phototoxic effect on seed germination with
Zea mays and Heteropneustes fossilis with the degradation of lamellae in gill. Thus,
this affirmed the source of various unknown mutagenic, carcinogenic, and EDCs

compounds with organometallic complexes.

The fifth chapter summarizes the characterization of rhizospheric bacterial

communities from hyperaccumulator plant growing on organometallic sludge during
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phytoextraction for ecorestoration. The findings of study revealed that P.
hysterophorus is as hyperaccumulator for various heavy metals from complex
organometallic wastes during its growth on the disposed distillery sludge. The
analysis of organic compounds showed degradation of pollutants present in sludge
after growth of P. hysterophorus. Further, the histological observations of root by
transmission electron microscopy (TEM) confirmed the deposition of metal granules
in their tissue after accumulation by plant from distillery sludge. Besides, identified
rhizospheric bacteria i.e. Alcaligenes faecalis (ON024323), Cytobacillus firmus
(ON024324), Bacillus subtilis (ON024325) and, Niallia circulans (ON024326), also
showed potential for plant growth promoting rhizobacteria activities which has
supported the bacterial assisted phytoextraction potential of heavy metals from
complex organometallic sludge of distillery from polluted site. This plant may be
used as biotechnological tools for eco-restoration of polluted site by industrial waste

as a green technology.

The sixth chapter showed the comparative assessment of phosphate, zinc and
potassium  solubilization by  rhizospheric  bacterial communities  in
Phragmites communis and Typha spp. Phragmites communis and Typha spp. is a
naturally robust and vigorous primary species in many wetland environments
worldwide. This plant has characteristic capacity to grow in different environmental
conditions and can uptake, translocate, and accumulate a wide range of pollutants in
both belowground and aboveground tissue. The ability of the plant to develop and
grow in the polluted ecosystems allowed for the use of Phragmites communis in many
types of sewage treatment plants also. To increase the efficiency of phytoremediation
of a polluted natural or artificial aquatic ecosystem and to estimate the required
purification time and accelerate the rate of its reclamation, the interaction processes
between common Phragmites communis and soil microbes, metal accumulation, and
ionic homeostasis in the hydrophyte purification systems should be further tested. The
research carried out by interdisciplinary teams (plant physiologist, biochemist,
geochemist, microbiologist, and agriculture and genetic engineer) in a short time can

advance the efficiency of removing both metals and organic impurities.

Furthermore, the seventh chapter correlates bacterial community and

organometallic  pollutants during in-situ phytoremediation by Parthenium
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hysterophorus and Cannabis sativa growing on organometallic pollutants-rich
hazardous distillery sludge. The sequence analysis of 16S rRNA V3-V4
hypervariable region with Illumina MiSeq platform showed 230166 and 277515
OTUs derived from rhizospheric distillery sludge samples out of 305005 sequences
read, respectively. The major genus detected in rhizospheric sludge sample
were uncultured- chloroflexi (0.8%), Candidatus-solibacter (1.4%), Bacillus (1.4%),
Flavobacterium (1.4%), others (26.2%), Bdellovibrio (0.6%) and unknown (42.0%).
Our results suggested that rhizospheric bacterial communities associated
with Parthenium hysterophorus and Cannabis sativa were substantially different in
richness, diversity, and relative abundance of taxa compared to rhizospheric sludge.
Further, the comparative organic pollutant analysis from non-rhizospheric and
rhizospheric sludge samples through GC-MS analysis revealed the disappearance of
several compounds and generation of some compounds as new metabolic products by
the activity of rhizospheric bacterial communities. The results of this study will be
helpful in understanding the role of rhizospheric bacterial communities responsible
for degradation and detoxification of complex organometallic waste and, thus, can
help in designing appropriate phytoremediation studies for eco-restoration of polluted

sites.

The eighth chapter has focused on characterization of rhizospheric bacterial
communities of Typha aungustifolia during rhizofilteration of distillery effluent in
constructed wetland treatment system by integrating bacterial degraded PMDE with
constructed wetland treatment at pilot scale to evaluate the feasibility of technology
based on the promising result. Post-methanated distillery effluent (PMDE) was found
dark brown with very high BOD, COD, TDS and metallic content beyond its
permissible limit. Hence, due to high TDS bacterial growth was not possible.
Therefore, the TDS reduction was optimised for bacterial growth at variable range of
pH and concentration. The optimum reduction of TDS was obtained with application
of ferric chloride (0.34%) within 6-8hrs of incubation. The detail value of TDS and
other pollution parameters are shown in table (Table 8.1 and 8.3). 71.70%
decolorization was observed. The efficiency of decolorization and TDS reduction of
PMDE was evaluated with rapid mixing along with the variable pH. The optimum
TDS reduction resulted 80% supernatant and 20% precipitation of colloidal material.

Further, the PMDE supernatant is assessed for bacterial growth in presence of
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variable nitrogen (0.5%, 1.0%, 1.5% & 2.0%) and carbon (0.5%, 1.0%, 1.5% & 2.0%)
source to evaluate the bacterial growth for reduction of color from supernatant of
PMDE. 79.45% decolorization was further observed. Subsequently, the biomass was
separated and supernatant was passed through the constructed wetland treatment
system with plantation of Typha angustata. The reduction of TDS was observed
87.46%, BOD 96.38% and COD 99.37%. While the color was reduced up to 90.49%,
and the others physicochemical parameters also reduced up to 95%. Therefore, the
current chapter showed Biological decolourisation of post-methanated distillery
effluent (PMDE) in biphasic bacterial and wetland plant treatment system for

environmental safety and identification of potential bacteria.

The chapter nine has summarized the whole thesis work and findings with
research output in a systematic manner. The chapter ten has compiled the all cited
references of thesis which are relevant to the topic and they are cited in each chapter.
Each chapter has cited the recent references based on methodology and results. The
available references are cited on synthesis of melanoidin, physico-chemical properties
of distillery wastewater, impact of post methanated distillery wastewater and plant
growth promoting rhizobacteria reported at polluted sites. The complete thesis has

200 cited references.

The last chapter has listed all the scientific output based on the thesis work.
There is two original research paper published in peer reviewed journal of
international repute with high impact factor. Two review paper are also published
based on topic of thesis have been published in the international journal and three
book chapter as invited chapter published CRC press. A certificate of participation
and best oral presentation award has been provided in international conferences. One
international patent also has been granted based on the work of thesis in credit of

candidate.
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Sugar and distilleries are known as agrobased industries in India. These industries are
important source of economy (Lee et al., 2020). But, they are major source of
environmental pollution and health hazards also. To maintain the ecological balance
various pollution control rule were promulgated by Govt. of India but the industries
are still facing challenge to meet out the prescribed standard of industrial waste
disposal (Gronwall and Jonsson, A. C. (2017). Currently, the distilleries have been
recommended to adopt the incineration of the spentwash with zero pollution discharge
(Bhardwaj et al., 2019). There are several adversely environment affected area in
different state of India due to distillery operations which needs ecological
ecorestoration by innovative technologies (Ratna et al., 2021). Though, several
technologies have been implemented for the industrial growth with sustainable
development but still needs thorough research for pollution prevention and eco-
restoration of polluted sites. Therefore, the current chapter focuses on the rational

study of the distillery waste and its removal from the environment.
2.1. Distillery waste and their environmental pollution.

Distilleries are one of the most polluting industries generating large volume of
wastewater having a serious environmental concern. Distillery effluent s
characterized by dark brown color, acidic pH, high temperature, low dissolved oxygen
(DO), high biochemical oxygen demand (BOD) and chemical oxygen demand (COD)
(Bezuneh, 2016). Distillery wastewater disposed onto the environment prior to
treatment is hazardous and leads to soil and water pollution (Fuess and Garcia, 2014).
The dark brown color of distillery effluent causes reduction of sunlight penetration,
decreased photosynthetic activity and dissolved oxygen concentration in rivers, lakes
and lagoons, hence becomes detrimental to aquatic life (Tiwari and Prakash, 2021). It
also causes reduction in soil alkalinity and inhibition of seed germination. Different
physicochemical and biological methods have been investigated for the treatment of
distillery effluents (Prajapati and Chaudhari, 2015). In recent years, increasing
attentions has been directed towards biological wastewater treatment methods.

Bioremediation of wastewater using microorganisms is efficient and cost effective
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method. Microorganisms as bacteria, fungi, and algae have been shown to
exhibit bioremediation activities mainly due to their production of complex and non-
specific enzymatic systems capable of degrading various forms of pollutants from
wastewater (Morin-Crini et al., 2022). Distilleries can be categorized among the most
polluting industries generating large volume of wastewater known as spent wash
(Kulkarni et al., 2016). Distilleries generate wastewater at various stages in the
manufacturing  process as  distillation, condenser cooling, fermenter
cooling, fermentation and washing stages (Amenorfenyo et al., 2020). Larger amount
of the effluent is produced at distillation and condenser cooling stages. The
characteristics of the wastewater generated depend on the feed stock used. Distilleries
are agro-based industries, which utilize agricultural products as sugar cane juice,
sugar cane molasses, sugar beet molasses, corn, wheat, cassava, rice, barley as

raw materials (Singh et al., 2019).

Distillery effluent is characterized by its acidic pH (4-5), dark brown color,
high temperature (53-100°C), low dissolved oxygen (DO), high biochemical oxygen
demand (BOD) (40,000-50,000 mg/L) and chemical oxygen demand (COD) (80,000-
100,000 mg/L) (Kumar and Sharma, 2019). Apart from the high BOD and COD load,
distillery effluent also contains significant amount of phenols (7,202 mg/L), chlorides
(7,997 mg/L), sulphates (1,100 mg/L), nitrates, phosphates (1,625 mg/L) and heavy
metals (Kumar and Sharma, 2019). The dark brown color of the effluent is mainly due
to the formation of polymer melanoidin by a non-enzymatic browning reaction called
Maillard reaction (Singh et al., 2019). Melanoidins are highly recalcitrant and have
antioxidant properties which make them toxic to many microorganisms (Singh et al.,
2021). Distillery wastewater disposed to the environment prior to treatmentis
hazardous and can be a major source of soil and water pollution (Tripathi et al., 2021).
It induces toxic substances into water bodies as rivers, lakes and lagoons which
adversely affect aquatic plants and animals (Chowdhary et al., 2020). The highly
colored nature of the effluent also leads to the reduction of sunlight penetration in
rivers, lakes or lagoons which, in turn, reduces oxygenation of the water by
photosynthesis and hence becomes detrimental to aquatic life (Bashir et al., 2020).
Disposal of distillery wastewater into soil is equally harmful, as it reduces soil
alkalinity and manganese availability. It also imparts high concentration of heavy

metals viz., copper, nickel, silver, cadmium, iron and mercury which are capable of
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inhibiting seed germination and seeding growth (Bezuneh, 2016). According to
various reports, application of distillery effluent for irrigation without proper
monitoring might result in reduction of soil fertility by suppressing the activity of soil
microorganisms as nitrogen fixing bacteria rhizobium and azotobacter (Saeed et al.,
2021). Distillery effluent must be treated before it is disposed into the environment
which helps to minimize the adverse effect posed by the effluent (Fito et al., 2019).
There have been several treatment technologies explored so far for the reduction of
the pollutants from distillery wastewater. Treatment methods can vary based on the
chemical composition of the effluent as well as economic viability of the technology.
Generally, wastewater treatment methods can be categorized as physical, chemical
and biological methods. Physicochemical treatment methods such as adsorption,
sedimentation, screening, coagulation, pH adjustment, reverse osmosis, ultrafiltration,
flotation, oxidation, electrolysis, membrane filtration and evaporation have been used

for treatment of distillery effluents (Gunatilake, 2015).

Physicochemical methods of wastewater treatment have so many drawbacks
such as consumption of chemicals, high cost, large amount of sludge left after
treatment, and possible formation of harmful by-products. As a result of this, in recent
years, biological wastewater treatment using microorganisms has attracted the
attention of researchers all over the world (Viswanaathan et al.,,
2022). Microbial degradation and decolorization of distillery effluents have been
found as cost effective and environmental friendly alternative to physicochemical
methods (Chowdhary et al., 2017). Various types of microorganisms as bacteria,
fungi, and algae have been reported for their potential in degradation and
decolorization of various industrial effluents including that of distilleries. Hence, this
review discusses and summarizes the role of microorganisms in degradation and
decolorization of distillery wastewater (Singh and Raj, 2020). Moreover, the
mechanisms of microbial degradation of melanoidin by fungal, bacterial and algal

systems are also discussed (Ravikumar et al., 2021).

2.2. Biological treatment of distillery waste

Microorganisms play a key role in bioremediation process and have been proven as an

efficient, low cost and environmental friendly alternative to physicochemical methods

Kshitij Singh/Ph.D. ThesissDEM/BBAU/2022 19


https://www.omicsonline.org/fermentation-technology.php
https://www.omicsonline.org/microbial-biochemical-technology.php

Chapter-2 Review of Literature

(Pande et al., 2020). Several microbial species including fungi, bacteria and algae
have been studied for their capacity to degrade and decolorize toxic chemical
pollutants present in various industrial wastewater including distilleries (Saeed et al.,
2021). Free or immobilized cells have been studied widely for bioremediation of
distillery wastewater (Shukla et al., 2020). Immobilizing microorganism on inert
support material including alginate, polyacrylamide, agar, polystyrene, and
polyurethane is more advantageous compared to that of free-cell (Susilowati et al.,
2019). Some of the advantages include compact physical structure of carrier pellets,
high biomass retention, reusability of culture and easier separation process. The
potential of microorganisms in distillery wastewater treatment is highly dependent on
the type of chemical composition of wastewater, nutrient, pH, temperature, oxygen

and inoculum size (Papadopoulos et al., 2020)

2.2.1. Bacterial treatment

A wide variety of bacterial cultures as Pseudomonas aeruginosa, Pseudomonas
putida, Lactobacillus plantarum, Bacillus circulans, Bacillus megaterium, Bacillus
firmus, Bacillus thuringiensis, Bacillus cereus, Lactobacillus hilgardii, Lactobacillus
coryniformis, Xanthomonas fragariae have been reported for their activity in
degradation and decolorization of pollutants from distillery effluents (Pant and
Adholeya, 2007).

Aerobic bacterial strains are very effective in bioremediating distillery
effluents under aerobic conditions (Mohana et al., 2009). However, those bacterial
strains are not economical due to high energy consumption for aeration thus; it was
very difficult to apply those bacterial strains on an industrial scale (Biatkowska,
2016). Considering this problem it is important to isolate bacterial strains that can
degrade distillery wastewater under anaerobic condition (Maintinguer et al., 2007).
Anaerobic bacterial strains are advantageous than that of aerobic strains due to low
energy consumption hence, minimizes cost of wastewater treatment (Pant and
Adholeya, 2007). Ohmomo et al. (1988) reported the first bacterial
strain Lactobacillus hilgardii W-NS capable of decolorizing molasses melanoidins
under anaerobic condition. This bacterial strain decolorized about 28% of molasses
melanoidin under optimum condition. Another facultative anaerobic bacterial culture

L-2 belonging to Lactobacillus showed similar decolorization of 31% for 12.5% (v/v)
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diluted digested spent wash in 7 days of incubation. Along with decolorization this
bacterial culture also removed 56.2% COD. Nakajima et al. (1999) observed
decolorization yield of 35.5% using bacterial strain MD-32 within 20 days of
cultivation under both thermophilic and anaerobic conditions. The COD and color
removal efficiency of anaerobic bacterial strains is lower than that of aerobic bacteria.
Hence, it is important to isolate bacterial strains capable of degrading and

decolorizing toxic chemical pollutants under anaerobic conditions.

2.2.2. Algal treatment

Microalgae are unicellular microorganisms that are known for their capacity in
bioadsorption and biodegradation of toxic chemical pollutants as phenols, heavy
metals, pesticides, polycyclic aromatic hydrocarbons (PAHS), xenobiotics and
melanoidins from wastewater (Touliabah et al., 2022). Utilizing microalgae for
bioremediation purpose is advantageous compared to that of bacterial and fungal
systems in many ways (Das et al., 2022). The first advantage is that, microalgae has a
great potential in utilizing contaminants as ammonium, nitrate and phosphate as a
nutrient hence minimizes the amount of externally added nutrient in case of fungi and
bacteria (Gupta et al., 2019). Secondly fungi and bacteria require optimum condition
for growth and bioremediation activity whereas microalgae can grow rapidly and
adapt harsh conditions (Li et al.,, 2019). Thirdly microalgae produces valuable
products as ethanol, methane, livestock feed, or it can also be used as organic
fertilizer due to its high N:P ratio (Zhu et al., 2016). Hence, utilizing microalgae for
bioremediation purpose is advantageous compared to fungal and bacterial system.
Various species of microalgae as Chlorella vulgaris, Oscillatoria boryana, Chlorella
pyrenoidosa, Chlorella sorokiniana, Coenochloris pyrenoidosa, Nostoc muscorum,
Neochloris oleoabundans, Phormidium valderianum, Chlorella zofingiensis,
and Chlorella ellipsoidea have been used in bioremediation of wastewater (Bezuneh,
2016).

The green microalgae belonged to the genera of Chlorella have been studied
most widely due to its capacity of bioremediating toxic chemicals pollutants
(Sutherland and Ralph, 2019). Valderrama et al. (2002) carried out research to

develop a procedure for treatment of recalcitrant wastewater from ethanol and citric
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acid production using first the microalga Chlorella vulgaris followed by the
macrophyte Lemna minuscula. In the first stage of treatment, Chlorella
vulgaris resulted in a reduction of ammonium ion 71.6%, phosphorus 28% and
chemical oxygen demand 61% from 10% diluted wastewater within 4 days of
treatment. Travieso et al. (2002) evaluated the performance of a laboratory-scale
microalgae pond for secondary treatment of distillery wastewater previously digested
in an anaerobic fixed bed reactor using Chlorella vulgaris SR/2. Chlorella
vulgaris SR/2 removed volatile suspended solids (VSS) 78.8%, total solids (TS)
60.6%, total suspended solids (TSS) 53.4%, chemical oxygen demand (COD) 83.2%
and biochemical oxygen demand (BOD) 88.0% from the effluent. More recently,
Solovchenko et al. (2014) investigated phycoremediation of alcohol distillery
wastewater with a novel Chlorella sorokiniana strain isolated from White Sea. This
algal strain showed maximum reduction in chemical oxygen demand (COD) 92.5%,
nitrate 95%, phosphate 77% and sulfate 35% within four days. Another marine
cyanobacterium Oscillatoria boryana decolorized pure melanoidin pigment (0.1%)
and crude pigment in the distillery effluent (5%) by about 75% and 60%, respectively,
within 30 days of treatment (Kalavathi, 2021).

2.2.3. Mixed culture treatment

Several researchers studied the efficiency of mixed culture microorganisms for
degradation and decolorization of distillery wastewater (Sankaran et al., 2015). The
mixed microbial cultures exhibited increase in mineralization of effluents over that
showed by individual cultures (Balapure et al., 2019). This might be due to the
enhanced effect of coordinated metabolic interactions present in mixed community.
Bharagava et al. (2009) observed enhanced growth, enzyme production and
melanoidin degradation by mixed bacterial culture compared to axenic bacterial
culture. In that report a mixed consortium comprised of Bacillus licheniformis,
Bacillus sp. and Alcaligenes sp. showed melanoidin decolorization of about 73.79 and
69.83% for synthetic and natural melanoidins whereas axenic cultures decolorized
65.88, 62.56 and 66.10% synthetic and 52.69, 48.92 and 59.64% natural melanoidins,
respectively. In another report, a mixed bacterial culture comprised of Bacillus
thuringiensis, Bacillus brevis and Bacillus sp. exhibited two-to four fold increase in

melanoidin decolorisation over that showed by any individual Bacillus isolate. Pant
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and Adholeya developed a novel fungal consortium comprised of Penicillium
pinophilum, Alternaria gaisen, Aspergillus flavus, Fusarium verticillioides,
Aspergillus niger and Pleurotus florida for decolorization of distillery effluent using
agricultural residues as a growth substrate. The fungal consortium was run on a
bioreactor with undiluted distillery effluent for 40 days. In the first 14 days, 61.5%
color and 65.4% COD removal was achieved (Ghosh et al., 2019).

2.3. Melanoidin as complex colour compound in the distillery wastewater

Melanoidins are nitrogenous, heterocyclic brown pigments polymer generated during
the chemical reaction between amino and carbonyl compounds at elevated
temperatures (Wang et al., 2011). These compounds are synthesized by the reaction
occurring between the amino groups of amino acids, peptides, or proteins and the
carbonyl groups of reducing sugars (Phisut and Jiraporn, 2013). A previous study also
has revealed in a chemical reaction that carbohydrates and amino acids are the basic
skeleton of the melanoidin compound (Cammerer et al., 2002). The formation of

melanoidin involves three significant steps:

Initial/First stage: Initially, compounds during reaction do not produce any color.
Therefore, the spectrophotometer detection does not show any absorption spectrum in
the range of about 280 nm. The reaction starts with the following two steps (Singh et
al., 2021):

Step 1: Sugar-amine condensation

Step 2: Amadori rearrangement

At the initial stage, condensation of sugar-amine and the rearrangement of amadori
product by the nucleophilic attack of the amine group to the electrophilic carbonyl
group of sugar take place. It is basically a sugar dehydration reaction assisted by
amine (Parker, 2015; Berger, 2007). The carbonyl groups reaction components are
reducing sugars like glucose, aldose; they react with amino groups from amino acids,
peptides or proteins, to give an N-substituted glycosylamine (Provost, 2019). This
compound is also known as the Amadori compound and the reaction taking place at
this level is reversible (Becker and Yu, 2013).
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The Amadori product further releases the proton and forms a cationic base. It
irreversibly loses the proton to form the final Amadori compound, i.e., N-substituted
1-amino-2-deoxy-2-ketose in enol and keto form according to the acidic and basic
condition of the maillard reaction (Fig. 2a) (Amaya-Farfan and Rodriguez-Amaya,
2021). Compared with the sugar-amine condensation product, the final rearrangement
Amadori compound is more stable because it degrades at high temperatures and

decomposes rapidly in mild bases (Diez-Simon et al., 2019).
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Fig.2a. Overall pathway of Sugar-amine condensation to form N-substituted
glycosylamine and Amadori rearrangement, leading to the formation of Amadori
compound, the N-substituted 1-amino-2-deoxy-2-ketose.

I) Intermediate stage/Second stage: At this stage, products remain colorless or pale
yellow and show high absorption in the ultraviolet range. There are following three
major stages (Yadav and Chandra, 2019):

Step 3: Dehydration of sugar
Step 4: Fragmentation of sugar
Step 5: Degradation of an amino acid (Strecker degradation)

Sugar dehydration occurs in two ways: Under the acidic condition, furfural formation
takes place (when pentosanes are involved) or hydroxylmethylfurfural (HMF) (when
6 carbon compounds are involved) (Xu et al., 2020). While in alkaline conditions,
there is a degradation of amadori product converted into N-substituted 1-amino-2-
deoxy-2-ketose, which further convert into reductone (Ntakirutimana et al., 2022).
This is a reversible reaction. Furthermore, this can convert through the fission process
into furanone or C-methyl reductones and o-dicarbonyls, as shown in Fig. 2b (Gum
and Gum, 2017). However, various compounds can increase the rate of furfural

compounds formation (Chen et al., 2017). For example- Glycine can rapidly convert
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xylose (5-carbon compound) into furfural and glucose (6-carbon compound) to
hydroxylmethylfurfural (HMF) (Baptista et al., 2021). Hence, it is clear that amadori
product dehydrate more easily than the N- substituted glycosylamine (original
compound) or aldose (ALjahdali and Carbonero, 2019).
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Fig.2b. The two major pathways from Amadori compounds to melanoidins formation
(based on Hodge).

Furfural formation is often a relatively common method to detect food
spoilage during storage for quality maintenance of food materials (Wibowo et al.,
2015). It has been observed that reductone formation takes place from sugar by the
loss of two water molecules, while in the formation of furfural compounds, there is a
loss of three water molecules (Aalaei et al., 2019). Thus, reductones are compounds
with - C (OH): C (OH) - group, as in ascorbic acid, as shown in Fig. 2b (Kurata and
Otsuka, 2013). The sugar fragmentation reaction pathway occurs by retroaldolization
(dealdolisation) process to some extent, oxidative fission also occurs. In this reaction,
the fission product varies considerably in its color appearance (Sneddon, 2016). The
fragmented sugar product with a-hydroxymethylcarbonyl compounds undergoes for
browning reaction in water and amine compounds that polymerize fast with color
formation (Nikolov, 2013). Strecker degradation is also known as the degradation of
amino group compounds by carbonyl compounds through the oxidative degradation
process with the production of CO, (Hidalgo et al., 2013). In this reaction amino acids
first react with Schiff bases and undergo acid-catalyzed decarboxylation. After that,

the Schiff base compound undergoes hydrolysis to synthesize amino and aldehyde
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group compounds (shown in the below reaction) (Cui et al., 2021). The aldehyde
compounds after synthesis contribute to the formation of flavoring compounds in food
material. This further may convert into Melanoidins (Olaniran et al., 2017). Hence, it's
clear that strecker degradation Product during thermal processing of food materials is
mainly responsible for flavor and aroma generation. The compound synthesizes at this

stage are heterocyclic in nature (Yu et al., 2021).

I1) Final stage: This stage is mainly for polymerization and color production. The
aldehyde produced previously reacts with alcoholic group compounds and gives

further aldol (Adrian, 2019). The reaction is further divided into two parts as follows:
Step 6: Aldol condensation

Step 7: Aldehyde—amine condensation and formation of heterocyclic nitrogen

compounds

The aldehyde produced previously in the strecker degradation during the
intermediate stage can react with each other by aldol condensation; its reaction can be
effectively catalyzed by amines (and mainly by their salts), egg albumin, and peptones
(Appell et al., 2018). In addition, the other carbonyl compounds formed during lipid
oxidation may also participate in the reaction (Hidalgo and Zamora, 2016). The
aldehyde compounds containing the o, B-unsaturated group can react at low
temperature with amine and form polymeric, heterocyclic colored compounds with
high molecular weight, and an unknown structure called melanoidin, which may take

place through several different routes as shown in Fig. 2.1 (Liu et al., 2020).

Most studies have been done on melanoidin food products like bakery
products, cooked meat, roasted coffee, honey, sweet wine, etc. as an antioxidant at
low concentration (Shaheen et al., 2021). Their formation occurs during the thermal
processing of food material in cooking, baking, roasting, and storage, due to reducing
sugar and free amino groups (Lund and Ray, 2017). However, melanoidin at high
concentration in the environment has been reported as pollutant by several researchers
when it is discharged from industrial activities and makes complexation with other
environmental pollutants along with heavy metals due to its anionic properties
(Chandra and Kumar, 2017). Various researchers have reported melanoidin pollution

when it enters into the environment as a waste product (Kumar and Sharma, 2019).
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The major source of melanoidin in the environment is the sugarcane molasses-based
distilleries waste water, where melanoidin makes complexation along with various

mutagenic and carcinogenic compounds (Chowdhary et al., 2018).
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Fig. 2.1. Overall simplified chemical pathway of maillard reaction.

The effect of melanoidin has been reported for severe aquatic and soil
pollution in the environment (Kumar et al., 2022). Due to severe threats to the
environment, various attempts have been made globally by the researchers using the
chemical and biological method, for degradation and decolorization of molasses-
based melanoidin of distillery wastewater for environmental protection and its safe
disposal (Kumar et al., 2020). Therefore, in the chemical analysis of distillery waste,
there is a mixture of compounds with a variable absorption peak has been noted in the
absorption spectrum between a range of 200-400 nm (Tripathi et al., 2022). The
melanoidin compound directly causes adverse effects on aquatic and soil ecosystems
due to high pollution parameters and the complexation tendency of melanoidin with
other environmental pollutants and phenolic compounds (Chowdhary et al., 2017).
The presence of various Endocrine Disrupting Chemicals & mutagenic compounds
has been reported in the distillery waste (Chandra et al., 2018). Therefore, the
discharge of distillery wastewater directly influences the aquatic ecosystem's light
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penetration process, which alters the life cycle of flora and fauna and causes
carcinogenic and lethal effects (Gupta et al., 2022). The inhibitory effect of distillery
wastewater containing melanoidin has also been reported on seed germination & plant
growth in several crops (Chowdhary et al., 2018; Chandra et al., 2018).

2.3.1. Decolorization of Melanoidin by Microorganisms

Several microorganisms such as bacteria and fungi show a good ability to decolorize
the effluent of the melanoidin-based distillery industries. Thus, a better understanding
of the microbial activities responsible for the degradation of melanoidins would
contribute to enhancing the efficiency of the overall treatment system (Santal and
Singh, 2013). In the degradation process, it would also be necessary to know the end
product of melanoidins (Rane et al., 2018). Genetic improvement of isolates can be
explored in the future for improving their decolorization efficiency (Wang et al.,
2022). Thus, it can be suggested that microbial decolorization holds promise and can
be exploited to develop a cost-effective, eco-friendly biotechnology package for the
treatment of distillery effluent (Kapoor, 2018). More technically advanced research
efforts are required for searching, exploiting new bacterial species, and improvement
of practical application to propagate the use of bacteria for bioremediation of
industrial effluents. Enzymatic studies would be employed to understand the
mechanism of the degradation of melanoidins in future prospects. Such organisms
could be used in bioreactors for treatment of wastewaters or scaling up for enzyme
productions (Santal and Singh, 2013). Broader validation of these new technologies
and integration of different methods in the current treatment schemes will most likely
in the near future, render these both efficient and economically viable. Finally,
microbial bioremediation involves a combination of microbiologists, biotechnologists,
chemists, and engineers and is ideal to plug the ever-widening gap between the
different disciplines (Tiwari and Gaur, 2019).

2.3.2. Phytoremediation mechanism of distillery waste remediation

Phytoremediation is a green technology that uses plant systems for remediation and
rehabilitation of the contaminated sites (Khan, 2020). Plants have inbuilt enzymatic
machinery capable of accumulating and degrading complex structural pollutants and
can be used for cleaning of the contaminated sites (Ljaj et al., 2016). It is an
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ecologically sound and sustainable reclamation strategy for bringing polluted sites
into productive use but is still in an experimental stage; therefore it needs a lot of
attention and scientific scrutiny (Kumar, 2021). The improper disposal of distillery
effluent has become a global problem and there is very scanty information about its
treatment using phytotechnologies (Bharagava, 2018). Singh et al. (2005) assessed the
ability of aquatic macrophyte Potamogenton pectinatus L. to accumulate heavy
metals, viz., Fe, Cu, Zn, and Mn, from distillery effluent and the related toxicity
therein. The authors showed that P. pectinatus L. appears to be a suitable plant for
phytoremediation of heavy metal distillery effluent as it accumulated significant
amounts of Cu, Fe, Zn, and Mn from distillery effluent in its tissues during a period of
2 weeks. However, a decline in protein content of plants under heavy metals stress
was observed during the treatment (Sorrentino et al.,2018). Sharma et al. (2011)
screened 16 plant species to identify their tolerance and capacity at field
phytoremediation of spent wash in the high rate evapotranspiration system. They
observed tolerance of the biomethanated diluted spent wash for Acacia farnesiana,
Dendrocalamus strictus, Lawsonia inermis, Atriplex nummularia, Suaeda nudiflora,
Arundo donax, and Phragmites karka. A laboratory-scale constructed wetland (CW)
employing Typha latipholia was used to treat diluted distillery effluent (Kumar,
2021)). A root zone of 1.5 3 0.3 3 0.3 m, filled with 75% sand and gravel and 25%
soil was used and the diluted effluent was applied after 4 weeks of planting (Khazaleh
and Gopalan, 2018). The system resulted in 76% COD reduction in 7 days which
increased marginally to 78% COD reduction in 10 days. The BOD reduction was 22%
and 47% on 7 and 10 days, respectively. In yet another instance, a distillery in
northern India is presently employing CWs for polishing the effluent prior to land
discharge for irrigation in the surrounding paddy fields (Pratap et al., 2021). The
effluent is initially subjected to primary treatment which includes settling and
anaerobic digestion in a structured media attached growth (SMAG)-type anaerobic
reactor (Ambatkar and Mukundan, 2021). The primary treated effluent, with a COD
0f 28,0001135,000 mg L.21 , is subjected to two-stage aeration to bring down the COD
to 400 mg L21(Kumar, 2021) . Thereafter, it is directed to a CW before the final
discharge. In another study, Billore et al. (2001) have demonstrated a four-celled
horizontal subsurface flow (HSF) CWs for the treatment of distillery wastewater
(DWW) after anaerobic treatment. The postanaerobic treated effluent had BOD of
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2500 mg L21 and COD 14,000 mg L21 . A pretreatment chamber filled with gravel
was used to capture the suspended solids (Ayaz et al., 2015). All the cells were filled
with gravel up to varying heights and the third and fourth cells were planted with T.
latipholia and Phragmites karka, respectively (Angassa et al., 2019). The overall
retention time was 14.4 days and the treatment resulted in 64%, 85%, 42%, and 79%
reduction in COD, BOD, total solids, and phosphorus, respectively (Chowdhary et al.,
2018). Similarly, Olguin et al. (2008) evaluated the performance of subsurface flow-
constructed wetlands (SSF-CWSs) mesocosms planted with Pontederia sagittata and
operating at two hydraulic retention times (HRTSs), compared to unplanted SSF-CWs,
for the treatment of diluted stillage subjected to no pretreatment apart from an
adjustment to pH 6.0. The planted SSF-CWs were able to remove COD in the range
of 80.24% to 80.62%, BODS in the range of 82.20% to 87.31%, total Kjeldel nitrogen
(TKN) in the range of 73.42% to 76.07%, nitrates from 56% to 58.74%, and sulfates
from 68.58% to 69.45%, depending on the HRT. However, phosphate and potassium
were not removed. Mulidzi (2010) showed the impact of shorter retention time on the
performance of CWs in terms of BOD, COD, and removal of other elements. The
results showed an overall 60% COD removal throughout the year. This study also
indicated the significant removal of other elements, namely, potassium, nitrogen,
electrical conductivity, calcium, sodium, magnesium, and boron from DWW
wastewater by CWs. A group of researchers from Mexico reported the use of
phytofiltration technology based on Azolla sp., a free-floating and fast-growing
aquatic plant, for treatment of anaerobically digested sugarcane ethanol stillage
(Sa’nchez-Galva'n and Bolan™0s-Santiago, 2018). They demonstrated that developed
phytofiltration is efficient for reducing the organic matter content, nutrients, and color
intensity significantly in anaerobically digested stillage (ADS) under the tested
conditions. The authors recommended that the conversion of nutrients from ADS into
valuable Azolla biomass may provide an effective way to produce a very attractive
feedstock for the production of a wide spectrum of biofuels. A single-phase system
has provided good organic removal efficiency; however, a biphasic system is capable
of optimizing the fermentation steps of each stage in separate fermenters (Nzeteu,
2018). Kumar and Sharma (2019) successfully treated anaerobically digested
distillery effluent in a two-stage treatment process involving the transformation of

recalcitrant coloring components of the effluent by aerobic bacterium B. thuringiensis

Kshitij Singh/Ph.D. ThesissDEM/BBAU/2022 30



Chapter-2 Review of Literature

followed by a subsequent decline of a remaining load of pollutants by a macrophyte
Spirodela polyrrhiza Schleiden. The biphasic system is the most appropriate treatment
method for high-strength wastewater (Fito et al., 2018). A combination of bacterial
pretreatment followed by CWs plant treatment system was investigated to determine
its effect on the removal of heavy metals and detoxification of postmethanated
distillery effluent (PMDE). This biphasic treatment of the effluent with T. angustata
and B. thuringiensis (MTCC 4714) removed large quantities of various heavy metals
at a range of effluent concentrations (i.e., 10%, 30%, 50%, and 100%) (Kumar and
Chandra, 2020). A similar biphasic (two-step) treatment of the PMDE was carried out
in a CW with B. thuringiensis followed by T. angustata L. by Chandra et al. (2008)
which resulted in 98% to 99% COD, BOD, and color reduction after 7 days. The
authors recommended that the bacterial pretreatment of PMDE integrated with CW
will improve the treatment process of PMDE and promote safe disposal of hazardous
distillery waste. Chandra et al. (2012) reported 96.0% and 94.5% reduction in COD
and BOD values in a two-step sequential treatment of PMDE by bacteria and wetland
plant Phragmites communis. He also characterized rhizosphere bacterial communities
of P. communis and metabolic products generated during the sequential treatment of
PMDE in CWs plant treatment system. A two-step sequential treatment for sugarcane
molasses-based anaerobically treated distillery effluent was reported by Pant and
Adholeya (2009a). In the first step, distillery effluent was treated in a hydroponic-
based system using two plant species, namely, Vetiveria zizanioides and P. karka, to
reduce (up to 84%) the high nitrogen content of the effluent. This first-step
hydroponically treated distillery effluent was subjected for treatment by two fungus
species in a bioreactor. Decolorization of effluent up to 86.33% was obtained with
Pleurotus florida Eger EM1303 followed by Aspergillus flavus. This study
recommended this distillery effluent treatment without the need for high dilutions and
the addition of supplementary carbon sources. Restoration of habitats and in situ
cleanup of contaminants can be achieved with significantly reduced remedial costs by
this phytotechnology (Abdullah et al., 2020). Olguin et al. (2007) assessed the
phytoremediation potential of Salvinia minima Baker compared to S. polyrrhiza in
high-strength synthetic organic wastewater (HSWW) and also evaluated the growth
characteristics of S. minima in various culture media, including anaerobic effluents

from pig wastewater (PWAE). The authors concluded concluded that S. minima are a
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better option than S. polyrrhiza for treating high-strength organic wastewater.
Bharagava et al. (2008) studied the HM accumulation efficiency and its physiological
effects in Brassica nigra L. plants grown in soil irrigated with different concentrations
(25%, 50%, 75%, 100%, v/v) of PMDE after 30, 60, and 90 days treatment. This
study concluded that B. nigra L. accumulate elevated concentration of Zn, Ni, Mn, Fe,
Cu, and Cd due to increased amounts of cysteine and ascorbic acid (work as
antioxidants) in leaves, shoot, and root of B. nigra L. at all the concentration and
exposure periods of PMDE except at the 90-day period, where a decrease was
observed at 100% PMDE concentration as compared to the respective control. Hatano
and Yamatsu (2018) evaluated the facilitatory influence of melanoidin-like product
(MLP) on phytoextraction efficiency in a medium including Cd21 or Pb21, the
concentrations of which were adjusted near the regulation values of the Act in Japan.
In this study, three Brassica species were tested due to their fast growth, high biomass
productivity, and high heavy metal absorption, and the cultivation period was 2
months under sunlight. It was observed that both biomass and lead uptake were
significantly increased by the addition of MLP, and almost all of the lead was
accumulated in the root tissue. Therefore MLP was able both to detoxify lead ions and
to improve their bioavailability in Brassica species. The author recommended that the
phytoextraction of cadmium using these species was impractical under the Act. A
research group from Japan have demonstrated that MLP from sugarcane molasses
possesses the potential for an accelerator of phytoextraction efficiency of Japanese
radish in the copper-contaminated media (Hatano et al., 2016). The result showed that
MLP binds to all the metal ions examined and the binding capacity of MLP toward
Cu21 seems to be the highest among them. The metal detoxification by MLP followed
the order of Pb21 . Zn21 . Ni21 . Cu2l . Fe21 . Cd21 . Co21. Yadav and Chandra
(2011) evaluated the heavy metals accumulation potential of Typha angustifolia and
Cyperus esculentus growing in distillery and tannery effluent polluted wetland sites.
The metal accumulation pattern in both macrophytes indicated that both macrophytes
were root accumulators for Fe, Cr, Pb, Cu, and Cd (Galal et al., 2018).
Simultaneously, chlorophyll, protein, cysteine, and ascorbic acid were also more
induced in T. angustifolia and C. esculentus. In addition, Anatomical observation
through transmission electron microscopy (TEM) in the root of T. angustifolia did not

show any remarkable changes even after a higher accumulation of various metals in
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the roots (Chandra and Kumar, 2017). However, the formation of multinucleolus in a
shoot of 14.5 Success stories of phytoremediation of melanoidins 365 T. angustifolia
was found to be evidence of extra protein synthesis for tolerance under stress
conditions. Hence, C. esculentus was observed to have less tolerance for metals than
T. angustifolia. Chandra et al. (2018) collected nine native plant species (grasses and
weeds), viz., B. alba, Calotropis procera, Tinospora cordifolia, Rumex dentatus, C.
album, Pennisetum purpureum, Cynodon dactylon, Sacchrum munja, and Argemone
mexicana, which were abundantly grown on disposed distillery sludge containing a
mixture of complex organic pollutants benzoic acid, 3,4,5- tris (TMS oxy), TMS
ester, stigmasterol TMS ether, hexanedioic acid, dioctyl ester; benzene, 1-ethyl-2-
methyl, 5a-cholestane, 4-methylene, campesterol TMS, B-sitosterol, and lanosterol,
and also retains high quantities of Pb (31.22 mg kg21 ), Ni (15.60 mg kg2l ), Fe
(5264.49 mg kg21 ), Mn (238.47 mg kg21 ), Cu (847.46 mg kg21 ), and Zn (43.47 mg
kg21 ), which enhance the toxicity of sludge to the environment. The major identified
organic compounds are listed under the EDCs also as per USEPA (2012). All the
grown plants have been found to show hyperaccumulation properties of HMs from
organometallic polluted sites mixed with androgenic and mutagenic compounds
(Kumar et al., 2021). The observation of root tissues of all plant species through TEM
analysis showed the formation of multivacuoles, multinucleolus, multinucleus, and
mitochondria and opaque deposition of HMs granules in the cellular organelle of the
plant cells which indicated the HMs tolerance mechanisms of the plant at an elevated
concentration of HMs and other complex copollutants. The authors recommended that
these native plants can be used for in situ phytoextraction of HMs from industrial

waste polluted sites.

3.2. Challenges and future prospects

Technical and financial constraints are two significant obstacles that have hindered
waste management improvements in developing countries (Inam et al., 2015). In most
developing countries, there is a serious lack of technical expertise as well as
engineering infrastructure preventing the transition of open dumps to landfills (Moh,
2017). Also given the low priority allocated to waste management, very limited funds
are provided to the solid waste management sector by the governments (Kaza et al.,
2018). The funds are often not sufficient to achieve the level of protection required for

public health and the environment. Therefore mitigation of these challenges requires
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large-scale financial support from the government for the upgrade of distillery
effluent treatment technologies, especially in small-scale industries (Deng et al.,
2017). Moreover, distillery industries are facing the following challenges during the
treatment and safe disposal of effluent into the environment: (Chowdhary et al., 2020)
1. Melanoidins and polyphenols exhibit antioxidant and antimicrobial properties
which make difficult the treatment of distillery effluent at industrial level. 2. There are
several colorants instead of one type of pigment alone that may cause the undesirable
color, which enhances the difficulties of decolorization and degradation of organic
pollutant present in distillery effluent (Zhang et al., 2017). Understanding the
structure and chemical characteristics of melanoidins are essential prior to
development of a effective degradation technique (Faixo et al., 2021). 4. Lack of
advanced processing techniques and waste treatment technologies in developing

countries.

3.3. Conclusion:

The techniques available for the remediation of environmental industrial pollution
involving complexes of organic, Inorganic compounds, heavy metals, sediments and
groundwater are generally high-cost solutions. A cheaper, practical and ecologically
relevant alternative is the bacterial assisted phytoremediation, association of plants
with microorganisms that contribute to the degradation and removal of pollutants both
from soil and wetland ecosystem. Efficacy of phytoremediation strongly depends on a
large and deep penetrating root system and a high transpiration rate (Komives &
Gullner, 2006). When the pollutant is assimilated and translocated within plant
tissues, metabolic transformation processes occur that are mediated by a great variety
of enzymes for several types of substrates (Sanderman, 1994; Coleman et al., 1997;
Mezzari et al., 2004, 2005). The plant metabolic transformation process depends
directly on the solubility and bioavailability of the pollutant, to make
phytoremediation a feasible process. Physicochemical and structural properties
determine the uptake of organic chemicals by plant roots from the soil. The microbial
population present in the rhizosphere or near the root zone can degrade the pollutant
or make it more bioavailable, challenging the plant tolerance when exposed to
environmental pollutant (Pichtel & Liskanen, 2001; Merkl et al., 2005). Plant growth

promoting rhizobacteria (PGPR) have also been used as inocula to further increase
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plant growth, reduce environmental stress and promote degradation by rhizosphere-
associated microorganism. Mainly the studies have been focused only on the
remediation of heavy metals through rhizospheric bacteria from the contaminated
sites. But, the study on the removal and minimizing of organic pollutants from the

polluted sites is not much studied so far.

The sugarcane molasses-based distilleries discharge its waste as a Post-
Methanated Distillery Effluent (PMDE) which is dark brown to black complex of
various organic pollutants and heavy metals. PMDE retains high BOD (18,000-
22,000 mg/l), COD (32,400-35,000 mg/l), colour (1, 50,000-1, 80,000 Co-Pt),
sulphate (3,100-5,760 mg/l), phenol (4.0-4.2 mg/l), total suspended solids (TSS;
11,920-25,308 mg/l), total dissolved solids (TDS; 10,480-77,776 mg/l) and having
heavy metals (Yadav. et. al. 2013). In distillery and fermentation industries, during
the course of alcohol production, around 12-15 | of effluent are generated for per liter
of alcohol produced and this large volume of effluent is the major source of soil and
water pollution in the environment (Bharagava and Chandra; 2010). In India, there are
more than 397 sugarcane molasses based distilleries releasing approximately 3.5x10™
kL spent wash annually (AIDA, 2016). There is an average sludge generation of 1500
tons per day during anaerobic digestion of spent wash (Kansal et al., 1998). Distillery
sludge contains not only mixture of complex organic pollutants but also retains high
quantity of heavy metals like Fe, Zn, Cu, Mn, Ni, and Pb (Chandra et. al. 2018). This
reflects the magnitude of the environmental pollution caused by the waste generated
from distillery sector. Disposal of distillery waste in aquatic environment reduces
sunlight penetration, decreases both photosynthetic activity and dissolved oxygen
content consequently damaging aquatic fauna and flora both. On land distillery waste
causes reduction in soil alkalinity, inhibition of seed germination, damage to
vegetation (Bharagava et al., 2008). Nevertheless, some native potential plants (weeds
and grasses) grow on the discharge site of distilleries sludge; they have been reported
for heavy metal phytoextraction by Chandra et. al. 2018. But, there rhizospheric
bacterial community is not yet revealed by any researcher. Due to the specific variant
of pollutants there may be indigenous rhizospheric bacterial community which is
playing role in mineralizing and assisting phytoremediation of distillery waste. Thus,

distillery waste may be responsible for the variation in the population dynamics of
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different tolerant group’s rhizospheric bacterial community. Rhizospheric bacterial

community may increase bioremediation of soil contaminated with distillery waste.

Several researchers have focused on bioremediation of environmental
pollutants through rhizospheric bacterial community of various industries. The
maximum work on distillery has been updated to the phytoremediation of heavy metal
and organic compounds from distillery waste by Chandra et. al. 2018, Chandra and
Kumar; 2017. But, there rhizospheric bacterial community assisting phytoremediation
has not been revealed so far. Therefore, the combined effect of plant associated
bacterial species or that of rhizosphere bacterial species and biotransformation of
effluent by native indigenous bacteria for the decolorization and degradation of
distillery waste will be a beneficial study for the removal of various environmental

pollutants.
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The objectives of the study were as follows:

X/
L X4

X/
L X4

Characterization of complex organic pollutants and heavy metals from Post-
Methanated Distillery Effluent (PMDE) from different distilleries.

Characterization of rhizospheric bacterial communities during phytoextraction
of heavy metals from organometallic waste of distillery disposal site by
hyperaccumulator plants (Parthenium hysterophorus and Cannabis sativa).

Comparative assessment of phosphate, zinc and potassium solubilization by

rhizospheric bacterial communities in Phragmites communis and Typha spp.

Correlation between bacterial community and degradation of complex organic

compounds in- situ bioremediation.

Characterization bacterial communities during rhizofiltration of recalcitrant

pollutants of distillery effluent in constructed wetland treatment system.

Kshitij Singh/Ph.D. ThesissfDEM/BBAU/2022 37



- ﬂ@¥ Sr

Chapter 4

Characterization of organic
compound organic pollutants
and heavy metals from Post-

Methanated Distillery Effluent
(PMDE) and their
environmental effect.




Chapter-4

Characterization of organic compound organic pollutants
and heavy metals from Post-Methanated Distillery
Effluent (PMDE) and their environmental effect

4.1. Introduction

Organic compounds are any chemical compounds that contain carbon-hydrogen or
carbon-carbon bonds at their most fundamental level. By way of clarification, an
organic pollutant is an organic chemical that is released into an ecosystem and which
causes pollution (however temporary or permanent) insofar as the chemical is harmful
to or is destructive to the flora and/or the fauns of the ecosystem. Typically, and by
virtue of the name, a pollutant is a chemical that is not indigenous to the ecosystem.
However, if the discharged chemical is indigenous to the ecosystem (i.e., the organic
chemical is a naturally occurring compound), it can be (should be) classed as a
pollutant when it is released into the system in amounts that are in excess of the
natural concentration of the organic chemical in the ecosystem, and by this increased
concentration the chemical can cause harm to (or is destructive to) the flora and/or the

fauna of the ecosystem.

Some organic chemicals are removed from the ecosystem by natural events,
such as attack by indigenous bacteria (biodegradation) or by increasing the
concentration of natural-occurring bacteria to remove the chemical from the
ecosystem (bioremediation) (Speight and Arjoon, 2012). However, there are organic
chemicals that are known as persistent organic pollutants (POPs) which are
compounds that are resistant to environmental degradation through the various
chemical and biological processes (Jacob, 2013). POPs, as the name implies, are not
easily degraded in the environment due to their stability and low decomposition rates
and, thus, have a long life in various ecosystems and often require other forms of
removal such as physical or chemical methods of cleanup as well as the addition of
nonindigenous microbes for cleanup (Speight and Lee, 2000; Speight and Arjoon,
2012). POPs also have the ability for long-range transport, and environmental

contamination by POPs is extensive, even in areas where these chemicals have never
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been used, and will remain in these environments for a considerable time (even years)
and after restrictions implemented due to their resistance to degradation. POPs, like
any organic chemical pollutant, can enter an ecosystem through the gas phase, the
liquid phase, or solid phase and which can resist degradation and are mobile over
considerable distances (especially in the gas phase or through transportation in river
systems) before being redeposited in a location that is remote to the location of their
introduction into the ecosystem. Furthermore, POPs can be present as vapors in the
atmosphere or bound to (adsorbed on) the surface of soil or mineral particles and also
have variable solubility in water. Furthermore, the capacity of the environment to
absorb the effluents and other impacts of process technologies is not unlimited, as
some would have us believe. The environment should be considered to be an
extremely limited resource, and discharge of chemicals into it should be subject to
severe constraints. Indeed, the declining quality of raw materials dictates that more
material must be processed to provide the needed fuels. And the growing magnitude
of the products and effluents from industrial processes has moved above the line
where the environment has the capability to absorb such process effluents without

disruption.

Different classes of organic pollutants in soil and water are broadly
categorized in polychlorinated biphenyls (PCBs), polychlorinated hydrocarbons
(PAHS), petroleum hydrocarbons, agrochemical and explosives (RDX, TNT).

However, there are several organic compound release from industry which are
very much complex in nature, their property and impact are not known. Distilleries
are among one of the most polluting industry in India due to discharged of various
complex unknown compounds therefore, characterization of the pollutant is necessary
from distillery. Discharged sugarcane molasses-based distillery effluent, also known
as post-methanated distillery effluent (PMDE), is a dark-brown and highly complex
chemically recalcitrant organometallic compound as a source of environmental
pollutants (Yadav and Chandra, 2019). The PMDE has pH of 8.5, total suspended
solids (21,000—40,700 mg L— 1), total dissolved solids (29,810 mg L—1), biological
oxygen demand (8000-12,000 mg L—1), chemical oxygen demand (35,000-52,000
mg L— 1), nitrogenous compounds (15,284-28,696 mg L—1), and total sulfate (3875—
4096 mg L— 1). In addition, there are phosphate (1625 mg L— 1), potassium at 537 mg
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L—1, and chloride (7842-7997 mg L—1) as salts and phenolic compounds (6893—-7202
mg L—1) (Bhargava and Chandra, 2010a, b). The dark color of PMDE is reported due
to the thermal processing of various water-soluble compounds in sugarcane juice,
such as cane pigments, phenolics, and different aminocarbonyl compounds, which are
likely to form a complex polymer known as melanoidin at elevated temperature
(Yadav and Chandra 2019). Melanoidin is a known nonenzymatic product, separated
with sugarcane molasses as a by-product during the clarification of sugarcane juice
(Chowdhary et al. 2018). The effect of melanoidin has been reported for severe
aquatic and soil pollution in the environment. Due to severe threats to the
environment, various attempts have been made globally by the researchers using the
chemical and biological method, for degradation and decolorization of molasses-
based melanoidin of distillery wastewater for environmental protection and its safe
disposal (Singh et al., 2021). In various studies, the BOD/COD ratio has been
described as degradability status (Abdalla and Hammam 2014; Choi et al. 2017).
During the anaerobic treatment process, the spent wash becomes more viscous and
dark because of microbial interaction with sulfur compounds (Nguyen and Juang
2013). The BOD/COD ratio (0.35) of an anaerobically degraded spent wash of
distillery has been reported 0.35 based on the previous study. This indicated the
nondegradability of waste in the presence of various complex compounds. In view of
high concentration of pollutants in the effluent, bacterial community does not show
any growth and bioconversion for degradation (Chandra et al. 2008a, b). Besides the
complex organic compounds, there are substantial amounts of heavy metals reported
in the PMDE, which increase its toxicity because of their strong binding tendency
with the organic polymer component and their solubility under acidic conditions
(Chandra et al. 2008a, b). These organometallic wastes along with the salts, phenolics,
and chlorides, becomes more hazardous to the environment (Shon et al. 2006). In
addition to the high organic content, PMDE also contains a complex of nitrogen (N),
phosphorus (P), and potassium (K) as salts, which causes eutrophication of water
bodies due to the presence of a significant amount of N and P as a source of nutrients
to the microbial communities (Chowdhary et al. 2018). India and various other
countries use this highly toxic wastewater for agricultural irrigation due to a lack of
irrigation water. But, irrigation with distillery wastewater in agricultural fields

contributes to soil pollution; as a result, the heavy metal uptake by crop plants
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increases, influencing food quality and safety (Chhonkar et al. 2000). The high
content of metals in food material poses various problems and induces disease due to
accumulation in their tissue beyond the permissible limit. High amounts of lead (Pb)
and arsenic (As) can cause chronic effects, including cancers of the kidney, bladder,
skin, and lung, and may cause the health problems of plumbism, anemia,
nephropathy, and gastrointestinal colic, in addition to affecting the central nervous
system (Chhonkar et al. 2000). Moreover, in aquatic systems, periphyton, benthic
invertebrates, and fish diversity have been reported due to the elevated concentration
of iron in PMDE (Jaishankar et al. 2014). The accumulation of iron can cause
substantial harm to aquatic organisms by clogging and hindering the breathing
structures of fish (USEPA 2012). Free iron can also result in lipid peroxidation that
severely damages mitochondria, microsomes, and other cellular organelles (Albretsen
2006). In children, the toxicity caused by excess iron accumulation is associated with
symptoms of gastrointestinal breathing structure, vomiting, and diarrhea (Chang et al.
2011). Similarly, when copper accumulates in the body via ingested food, it causes
acute gastrointestinal symptoms and development of liver cirrhosis and necrosis, with
episodes of hemolysis and damage to renal tubules, and can even lead to coma
(Hoffmann and McKiernan 2017). The hyperaccumulation of nickel is associated with
skin allergy, lung fibrosis, and cancer of the respiratory tract (Rai et al. 2019). Plant
growth and seed germination are also affected by different concentrations of PMDE.
The high concentration of PMDE, has been reported for stunted stem growth and a
reduced root system with inhibition of fruiting and flowering in Phaseolus mungo L.
(Chandra et al. 2008a, b). Besides, recent studies have reported the presence of
various recalcitrant organic pollutants which are listed under the screening list of
endocrine-disrupting chemicals (EDCs) as emerging pollutants by the (USEPA 2012).
The prominent compounds recently characterized by GC-MS in PMDE are hexanoic
acid, butanoic acid, benzene propanoic acid, trimethylsilyl ester, monopalmitin 2-
trimethylsilyl, effusion E, squalene, dithioerythritol 4-trimethylsilyl, octadecane, 1-
methoxy ethoxy methyl-3-(pyridine-2-yl)-7-azaindole, and benzene acetic acid, alpha
4-bis[(trimethylsilyl)oxy]-, trimethylsilyl ester, Chemical Abstracts Service (CAS) in
the previous study (Chandra et al. 2018). These compounds are reported as
androgenic, mutagenic activity with EDCs properties discharged from various

industrial wastewaters, sewage, and biomedical wastewater (Kostich et al. 2014;
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Chandra et al. 2017). However, detailed characteristics regarding such hazardous
compounds for environmental risk assessment have not been yet much known.
Besides, distilleries discharge an average of 12-15 L of the spent wash per liter of
alcohol produced by Indian distilleries (Chandra et al. 2018). In India, more than 397
distilleries generate approx. 28 x 1015 L of effluent annually, reflecting the
magnitude of the environmental problem (AIDA 2016). Therefore, this study will
reveal not only the presence of toxic organic pollutants but it will also establish the
fate of PMDE in the aquatic ecosystem. The detailed toxic effects of PMDE on
freshwater fish or other aquatic organisms have not been much reported. Hence, it is
essential to reveal the nature of the compounds present in PMDE and their
toxicological effects due to the complexation of various pollutants on aquatic and

terrestrial ecosystems prior to its safe disposal.

4.2 Material and Methods

4.2.1. Sample collection and site description

The PMDE samples were collected from M/s Unnao Distilleries and Breweries,
Unnao, Uttar Pradesh, India (26° 32" N, 80° 30" E). The industry produces ~ 225 X
103/ L of ethanol per year, which generates = 3.0 x 109 L PMDE annually 1 3 after
anaerobic treatment (methanogenesis) (Chandra et al. 2018; Chandra and Kumar
2018). The PMDE sample was collected in presterilized 10.0-L plastic jerricans
(Tarsons Products Pvt. Ltd.) from the distillery effluent discharge site. The samples
were taken in triplicate and kept at 4 °C to avoid any thermal degradation. The same
day it was brought to the laboratory and processed within 24 h for physicochemical

analysis.
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Fig.4.1. Sample collection. (a) View of M/s Unnao Distilleries and Breweries, Unnao
(b) Post Methanated Distillery Effluent (PMDE) (c) Collecting PMDE (d) Collected
PMDE

4.2.2. Reagents and chemicals

In this study, used chemicals and reagents were of analytical grade with a purity of >
99%. The chemicals were purchased from Merck (Merck KGaA, Darmstadt,
Germany) and SRL (Sisco Research Laboratories, India), while other reagents and
derivating chemicals for GC-MS analysis including were obtained from Sigma-
Aldrich (St. Louis, MO, USA) and included.

4.2.3. Physico-chemical analysis of PMDE

The physicochemical properties of color, pH, BOD, COD, TDS, TSS, chloride, total
N, ammonium N, phenolics, and sulfate were analyzed as per standard methods for
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the examination of water and wastewater by the American Public Health Association
(APHA 2011). The heavy metals analysis was done by atomic absorption
spectrophotometry (ZEEnit 700, Analytic Jena, Germany) method after nitric acid—

perchloric acid digestion as previously described method (Echavarria et al. 2013).

4.2.4. Extraction and identification of organic pollutants

Scanning electron microscopy and energy- dispersive X- ray Spectroscopy Scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were
performed to assess the surface morphology of dissolved pollutants in PMDE. The
samples were kept in an aluminum foil for drying in the oven for 4 to 5 h at 60 °C
followed by keeping in desiccators for 2 h prior to ready for analysis. Samples were
taken, and a very thin film of palladium and gold was deposited on the surface of the
sample to conduct electricity. These samples were mounted on the electron micropore
stubs. The SEM/ EDX analysis was carried with the help of a controlled field
emission SEM (JOEL JSM-6330f, JOEL Ltd., Dearborn Rd, USA) equipped with a
WVEX-EDS detection system to determine the morphology of the sample (Asberry et
al. 2014).

4.2.5. Ultraviolet-visible and Fourier transform infrared spectroscopic analyses

To evaluate the absorption pattern of the various pollutants present in the PMDE,
ultraviolet-visible (UV-Vis) absorption spectrum analysis was performed by a
double-beam spectrophotometer (Evolution-201, Thermo Scientific, USA) at room
temperature in the wavelength range of 200—700 nm. The Fourier transform infrared
spectroscopy (FTIR) analysis of purified extract was performed by a
spectrophotometer (Nexus-890, Thermo Electron Co., Yokohama, Japan) as described
previously (Chandra et al. 2018). The FTIR

spectrum for the analysis of PMDE samples was done in the range of 400—-4000 cm—
1 (Causin et al. 2008).

4.2.6. Liquid-liquid extraction

The complex organic pollutants from the PMDE were extracted under alkaline
conditions by ethyl acetate (Chandra et al. 2018). In the extraction, a fixed volume (10
mL) of the PMDE was mixed with an equal volume (10 mL) of ethyl acetate in a
separating funnel (100 mL). The mixtures were continuously shaken for 2-4 h to mix
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the solvent, with liquid— liquid extraction at irregular time intervals. After proper
shaking, the solutions were kept to constant on separating funnel stand to separate the
organic layer of solvent. Thereafter, the organic component was collected in a clean
beaker; this process was repeated thrice to make complete extraction of organic
pollutants. Finally, all the extracted organic solvents were pooled in a clean beaker.
Subsequently, it was dehydrated by passing through anhydrous sodium sulfate. The
extracted organic solvent-containing organic pollutants were dried by using rotavapor
(Rotavapor RE 120; Buchi, Flawil, Sweden) at low pressure. Thereafter, the dried
residue was dissolved in 1 mL of ethyl acetate and filtered using a 0.2 um syringe
filter (Millipore Ltd., Bedford, MA, USA); finally, it was used for FTIR and gas

chromatography—mass spectrometry (GC—MS) analysis.

4.2.7. Derivatization of the extracted sample

An aliquot of the extracted sample of PMDE (300 pL) was transferred to GC vials
and evaporated to dryness by nitrogen gas. Further, derivatization was performed with
the addition of 50 pl pyridine and 80 pl trimethylsilyl BSTFA and TMCS to 300 pl
samples. Lastly, the mixture was heated to 70 °C for 30 min with periodic shaking of
the residue, after which the sample was loaded for GC-MS analysis as previously
described (Chandra and Kumar 2017).

4.2.8. Gas chromatography-mass spectrometry analysis

The extracted organic contents from PMDE and sludge leachate were derivatized with
trimethylsilyl (TMS), as previously described GC-MS analysis method (Chandra et
al. 2017). In this process, 50 ul of pyridine and 80 pl trimethylsilyl BSTFA and
TMCS were added to 300 pl samples. Further, the samples were heated to 70 °C for
30 min, with periodic shaking of the residues. Automatically, an aliquot (2.0 mL) of
the silylated sample was injected into a GC-MS (Thermo Scientific Trace GC Ultra
Gas Chromatograph, USA) as previously described (Chandra and Kumar 2017). The
organic compounds were identified by comparing their mass spectra and retention
times with those of compounds available in the National Institute of Standards and

Technology (NIST) library (https ://www.nist.gov/).
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4.2.9. Phytotoxicity assay with post-methanated distillery effluent
4.2.9.1 Seed germination experiment

The phytotoxicity assay of the PMDE was done with seed germination test of Zea
mays L. Seed germination was evaluated at different concentrations of effluent using
a Petri dish method as previously described (David and Rajan 2015). Ten sterilized
seeds were put in different petri dish at equal spacing. The dishes contained the
PMDE concentrations of 10%, 20%, 40%, 60%, 80%, and 100% (v/v), while tap
water was used as a control in the same condition. The dishes were incubated at 28 °C
till germination was observed (Bhargava and Chandra 2010). To make data
statistically significant, three replicates were prepared for each concentration. The
following formulae were used to determine the percentage toxicity and stress

resistance index (Quaratino et al. 2007):

All experiments were performed at 4 °C to maintain the seed enzyme activity.
The supernatant was used as a crude enzyme extract in the a-amylase activity test
(Bhargava and Chandra 2010a). The reaction mixture (3 mL) contained 1.0 mL of 0.1
M acetate buffer, pH 4.8, 0.5 mL of enzyme extract, and 1.0 mL of 0.1% soluble
starch solution diluted to 1.0 mL using acetate buffer. During the enzyme test, the
enzyme extract was diluted to obtain an absorbance change of > 1.0 during enzyme
assay. The reaction mixture was incubated at room temperature for 10 min, and the
reaction was stopped by adding 1.0 mL of 0.1% iodine and 3 mL of 0.05 N HCI.
Absorption was measured at 620 nm, and the decrease in absorbance was measured in

terms of amylase activity (Bhargava and Chandra 2010a).

4.2.9.2. Enzyme concentration and purification

The supernatant with crude a-amylase enzyme was further concentrated by the
addition of cold acetone (— 20 °C) in double volume. After centrifuging at 15,000 x g
for 20 min, the precipitated proteins were collected. The acetone was removed, and
the precipitated proteins were dissolved in 0.1 M sodium acetate buffer (pH 4.8). For
further purification, the soluble proteins were passed through a Sephadex G-100
column (Sigma—Aldrich, USA) (80 cm x 2.0 cm) equilibrated with the same buffer.
Two milliliters of protein fraction was eluted at the flow rate of 0.5 mL min— 1, and it
was stored at — 20 °C until further analysis (Bhargava and Chandra 2010a).
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4.2.9.3. Determination of enzyme molecular weight using SDS- PAGE

Seeds of each concentration treated with PMDE were homogenized in 0.1 M sodium
acetate buffer to prepare enzyme extract (pH 4.8). Large particles in the solution were
filtered out through two layers of cheesecloth, and the supernatant was centrifuged at
15,000 x g for 20 min. The enzyme molecular weight was estimated by SDS-PAGE
(sodium  dodecyl sulfate—polyacrylamide gel electrophoresis) using 10%
polyacrylamide gel. The standard markers a-amylase enzyme (Sigma—Aldrich, USA)
and a protein ladder (Bangalore Genei, India) were used to determine the molecular
weight of the enzyme. After performing gel electrophoresis, the gel was visualized
and stored in a gel documentation system (Syngene, UK).

Percentage of Phytotoxicity (%) = Radicle length of control — Radicle length of the test X 100
Radicle length of control

Index of Tolerance (%) = Mean Length of the longest root in the treatment X 100
Mean length of the longest root in the control sample

4.2.9.4. Enzyme extract preparation and screening of a amylase activity

Seeds of each concentration treated with PMDE were homogenized in 0.1 M sodium
acetate buffer to prepare enzyme extract (pH 4.8). Large particles in the solution were
filtered out through two layers of cheesecloth, and the supernatant was centrifuged at
15,000 x g for 20 min. The enzyme molecular weight was estimated by SDS-PAGE
(sodium  dodecyl sulfate—polyacrylamide gel electrophoresis) using 10%
polyacrylamide gel. The standard markers a-amylase enzyme (Sigma—Aldrich, USA)
and a protein ladder (Bangalore Genei, India) were used to determine the molecular
weight of the enzyme. After performing gel electrophoresis, the gel was visualized

and stored in a gel documentation system (Syngene, UK).

4.2.9.5. Toxicity of post- methanated distillery effluent to a fish

An experiment for the toxicity was performed in accordance with Local/ National
Guidelines of the ethical committee for experimentation in animals.

4.2.9.6. Fish collection and maintenance

Live and healthy adult Heteropneustes fossilis (35-45 g) were collected from the local
fish market during the prespawning phase (July) as mentioned earlier (Mishra and
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Chaube 2017). Fish were acclimatized for one week in the laboratory under normal
photoperiod and temperature (12:12 h, light:dark and 25 «} 2 °C). During the

acclimatization period, fish were fed ad libitum with goat liver daily.

4.2.9.7. Experimental setup

The PMDE toxicity test was performed to determine the effect in terms of the LC50
(Erhirhie et al. 2018) in a 24-h exposure. Fish were divided into four groups in
duplicates (n = 2) with ten fish in each. Three groups were treated with a different
concentration of the PMDE (1.0%, 5.0%, or 10%), and the fourth group was
maintained as a control in plain freshwater. After 24 h, mortality data were recorded
to calculate the LC50. Fish were killed in the laboratory, and the gills and liver were
removed. Gills were stored in Bouin’s fixative for anatomical study, and livers were
stored at — 20 °C until catalase analysis. Catalase activity was used to check the stress

level caused by exposure to the effluent.

4.2.9.8. Histological study

After 24 h in Bouin’s fixative, trimmed gill pieces were dehydrated through a series
of graded ethanol, followed by embedding in filtered paraffin (54 to 62 °C). Paraffin-
embedded gills were sectioned with rotator microtome (Weswox, India) into 5-um-
thick sections. After passing through a series of graded alcohol and water, the sections
were double- stained in hematoxylin and eosin, cleared in xylene, and

mounted in DPX to photomicrograph.

4.2.9.9. Catalase analysis

Liver tissues were weighed and processed for catalase (CAT) antioxidant enzyme
activity (Keramati et al. 2010). In brief, 0.1 mL of supernatant was added to 2.9 mL of
freshly prepared 30 Mm H202 in phosphate buffer (pH 7.0) and the optical density
measured at 240 nm for 1.0 min with a UV-Vis spectrophotometer (EVOLUTION
201, Thermo Scientific).

4.2.9.9.1. Statistical analyses

The LC50 values with 95% confidence limits after 24 h were estimated by probit
analysis with statistical software (IBM SPSS v. 16, 2018, USA). Data on the catalase
analysis are presented as the mean} SEM. The significance of values obtained from
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different groups was tested by using a oneway ANOVA (P < 0.001), and the
intergroup comparisons were made by Newman—Keuls test (P < 0.05). Two separate
tests with mean value were compared to verify the variation and the differences in the
results, and Tukey’s test was also used by following one-way ANOVA using
GraphPad software (GraphPad Software, San Diego, CA, USA) (Kim 2014; Kumar
and Chandra 2018). Each group had ten fish in duplicates for 24 h. Estimation was
performed through probit analysis using SPSS software.

4.3. Results and discussion
4.3.1. Physicochemical characterization of post-methanated distillery effluent

The PMDE was dark brown with high color intensity (152,000 platinum—cobalt (Pt—
Co) units) and had an odor similar to that of molasses with alkaline pH (8.53). The
values of BOD and COD, and other pollution parameters were noted very high as
shown in Table 1. Besides, the PMDE has been found an elevated level of different
heavy metals, including Mn, Cr, Zn, Cu, Fe, Pb, Cd, Ni, Na, and K (Table 1). The
BOD/COD ratio was found 0.38; this indicated the nondegradability of discharged
effluent as reported in earlier studies regarding various wastewaters (Choi et al.,
2017). The high BOD, COD of effluent might have contributed due to the presence of
a high amount of dissolved organic matter along with calcium, magnesium, and
nitrogen compounds as shown in Table 1. The amount of TDS and other organic
compounds was corroborated with the previous analysis reported for anaerobically
treated distillery spent wash (Chandra et al. 2008a, b; Sankaran et al. 2014). The
levels of these parameters greatly exceeded the industrial discharge permissible limits
of the regulatory agencies (USEPA 2002). The dark complex color might be due to
the complex reactions of aminocarbonyl compounds, which showed strong binding
ability with heavy metals and other cationic compounds (Yadav and Chandra 2019).
The detailed mechanism for the formation of complicated coloring compounds in
anaerobically treated distillery effluent has been also reported by previous studies
(Sankaran et al. 2014). The alkaline pH of PMDE favored a stronger binding tendency
of various soluble salts and heavy metals with the Maillard product, resulting in the
complex structure of organometallic compounds (Chandra et al. 2018). In addition,
the high levels of BOD, COD, TSS, TDS, volatile solids, total N, phenolics, and
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sulfate and phosphate might be due to large amounts of several other unknown
organics and inorganic compounds generated during the distillation process
(Aniyikaiye et al. 2019). The high concentration of heavy metals in the PMDE might
be supplemented due to corrosion of metallic pipes, fermentor vessels, and to some

extent from raw material in sugarcane molasses (Bortoletto et al. 2018).

Table:- 4.1- Physico-chemical characteristics of PMDE wastewater.

Al values are mean (n=3) +SD in mg I except color intensity (Co-Pt unit), pH, and temperature (°C),

(BOD): - at p <0.001, Less significant atp < 0.05

S.No. Parameter Values Discharge CPCB (2017)
Permissible limit
(USEPA, 2002)
1. Color appearance Dark Brown -- --
2. Color Intensity(Co-Pt) 152,000 + 3.74 -- --
3. Odor Like molasses -- --
4, Ph 8.53+0.01 8.00+ 0.01° 7.54+ 0.01
5. BOD (mg/L'l) 17400.47 £ 19.18 40.00 47.00+ 0.00
6. COD (mg/L™) 37193.68 + 7.65 121.00° 79.00+ 0.01
7. TS (mg/L™) 32000 + 6.00 - 152+ 0.01
8. TDS (mg/L?) 40,514.68 + 6.55 50-70 70+ 0.00
9. VS (mg/L™?) 1058.35 + 1.08 20+ 0.01
10. Chloride (mg/L™) 2755 + 4.30 750.00° 11.82+0.01
11. Total Nitrogen (mg/L™) 1200.32 + 4.16 9.90+ 0.00
12. Phenol (mg/L™) 6895 + 7.61 0.50a -
13. Sulphate (mg/L™) 13,456.33 + 3.55 750.00
14. Phosphate (mg/L™) 309.96 = 1.60 - 3.40+£0.01
15. Calcium hardness as Ca Co; ~ 459+7.62 100-200° 10-20
Trace Elements
a) Mn (mg/L™) 8.25 + 0.09 0.20° 0.15
b) Cr (mg/L™) 2.90 + 0.027 0.05° 0.01
c) Zn (mg/L?) 16.65 + 0.00 2.00 1.28
d) Cu (mg/L™) 2.50 +0.01 0.50° 0.19
e) Fe (mg/L™) 375.94 +0.36 2.00° 1.45
f) Pb (mg/L?) 2.48 + 0.00 0.05 0.02
9) Cd (mg/L™) BDL BDL BDL
h) Ni (mg/L™) 4.15+0.00 0.10 0.04
i) Na (mg/L™?) 108.95+0.07 0.04? 0.01
i) K (mg/L™") 137.34+ 0.09° 0.02

4.3.2. Organic compounds in post-methanated distillery effluent

4.3.2.1. Scanning electron microscopy and energy dispersive X-ray spectroscopy

The SEM analysis revealed the morphology of the surface structure and the nature of

recalcitrant organometallic pollutants present in PMDE as dissolved solids. The SEM
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micrograph showed several sharp, rod-shaped crystalline structures of organometallic
pollutants at 5000X (Fig. 1a). This indicated the presence of melanoidin as polymer,
and the crystalline rod structure of organic polymer has been reported in other studies
(Gomes et. al. 2019). These findings strongly supported our current observations,
which were also corroborated with amorphous organometallic pollutants of the
environment under scanning electron microscopy (Batista et al. 2018) as shown in
Fig. 1a, b. The elemental analysis by SEM-EDX with their percent composition along
with organic pollutants indicated the presence of metallic complex with other
elements, i.e., O, Na, S, Cl, and K, in the sample analysis. The concentrations of these
elements were noted above permissible levels (USEPA 2002), i.e., sodium by 40.21%
and oxygen by 58.05%, followed by sulfur (0.68%), Cl (0.64%), and K (0.14%). The
EDX elemental analysis was performed to confirm the elemental composition in the
effluent to reveal the complexity. The high concentrations of various salts in the
effluent indicated that it could be a major source of pollution in aquatic and terrestrial

ecosystems.

4.3.4. Ultraviolet-visible and Fourier transform infrared spectroscopic analyses

Scanning of UV-Vis absorption spectra by spectrophotometry is the most commonly
used method to detect the Maillard reaction product during the aminocarbonyl
compound polymerization process (Martins and Boekel 2003). The scanning of UV—
Vis absorption spectra absorption maxima within the range of 200400 nm is shown
in Fig. 1c. This result indicated a polymerized form of Maillard product in the PMDE
as a dark-brown material that showed absorption in the UV range as basic property of
melanoidin (Billaud et al. 2004). The absorption peaks were found at 290 nm, 350
nm, and 400 nm, but the absorption maximum of the spectral analysis was at Amax =
295 nm. This maximum is the characteristic property of melanoidin after completion
of the polymerization reaction during its synthesis (Billaud et al. 2004). The various
minor peaks in the absorption range indicated a mixture of various other pollutants.
This property of the absorption spectra has also collaborated with the results of earlier

studies (Echavarria et al. 2013; Chandra et al.
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Fig.4.2.A-Surface topology of PMDE by SEM images B- Elemental analysis of the PMDE
sample, C- UV-Vis spectral analysis D- Fourier transforms infrared (FTIR) spectra of PMDE

sample.

The absorption spectra pattern of the PMDE sample at 50% concentration showed a
similar absorption pattern, but some absorption peaks disappeared between 350 and
400 nm. This result explained the diminishing of organic compounds along with
dilution. However, the absorption maxima at 295 nm remained constant, which
indicated the major product of PMDE shown in Fig. 1c. Because the Maillard reaction
product in the PMDE is derived from sugarcane molasses after the fermentation
process, it contains heterogeneous compounds generated from sugarcane juice during
the heating process. Hence, the mixed reaction products of the Maillard reaction are
evidence in the variable ranges of absorption, as shown in Fig. 1c. However, the
dominant peak at 295 nm indicated the abundance of early Maillard reaction products,
in addition to those of the advanced stage of the polymerized product. This

observation supported the complexity of the melanoidin structure reported previously
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in their chemical structure (Gu et al. 2010). During the early stage in the production of
melanoidin, various organic compounds, such as hydroxymethyl furfurals, reductones,
and furanone, are also reported in the chain of polymerization process shown the
absorption spectrum in the range of UV region (Echavarria et al. 2013). These
findings had given strong support with a previous spectrophotometric analysis
reported previously (Billaud et al. 2004). Similarly, in the FTIR analysis of organic
pollutants in the PMDE, the stretching frequency of peaks indicated different
functional groups at variable intensities of absorbance. The infrared spectra (500—
4000 cm— 1) also indicated several functional groups. The peak values at 3610.8,
2923.8, and 2854.0 cm— 1 represented the O—H vibrational stretching in alcohols and
carboxylic acids as reported previously (de Oliveira Silva et al. 2012; Kadam et al.
2013). The peak value of 3434.7 cm— 1 was attributed to an N-H amine group, and
the peak value of 2031.0 cm— 1 represented C=C stretching in the alkyne group. At
stretching frequencies at 1737.5 and 1638.4 cm— 1, the C=0 stretching of amides was
indicated.

The spectrum region with strong intensity at 1576.9 and 1462.6 cm— 1 indicated
compounds with a benzene ring. The band peak with medium intensity at 1378.8 cm—
1 represented —C—H stretching in an alkane group. The spectrum region between
1035.1 and 1294.1 ecm— 1 was attributed to an acid and ester group, with a peak of
strong intensity. The band at 968.5 and 892.7 cm— 1 was assigned to the =C—H small
stretching vibration of the alkene group, as shown in Fig. 1d. The band at 724.0 cm—
1 was an indication of the C—CI stretching vibration due to compounds with alkyl
halide groups. These products are reported as intermediate by-products of the
Maillard reaction in a separate study (Phisut and Jiraporn 2013). The results implied
that the main organic pollutants in the PMDE were hydrocarbons, ketones, organic
acids, fatty acids, aromatic compounds, phenolic and alcoholic compounds, along
with some nitrogenous compounds as a complex structure. These compounds are
reported to be generated as an intermediate stage in the Maillard reaction (Chandra
and Kumar 2017). Hydrocarbons are the basic fragmented side products that are
generated during each stage of the Maillard reaction, whereas the ketone group
compounds are formed during the intermediate stage of amino acid degradation
(Strecker degradation) of Melanoidin synthesis. Therefore, these compounds might be

generated in the process of sugarcane juice heating in the sugar manufacturing
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process. Phenolic compounds of high color are generated at the final stage of the
Maillard reaction during aldol condensation of degraded amino acid compounds.
Alcoholic and nitrogenous compounds are formed at the final stage of the Maillard
reaction as various high and low molecular weight melanoidin polymers. Moreover,
organic acids and fatty acids are generated during the fermentation of sugars and the

digestion or breakdown of complex melanoidin compounds.

4.3.5. Gas chromatography-mass spectrometry/mass spectrometry analysis

The GC-MS/MS chromatogram of organic compounds extracted with ethyl acetate
from the PMDE sample is shown in Fig. 2. The identified various organic compounds
are listed in detail in Table 2 based on the mass-to-charge ratio (m/z) at various
retention times (RTs). Most of the identified compounds were as residual organic
compounds due to complexation with one another in the presence of metallic ions
with raw material, including hexadecanoic acid, octadecanoic acid, propanoic acid,
dodecanoic acid, and nonacosane, which are different forms of fatty acids that
originated from the raw material of sugarcane molasses and juice (Chandra et al.
2017, 2018). In the recent report, some of these compounds were also listed under
endocrine-disrupting chemicals (EDCs) as per the USEPA screening program list
(USEPA 2012). However, the EDCs properties of various pollutants discharged from

this industry are still unknown.
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Fig.4.3: GC-MS chromatogram of TMS derivatized organic compounds extracted from
PMDE
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Table: 4.2 - Organic compounds identified by GC-MS analysis extracted with ethyl acetate (pH 8.0)

from PMDE.
S.No. RT Source COMPOUND Toxicity
1. 6.08 Metabolic product in  ZINC(II)-a-ACETOXY-4 Bloody vomiting, liver failure, dilate
wastewater FORMYLOCTAETHYLPORPHRIN the blood vessels.
2. 7.87 Volatile compounds in 3,7-Dioxa-2,8-disilanonane, 2,2,8,8- Endocrine disruption, central nervous
PMDE tetramethyl system damage,
3. 8.47 Residue in PMDE Hexanoic acid, TMS ester Endocrine disruption.
4. 10.05 Fatty acid residue HEPTANOIC ACID TMS Acute renal failure.
5. 11.54 Volatile substance Cyclohexanecarboxylic acid, Carcinogenic, allergy reaction.
6. 13.32 Plant Fatty acid residue 3,7-Dioxa-2,8-disilanonane,2,2,8,8- Hypertension, Stress, Osteoporosis,
tetramethyl-5-[( TMS)oxy]- (CAS) urinary stones,
7. 13.71 Principal sources of  Benzeneacetic acid, TMS ester Gastrointestinal, Hematological,
sulphur Respiratory (Nose to Lungs).
8. 15.64 Residue in PMDE Nonanoic acid, TMS ester strong eye irritant, vomiting
9. 16.35 Extracted in molasses Benzenepropanoic acid, TMS ester DNA damage, carcinogenic, allergy
reaction, irritant dermatitis,
10. 18.68 Fatty acid residue Decanoic acid, TMS ester Inflammation, Fibrosis, Necrosis
11. 19.49 Residue in PMDE 4-Hydroxyphenylethanol, di-TMS Parageusia, pink disease. Diarrhea
Fever, Vomiting
12. 20.53 Chemical intermediate in ~ Pentanedioic acid, 2-[(TMS)oxy]- Carcinogenic, allergy reaction.
PMDE. ,bis(TMS) ester
13. 21.63 Residue in PMDE Dodecanoic acid, TMS ester (CAS) inflammation and irritation
14. 23.81 Fatty acid residue Octadecane Cough. Sore throat. Skin & Eye
Redness.
15. 24.26 Principal sources of  1,4-Benzenedicarboxylic acid, Neurologic manifestations headache,
sulphur nausea, vomiting,
16. 27.00 Volatile substance 1-(Benzyloxy)-2-fluoro-2-phenyl-3-(p- Vision loss, Movement disorders
toluenesulsulfonyloxy)propane Prognosis
17. 27.84 Fatty acid residue Hexadecanoic acid, trimethylsilyl ester Degenerative bone disease, lung cancer,
18. 29.94 Fatty acid residue Hexadecanoic acid, butyl ester Difficulty Breathing Stomach Upset.
19. 30.17 Plant sterol Nonacosane (CAS) epigastria pain
20. 30.35 Fatty acid residue Oleic acid, TMS ester Carcinogens, Cardiovascular
21. 30.70 Fatty acid residue Octadecanoic acid, TMS ester Hypertension,  Stress,  Premenstrual
syndrome, Osteoporosis,
22. 34.28 Bacterial degradation MONOPALMITIN 2TMS Fatty Liver Disease (NAFLD), effect of
product Pancreas.
23. 35.54 Used as a chemical Effusanin E Toxicity to  humans, including
carcinogenicity
24, 36.35 Principal sources  Enterolactone(2,3-bis(3- worsen asthma attacks, and aggravate
hydrogen sulphide gas hydroxybenzyl)butyrolactone-di(TMS) existing heart disease
25. 39.10 Volatile substance 24-hydroxy-3,4-secolanost-4,(28),8-dien-3-  Endocrine disruption, central nervous
nitrile system damage,
26. 41.46 Volatile substance 7-(Trimethylsilyloxy)-3-[4-(TMS)phenyl]-  kidney and proximal tubule cells,
4H-1-benzopyran-4-one
217. 42.65 Plant sterol as residue in  Stigmasta-5,22-diene, 3-methoxy-, Chest or Abdominal Pain Shock,
PMDE (34,22E)- Difficulty Breathing
28. 45.59 Volatile substance 2-(1-Phenylsulfanyloctyl)cyclohex-2-enone  Developmental toxicity, neurotoxicity
29. 48.67 Chemical intermediate in  Benzeneacetic acid, &,4-bis[(TMS)oxy]-  Diarrhea Fever, Vomiting
PMDE. Jtrimethylsilyl ester (CAS)
30. 49.99 Acrylic acid used as a (5,10,15,20-tetraphenyl[2- Inflammation and irritation

chemical intermediate.

(2)H1]prophyrinato)zinc(Il)
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The source of other compounds detected in the effluent was either a bacterial
metabolic product or a chemical additive, which can act as mutagens, carcinogens, or
EDCs, along with metals and other metalloids in discharged effluent.

4.4. Phytotoxicity assay
4.4.1. Seed germination test

The environmental toxicity of the PMDE in soil was tested at various concentrations
(control, 10%, 20%, 40%, 60%, 80%, and 100%) using the seed germination test of
Zea mays. Seed germination and plumule growth were inhibited even at very low
concentrations (10%) of PMDE. The higher concentrations not only inhibited seed
germination, plumule, and radicle growth but also destroyed the seed viability with
blackening of its embryo point. The seeds of Zea mays at 80% and 100%
concentrations of the PMDE resulted to shrunk and turned black, as shown in Fig. 3a,
b. The toxicity data at the different concentrations showed significant variation, as
indicated by one-way ANOVA (Table 3). The amylase activity also showed reduction
along with the increasing concentration of PMDE which is responsible for the
conversion of starch into maltose mediated by alpha-glucosidase into glucose to
supply energy in the germinating seed. The optimum a-amylase activity was noted 0.6
U in seeds treated with 10% (v/v) PMDE. Further, increase in PMDE concentration
decreased the a-amylase production (> 10%). The inhibition in activity of a-amylase
might has been noted due to the penetration of organic pollutants along with
cumulative toxic effect of metallic compounds on the seed due to endosmosis effect
of effluent concentration. These observations were corroborated with previous study
reported in Phaseolus mungo L (Chandra and Bhargava 2004). Furthermore, the
inhibition of root and shoot length also indicated an adverse effect on plant growth
hormones (i.e., indole acetic acid (IAA), gibberellic acid, and cytokinins), which are
responsible for root and shoot elongation. This observation concluded the inhibition
of plant growth hormones at a high concentration of effluent along with adverse
effect to seed germination as reported in separate study (Chandra et al. 2008a, b). The
concentrations of heavy metals due to exceeding permissible levels in PMDE might
be also responsible for the toxicity of the tested seed because the adverse effects of

heavy metals on seed germination are well established (Mahimairaja et al. 2004).
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Fig. 4.4. A. Effect of toxicity of PMDE on seedling growth of Zea-mays L. against PMDE

sample at various concentrations. (1- control., 2-10%., 3-20%.
Mean acute alpha-amylase concentrations (U/mL) activi

, 4-40%., 5-60%., 6-80%., 7-100%) B.
ty shown by Zea-mays seeds. Inset

graph includes published acute PMDE concentrations (ug/dL) for the same sample. Error bars

represent standard error of the mean and gel imaging at di

fferent concentration of PMDE (%).

Table: 4.3 - Effect of different concentrations of PMDE on seed germination and seedling growth of Zea -mays.

S.No. No.of Concentration Germinatio Germinatio Reduction Radical Phytotoxicity Stress
seed (%) n (%) n index in length (cm) (%) tolerance
plated germinatio index.

n (%)

1 10 Control (0) 100 + 0.00 00+ 0.00 00 +0.00 95.12 £ 0.82 00 +0.00 00 +0.00
2 10 10 80 +0.00 84.1+0.04* 20+0.00* 79.21+0.07* (562+023™ 19.4+0.04*
3 10 20 60+ 0.00 71.0+£0.02* 40+ 0.00* 63.35+0.05"° 16.61+0.52* 245+023™
4 10 40 40+ 0.00 66.0 £ 0.00 60+ 0.00™ 3551+0.09™ 67.90+8.96* 476+008™
5 10 60 10+ 0.00 17.0+£0.01* 70+000™ 27.76 £0.08 82.68 +3.64 62.31+0.10™
6 10 80 05+ 0.00 09.0+0.00 85+ 0.00 12.21+0.00 89.80 £3.99 71.1+0.72
7 10 Effluent (100) NG - - - - -

All values are mean of three replicate + SD., The statistical significance between the values

of control to their respective concentrations was evaluated by ANOVA. PMDE: post-

methanated distillery effluent.

* Significance level: p < 0.05., ™ Significance level: p > 0.05, NG=No Germination,

Control=Tap water
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4.4.2. Fish toxicity

The PMDE was noted very toxic to H. fossilis, though this is a known sturdy
freshwater fish (Fig. 4.5a, b). The percentage of mortality significantly increased with
an increase in the concentration of PMDE during 24-h incubation. Based on the
mortality percentage, the estimated LC50 for 24 h was 3.663% PMDE. The toxicity of
distillery effluent has been also reported in a previous study (Chowdhary et al. 2017).
In the photomicrograph of gills, the level of effluent toxicity was well expressed after

24 h, compared with the control (Fig. 4.5a).
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Fig.4.5. A. Concentration effect of post-methanated distillery effluent (PMDE; 1%, 5 %, 10 %) on gill
histopathology of freshwater catfish, Heteropneustes fossilis, after 24 hr; (A) Control; (B) PMDE (1
%); (C) PMDE (5 %); (D) PMDE (10 %). Where PL: Primary lamellae; SL: Secondary lamellae; EC:
Epithelial cell; PLD: Primary lamellae degeneration; SLD: Secondary lamellae degeneration; V:
Vacuolation; DE: Damaged epithelium; LPL: Loss of primary lamellae; LSL: Loss of secondary
lamellae; LE: Loss of epithelium. [Image captured with 20X; haematoxylin and eosine stained]. B.
Catalase activity (units/min/g wt) in liver of Heteropneustes fossilis in different concentration of post-
methanated distillery effluent (PMDE; 1%, 5 %, 10 %) with control. Each group had ten fish in
duplicates for 24 hr. Values expressed as mean + SEM. Data were analyzed by one way ANOVA (P <
0.001; *) and Newman- Kuels’ test (P < 0.05; A, B, C). Groups superscripted with different letters are
significantly different in intergroup comparison.
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The abnormalities included degeneration of primary and secondary lamellae and
epithelial cells and vacuolation. At a concentration of 10% PMDE, a total loss of the
integrated structure of gill tissue was observed. In addition, toxicity was observed by
a significant increase in CAT activity in the liver at increased concentrations of
PMDE after 24 h (Fig. 4b). This result also indicated the activation of oxidative
defense mechanisms against the generation of free radicals caused by the exposure of
effluent. The present findings were corroborated with previous toxicity data of
distillery effluent in terms of lethal concentration, nutritional biochemistry, and
hematological parameters (Kumar and Gopal 2001; Ramakritinan et al. 2005; Shukla
and Shukla 2013). The toxicity of catfish Heteropneustes fossilis during the
reproductive phase (July) was noted LC50 value at 3.663% with 95% confidence
limits of 9.231% and 0.143% after a 24-h exposure to PMDE. This supported the
toxicity data observed previously for toxicity of fish with other pollutants (Bloch
1794).

4.5. Conclusion

This study revealed various unknown complex recalcitrant organometallic complexes
with EDC properties which are a major source of environmental pollutants and health
hazards. The absorption maxima of PMDE between 200-350 nm in the UV-Vis
spectral analysis also indicated polymerized-form Maillard product. Hexadecanoic
acid, butyl ester, octadecanoic acid, monopalmitin 2 TMS, effusanin E, 1-(benzyl) -2-
fluoro-2-phenyl-3-(p-toluene’s sulfonyl) propane, and 24-hydroxy-3,4-secolanost-
4,(28),8- died-3-nitrile were prominent organic compounds in the category of
mutagenic and androgenic compounds, detected in PMDE. In addition, the presence
of various activity in germinating Zea mays seeds and gel imaging at different
concentrations of PMDE heavy metals also indicated the contribution of toxic
property of PMDE, as resulting in phototoxic effect on seed germination with Zea
mays and Heteropneustes fossilis with the degradation of lamellae in gill. Thus, this
affirmed the source of various unknown mutagenic, carcinogenic, and EDCs

compounds with organometallic complexes.
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Chapter-5
Characterization of rhizospheric bacterial communities from
hyperaccumulator plant growing on organometallic

sludge during phytoextraction for ecorestoration

5.1 Introduction

Rhizospheric bacteria can establish deleterious, neutral or beneficial interactions with
plants. Contaminant degrading rhizobacteria can be included among the plant-growth
promoting rhizobacteria (PGPR) because the presence of contaminants, in general
negatively affects the growth of the plant, and the elimination of the inhibiting chemicals
will benefit the plant. Although contaminant degrading strains have been traditionally
isolated from various environments, in the last two decades, an increasing number of
studies have reported the isolation and identification of rhizospheric bacteria with
contaminant-degrading abilities For a long period PGPR were mainly used for assisting
plants to uptake nutrients from the environment or preventing plant diseases. Recently, the
application of PGPR has been extended to remediate contaminated soils in association
with plants. Of all the present contaminants, the profound impacts of organic and heavy
metal pollutants have attracted worldwide attention. In order to eliminate or control the
pollutants in soils, physical, chemical, and biological methods have been employed. It has
obvious advantages over physicochemical remediation methods due to several merits:
cost-effective, convenient, complete degradation of organic pollutants, and no collateral

destruction of the site material or its indigenous flora and fauna.

Some organic contaminants can persist in the environment for a long time and
bring great threat to human health. They mainly include: total petroleum hydrocarbons
(TPHs) and polycyclic aromatic hydrocarbons (PAHs) coming from the exploration and
consumption of fossil fuel, polychlorinated biphenyls (PCBs) widely used in the industrial
process and are most degradation-resistant, and other chlorinated aromatics used as PCB
replacement such as polychlorinated terphenyls (PCTs), halogenated compounds like
perchloroethylene (PCE) and trichloroethylene (TCE) and pesticides like atrazine and
bentazon. (Saleh et al., 2004). Heavy metals are the primary inorganic contaminants,
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which include cadmium, chromium, copper, lead, mercury, nickel and zinc etc. This
article reviews the applications of PGPR for bioremediation of these two main kinds of
contaminants respectively. In contrast with inorganic compounds, microorganisms can
degrade and even mineralize organic compounds in association with plants (Saleh et al.,
2004). Hence discovery of effective pathways for degradation and mineralization of
organic compounds may play an important role in the future. Phytoremediation strategies
include: phytostabilization, where plants, either physically or by the action of the root
exudates, help sequester the contaminant in the soil making it less bioavailable;
phytovolatilization, where the plants take up the contaminant from the soil and transform
it into a volatile compound that is released into the atmosphere for dispersal;
phytoextraction, which involves the accumulation of toxic compounds in the harvestable
part of a plant; rhizoremediation, involving the elimination of the contaminant by the
microbes in the rhizosphere; and phytoremediation, a term which refers to the

transformation of the contaminant by the plant metabolism (Ashraf et al., 2019).

In the rhizosphere, root-based interactions between plants and organisms are
highly influenced by edaphic factors. However, the below-ground biological interactions
that are driven by root exudates are more complex than those occurring above the soil
surface. Plants and bacteria can interact with one another in a variety of different ways to
absorb, degrade, or remove toxic contaminants from polluted soil and water. Bacteria that
reside in different compartments of plants can synthesize several compounds that assist the
plants to overcome stress, providing essential nutrients required for plant growth and
development, improving plant defense systems against pathogens, and stimulating
contaminants degradation. The interaction between bacteria and plant roots may be
beneficial, harmful, or neutral for the plant, and sometimes the effect of a particular

bacterium may vary as the soil and environmental conditions change.

The phytoremediation process may be influenced by various biotic and abiotic
factors, and more work should be carried out to document the role of naturally adapted
indigenous rhizosphere. Although plants and their associated bacteria degrade a wide
range of hazardous organic pollutants, many compounds are degraded slowly or are not
degraded at all. On the other hand, to efficient phytoremediation of metal contaminated
site, it is first necessary to address the problem of metal bioavailability to plant. Finally, to

employ bacteria assisted phytoremediation of either organic or metal contaminants on a
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large scale in the environment, it will be necessary to convince regulatory bodies in
various jurisdictions that the deliberate release of selected, or engineered, bacteria to the
environment should be viewed not only as benign, but in fact as beneficial. This will
require scientists to ensure, based on a thorough understanding of the processes and
interactions between plants, pollutants, soil, and bacteria, that bacteria-assisted
phytoremediation is a highly reproducible and dependable process.
Present chapter has presented the data of bacterial mediated phytoremediation by

Cannabis sativa and Parthenium hysterophorus

5.2. Bacterial assisted phytoremediation of heavy metals and organic pollutants by
Cannabis sativa as hyperaccumulator plants growing on distillery waste disposal site
for ecorestoration of polluted site

Phytoremediation is a low-cost, high-potential technology for environmental sustainability
(Tonelli et al., 2022). Till date several plant species have been characterize and identified
for the phytoremediation of soils contaminated with heavy metals, herbicides, pesticides,
explosives, radionuclides and fuel oil (Kennen and Kirkwood, 2015). During the
phytoremediation process plants remove, transform, or stabilises toxins, including organic
pollutants, at the growing site of sediments (Nedjimi, 2021). It has been demonstrated that
the combination of plants and their associated microorganisms plays an important role in
phytoremediation of contaminated soils (Nurzhanova et al., 2021). During the plant
growth, plant secretes a diverse variety of secondary metabolites into the rhizosphere,
which are easily access by rhizobacteria as a nutritional source. These metabolites include
class of phytosterols, sugars, tricarboxylic acids, fatty acids, oxalic acid, polysaccharides,
amino acids, phenols, and proteins (Hayat et al. 2017). Several microorganisms, on the
other hand, defend the plant from pathogenic microbes and can release phytohormones in
the rhizosphere, such as auxins, cytokinins, and gibberellins, which stimulate the synthesis
of phytohormones and help the plant grow faster (Glick, 2020). But, selection of plant
species for phytoremediation of pollutants at any site is determined based on plant verities,
nature of pollutants along with environmental conditions and physiological status of soil
(Tripathi et al., 2020). In the mechanism of phytoremediation, plant growth promoting
rhizobacteria (PGPR) regulate the bioavailability of various nutrients to plants in soil
through ligninolytic enzyme activity, such as lignin peroxidase (LiP), manganese

peroxidase (MnP), and laccases (Lac), which dissolve complex organometallic compounds
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for availability to plants (Bharagava et al., 2020; Tripath et al., 2021). This process is
initiated by these microbes through colonization to root surface and involve in mechanism
for plant prevention from toxicity through secretion and production of several regulatory
compounds such as phytohormones, siderophore, metal binding proteins etc. (Manoj et al.,
2020) Thus to account for this complexity a set of interaction is required i.e. adsorption to
root, interaction with cell membrane, absorption to cell and translocation to the target
tissue based on histological and physiological properties of plant (Gupta et al., 2016).
Recent research has shown that bacterial assisted phytoremediation of heavy metals by
various metal tolerant bacterial inoculants in laboratory conditions (Song et al., 2021).
Metal tolerant bacterial enhancement in phytoextraction process of lead is also reported by
two ornamental plants (Manzoor et al., 2019). Similarly, it has been reported that the
arsenic tolerant strain of Paracoccus versutus and Aeromonas caviae inoculated in
rhizospheric soil of Adiantum capillus-veneris have enhance the arsenic uptake (Marwa et
al., 2020). Arsenic reducing bacteria also has been reported for the enhanced arsenic
accumulation and tolerance by Salix atrocinerea (Navazas et al., 2021). Mitigation of
nickel toxicity has been also reported by endophytic bacterial strains in Sesame (Naveed et
al., 2020). However, little study has been conducted on bacterial assisted
phytoremediation of organometallic contaminants in-situ from industrial waste, which
could be a viable green solution for ecorestoration of polluted sites for long-term
development. Moreover, the PGPR activity of bacteria in in-situ condition from the
organometallic complex is reported by few researchers (Tripathi et al., 2021a; Tripathi et
al., 2021b; Sharma et al., 2021; Sharma et al., 2020; ). Therefore, the current research
focuses on bacterial-assisted phytoremediation of heavy metal by Cannabis sativa
growing on complex organometallic distillery waste disposal site. The Cannabis sativa
was found growing luxuriantly on the disposed sugarcane molasses based distillery sludge.
Therefore, to understand the mechanism of phytoextraction by Cannabis sativa growing
on distillery sludge in situ condition, the organic compounds and heavy metals present in
sludge were analyzed and monitored at three stages of plant growth. Simultaneously, the
potential rhizobacterial species with PGPR activities were isolated, screened and identified
along with phytoextraction process. In addition histological observation in tissue of plant
for metal accumulation was also investigated (Chandra et al., 2018; Chandra et al., 2017).
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5.2.1. Materials and Methods

5.2.1.1 Study site and Sample collection

The samples were collected from M/s Unnao Distilleries & Breweries, Unnao, Uttar
Pradesh, India, which is located at 26° 32" 0" north latitude and 80° 30’ 0" east longitude.
The average annual temperature is 24-26°C, with seasonal variations of 14 to 40°C. This
site has been previously reported by various scientist and researchers for production of
high pollution mass with inorganic and organic pollutants (Tripathi et al., 2021a; Tripathi
et al., 2021b; Chandra et al., 2018; Chandra et al., 2017). The sludge samples were
collected at three periodic intervals in 30 days. As a control, a fresh sludge sample without
plant growth was collected from the anaerobic digester plant's sludge disposal site, which
was located within the premises of industry's. Second sampling was done after 30 days
growth of Cannabis sativa on the disposed distillery sludge and the third sampling was
done collected after 60 days growth of Cannabis sativa from the same site for the
comparative analysis. Furthermore, the entire Cannabis sativa plant uprooted with
rhizospheric soil and associated sludge samples, were carried in pre-sterilized polythene
bags (HiMedia Laboratories Pvt.Ltd.,, Karnataka, India) for further analysis of
accumulated heavy metal in various parts of growing plants. All the collected samples
were transported to the laboratory in an ice-cold (4 °C) condition. (Tripathi et al., 20214,
Tripathi et al., 2021b.

5.2.1.2. Physico-chemical analysis of distillery sludge

Samples of distillery sludge were analysed in accordance with the method previously
described by Kalra and Maynard (1991) for the determination of the pH, electrical
conductivity, chloride (ClI-), sodium (Na+), and nitrate. While, the phenol content of
sludge was determined using standard methods recommended by the American Public
Health Association (APHA), (2012). As previously described, the pH and EC values of
sludge (sludge: water = 1:2.5 w/v) samples were determined using an Orion meter
(Model-960, Thermo Scientific, FL, USA) and an Orion conductivity meter, respectively
(Chandra et al., 2008). After acid digestion, the total content of Fe, Zn, Cu, Mn, Ni, and Pb
in a dry weight sample of sludge was determined using Inductively Coupled Plasma Mass
Spectrometry (ICPMS-MS) (Agilent, 8900 ICP-MS Triple Quad, US) using method
3030H of the standard methods for water and wastewater examination (APHA, 2012).
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Fig. 5.1. Sample collection: (a) Disposed sludge with no plant growth (b) growth of
Cannabis sativa on disposed sludge near methane reactor (c) growth of Cannabis sativa

at disposed site of contaminated sludge (d) uprooting of Cannabis sativa plant

5.2.1.3. Isolation, screening, and growth conditions of culturable rhizosphere bacteria

All the seven bacterial sp. were isolated from the rhizosphere of Cannabis sativa after
sixty days growth on disposed distillery sludge. The isolation method was done as per
general microbiological serial dilution method on nutrient agar (NA) petri dish (Pandey et
al., 2019). The petri dish was incubated for 24 hours at 30+ 2°C until bacterial colonies

appeared. Every colony was re-streaked for purification of strain (Abbasi et al., 2011).

5.2.1.4. Bioassays for Plant Growth Promoting Traits
5.2.1.4.1. Assay for indoleacetic acid (IAA) production
Bacterial cultures were grown at 28+ 2°C for 72 hours on their respective media. Fully
grown cultures were centrifuged for 30 minutes at 3000 rpm. The supernatant was
collected in separate test tube and two drops of orthophosphoric acid and 4ml of
Salkowski reagent (35% of perchloric acid-50ml and 0.5M FeCI3-1ml solution) were
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added. The appearance of a pink colour suggests the presence of IAA production (Linu et
al., 2019).

5.2.1.4.2. Assay for NH3 production

Peptone water was used to test the ammonia production of bacterial isolates. In each test
tube, 10ml peptone water was used to inoculate freshly grown cultures, which were then
incubated for 48—-72 hours at 28+ 2°C. After that, 0.5 mL of Nessler's reagent was added to
each test tube. The appearance of a brown to yellow colour was a positive sign of

ammonia generation (Nivya, 2015).

5.2.1.4.3. Assay for N, production

For screening nitrogen fixing activity of bacterial isolates a glucose nitrogen free mineral
medium (GNFMM) was used to screen the nitrogen fixing activity of bacterial isolates.
Bromothymol blue indicator (BTB) was added to the medium in order to make it green in
colour. The isolated rhizospheric bacterial strains were inoculated in GNFMM + BTB

medium and kept in incubator at 28 + 2°C for 48-72 hours.

5.2.1.4.4. Assay for siderophore production

The PGPR strains were spotted on prepared chrome azurol S (CAS) agar plates and kept
for incubation at 28 £+ 2°C for 5 days. The change in colour of the medium from blue to
yellow at the spotted area indicated the presence of siderophore formation. (Abo-Zaid et
al., 2020).

5.2.1.4.5. Assay for Phosphate solubilization

To assess phosphate solubilization activity, isolated pure rhizospheric bacterial strains
were spot-inoculated on Pikovskaya's agar plates with a metal loop and kept in incubator
for 3 days at 30 °C. Clearing of zone formation surrounding the spotted colony was noted
(Patel and Desali, 2015)

5.2.1.4.6. Assay for organic acid production

Pure rhizospheric bacterial cultures were cultivated for 24 hours at 37 °C in MRVP broth
(pH 6.9). 2-3 drops of methyl red indicator were applied to an aliquot, and red colour was
instantly detected for positive tests and yellow for negative tests. (Sultana, 2017).
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5.2.1.4.7. Screening for ligninolytic activity of rhizospheric bacterial strains

By using a plate assay method, the pure bacterial strains were screened for diverse
ligninolytic enzyme activity, such as manganese peroxidase (MnP), lignin peroxidase
(Lip), and laccase (Lac) activity. For the screening, MSM with various substrates was
utilised. Phenol red (0.1%) was used as a substrate for manganese peroxidase, while Azure
B was used as a substrate for lignin peroxidase (0.002%). In contrast, laccase activity was
identified in Nutrient Agar (NA) medium that contained CuSO4 (1mM), beef extract (3.5),
peptone (5.0), NaCl (5.0), and guaiacol as substrate (in gm/l) (Verma and Ekta, 2015).

5.2.1.5. Rhizospheric bacterial strain identification and phylogenetic analysis

At first stage, isolation of genomic DNA was performed by inoculating isolated bacterial
strain in nutrient broth (NB) at 30°C in temperature controlled shaker at 220 rpm for 24
hours. After incubation the bacterial strain was centrifuged at 4000 rpm for 10 minutes at
24°C. The supernatant was discarded, and the cell pellet was used to extract genomic
DNA using the Bacterial Genomic DNA Isolation Kit (HiMedia) according to the
manufacturer's instructions. The 16s ribosomal RNA genes were targeted using the
primers PO27F and 1378R, which were used to amplify a sequence of approximately 1500
bp from genomic DNA. One microliter of template DNA, 0.2 microliters of primers UNI-
16-GT-F (AGAGTTTGATCCTGGCTCAG) and UNI-16-GT-R (GGTTACCTTGTTACG
ACTT), 200 mL of each dNTP, 10X buffer, and 2 mM MgSO4, and one unit of High-
Fidelity KOD Tagq DNA Polymerase were used in a 25 mL PCR reaction. The following
parameters were used during the cycle: Initial denaturation at 94°C for 4 minutes; 30
cycles of 30s denaturation at 94°C, 1 minute annealing at 63°C, and 1 minute extension at
68°C; and a final overall extension of 7 minutes at 68°C. The PCR product was purified
using the PCR Purification Kit (Norgen Biotek, Canada), and Biokart India Pvt. Ltd.
perform the sequencing. To compare sequences to homologous bacterial 16S ribosomal
RNA sequences, NCBI (www.ncbi.nlm.nih.gov/BLAST) was used. CLUSTAL W was
used to align the sequences, and the MEGA 11 software using the maximum likelihood

(ML) technique was used to create a phylogenetic tree (Chandra and Kumar, 2017).

5.2.1.6. Plant samples digestion for heavy metals estimation
To evaluate the metal content of indigenous plants, they were uprooted and thoroughly

cleansed with deionized water to remove sludge particles from the roots, followed by
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rinsing with a 10 mmol L™ calcium chloride solution. The plant's root, shoot, and leaves
were separated and diced into small pieces, and the resulting biomass was oven-dried for 5
days at 70°C until it reached a consistent weight. In a muffle furnace, the dried plant

components were ashed for 6 hours at 460°C.

In addition, to acquire the final product, the weighted ash from these samples was digested
in 2% nitric acid (HNO3) and filtered through a 0.45um glass fibre filter (AOAC, 2002).
Further, one gramme (1.0 g) of dried and sieved sediments was digested in 10 mL of
HNO3. When brown fumes started emitting, 5 ml of HNO3 was added and the digestion
was continued until brown fumes disappeared. The sample was then kept for chilling
afterwards 5ml of double distilled water was added to complete the digestion (USEPA
3050-B) (Test methods for evaluating solid waste, 1996). Further, the sample was given
for Atomic absorption spectroscopy (AAS) for determining the concentration of Fe, Cr, Zn
Cu, Cd, Mn, Ni, and Pb (Kimbrough and Wakakuwa, 1989).

5.2.1.6.1. Metal accumulation efficiency

To analyse Cannabis sativa's metal accumulation potential, we calculated the
bioaccumulation coefficient factor (BCF) and the translocation factor (TF). BCF is
expressed by the ratio of metal accumulated in root to the metal accumulated in sludge
while TF is expressed with the ratio accumulated in the shoot to root of plant. To
determine a plant is hyperaccumulator or not, both the parameters i.e. BCF and TF have to
be measure. A plant is said to be hyperaccumulator when measured value of BCF or TF

of plant is greater than one (Malik et al., 2010).
5.2.1.6.2. TEM observations of root tissues histologically.

Young root segments (less than 2.0mm in length) from freshly uprooted Cannabis sativa
were soaked in H,S saturated water as a pretreatment and left to stand at room temperature
for 30 minutes to precipitate trace components (Pourzarandian et al., 2004). After that, the
root sample was dehydrated in 0.1M SCB (sodium cacodylate buffer, pH 7.2) and fixed in
2.5 percent glutaraldehyde (v/v) generated in sodium cacodylate (Ladd Research
Industries, Williston, USA) buffer for 3 hours at 4 °C (pH 7.3). The root tissue was then
rinsed three times with 0.1M SCB, with a ten-minute interval between each washing, and

then post-fixed overnight in 1 percent OsO4 (osmium tetroxide). After rinsing with SCB
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and dehydrating in a graded acetone series (50, 60, 70, 80, 90, 95, and 100 percent), the
preserved tissue was embedded in an araldite-DDSA combination (Ladd Research
Industries, Williston, USA). Using an ultramicrotome, slices were stained with uranyl
acetate and lead citrate after backing at 60 °C (Cryo Leice EM UC7, Leica Microsystem,
India). The TEM (FEI TecnaiTM G2 Spirit Twin, Hillsboro, USA) analysis of the segment

was carried out with an accelerating voltage of 80 KV.

5.2.1.7. Analysis of organic contaminants from distillery sludge

5.2.1.7.1. Reagents and Chemical

The chemicals used in this study were obtained from Sigma-Aldrich i.e. N, O-
Bis(trimethylsilyl) trifluoroacetamide (BSTFA), sodium sulphate (Na,SO4 99% pure),
and TMCS (trimethylchlorosilane, 99% purity) (Saint Louis, MO, USA). In this study, the
organic compounds extracted by using ethyl acetate (C4H802) as solvent from distillery
sludge was purchased from Merck (Merck KGaA, Darmstadt, Germany). The reagents and
chemical used in this study were of the highest grade for GC-MS analysis.

5.2.1.7.2. Detection of organic pollutants from distillery sludge by Solid-liquid extraction
method

As previously mentioned by Chandra and Kumar (2017), Ethyl acetate was used to
recover organic pollutants from distillery sludge, and it was used to detect a wide
spectrum of organic compounds at a slightly alkaline pH. (i.e. 8.10). All three sludge
samples (5.0 g) from various stages were weighed and placed in a 250 mL Erlenmeyer
flask. 5 mL ethyl acetate was added to each flask individually and vigorously mixed to
create a homogenised solution for the solubility of organic components. The samples were
also subjected to vortex agitation (for 3 minutes), sonication (3 minutes on, 30 seconds
off, three times), and centrifugation for 10 minutes at 5000rpm. To ensure complete
extraction from sample the extraction procedure was repeated thrice. Following the
process, the organic layer was separated from the precipitated sample and dehydrated by
passing it through Na2SO4 before being dried under a stream of nitrogen gas. The dried

residue was then diluted in 1.0 mL ethyl acetate and filtered using 0.22 m syringe filters.
5.2.1.7.3. GC-MS analysis

GC-MS analysis was executed with TSQ Quantum XLS triple quadrupole mass

spectrometer with TriPlus auto sampler (Thermo Scientific, USA). According to Chandra
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and Kumar (2017), the extracted samples were derivatised with trimethylsilyl (TMS) to
enhance the mobility of all organic compounds before being injected to GC-MS analysis.
A 2.0-mL aliquot of the derivatised material was injected into the GC-MS port of the
equipment (Thermo Scientific, USA). The sample was separated by passing from DB-5
MS capillary column along with the helium gas at a flow rate of 1.1 mL*. The GC oven
temperature was set to start at 65°C for 2 minutes, and then it was increase at a rate of 6°C
min™ to 230°C for 10 minutes, and then increased to 10°C min™ to 290°C for 20 minute.
The mass spectrum was obtained using a positive electron ionisation (+ EI) mode of the
mass spectrometer with a 70 eV electron energy and a 7-minute solvent delay. The
detected organic compounds were identified using the MS library NIST v. 1.0.0.12 that

was provided with in the instrument software.

5.2.1.8. Results and discussion
5.2.1.8.1. Changes in distillery sludge's physicochemical properties

The physico-chemical parameters of fresh and 60 days disposed distillery sludge are given
in Table 1. The measured pH value, Electrical conductivity (EC), sodium, phosphate,
chloride, nitrate, phenol sulfate showed higher in disposed fresh distillery sludge.
Additionally, value of trace elements i.e. Fe, Zn, Pb, Cd, Mn, Ni, and Cu are found higher
than permissible limit and toxic to animal and human health because of their long term

persistence in the environment (Onakpa et al., 2018; Rehman et al., 2018).

Sludge has an alkaline pH of 8.1, which results from reactivity of numerous salts
and oxides i.e. carbonates, bicarbonates, sulphides, and hydroxides. They are mostly
applied in the process of fermentation to modify the pH level (Chandra et al., 2018). The
Value of EC has also been detected high due to various anions and cations present in
sludge such as Na*, CI, NO®, PO,3~ and SO,

Heavy metals have been found in large quantities in sludge as a result of the
corrosive effects of sugarcane molasses and juice production. Further steps i.e.
fermentation and distillation of sugarcane juices at last generates spentwash as waste.
These processes could be the primary source of heavy metal in disposed distilleries sludge.
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However, after 60 days of in-situ phytoremediation by Cannabis sativa, the sludge
had reduced values of numerous physio-chemical parameters, as shown in Table 1. The
original pH of distillery sludge was 8.1 (alkaline in nature), however it changed to 6.31
(slightly acidic). This could be due to rhizobacterial interaction with various heavy metal
and complex organic components. Moreover, metabolites released from roots of
Cannabis sativa such as amino acids, organic acids and numerous metal chelators, also

reduces the pH of sludge.

These activity enhanced phytoextraction mechanism due to bioavailability of organic
nutrients, ions and various metals from slightly acidic sludge. The EC of phytoremediated
sludge after in-situ treatment was also found to be higher; this might be due to breakdown
of organic pollutants by rhizobacterial activity and chelation of heavy metals which
consequently increases the role of cations and anions in sludge. Except for EC, all
physico-chemical parameters of in-situ phytoremediated sludge by Cannabis sativa after
60 days of growth were significantly greater (p < 0.001) than those of newly dumped
distillery sludge.

Table 5.1. Physico-chemical properties of disposed distillery sludge before and after 60

days of In-situ of phytoremediation by Cannabis sativa

S.No. Parameter Fresh Distillery sludge % Change
distillery after In-situ
sludge phytoremediation
(60days)

1. pH 8.1+0.00 6.31+0.13 22.09
2. EC (uScm ™) 4.07+0.11 5.71 + 0.06 -40.29
3. Sodium (mgkg™)  4321+1.00 27.16+0.23 37.14
4, Chloride (mgkg™*) 128324  + 716.12+26.19 44.19

3.12
5. Nitrate (mg kg ') 86.19+1.16  39.19+1.02 54.53
6. Phosphate (mg kg ') 2213.61  + 1439.53+4.15 34.96

0.10
7. Sulfate (mg kg ') 149.03+0.13 111.68 +£0.16 25.06
8. Phenol (mg kg ™) 499.13+1.01 419.26 +0.05 16.00

Trace Elements (mg kg™)
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a. Fe 2253.01 + 257.65+0.08 88.56
0.16
b. Zn 41.17+101 25.11+0.30 39.00
C. Cu 83546 +0.01 201.15+0.07 75.92
d. Mn 243.17+0.03 71.01+0.16 70.79
e. Ni 14.10+0.04 3.01+0.11 78.65
f. Pb 3212+0.04 515+0.16 83.96
g. Cd 0510+0.71 131+0.21 -156.86
h. Cr 02.15+1.07 091+0.14 57.67

5.2.1.8.2. Isolation of PGP traits and its primary screening
The morphological and physiological properties of all identified rhizobacterial strains
were examined. Isolated bacteria were further examined for PGPR parameters along with

the ligninolytic enzymatic activity as shown in Table 5.1.

5.2.1.8.3. Indoleacetic acid (IAA) production

Among the seven isolates i.e. KS19, KS20, KS21, KS22, KS23, KS24, and KS25, all the
isolates showed IAA production. Pink coloration was detected in their cell-free
supernatant with inclusion of tryptophan in culture broth; maximum IAA production was
recorded in strain KS20, KS22, KS23 and KS24 (17 pg ml—1) broth culture (Table 5.1.).

5.2.1.8.4. NH3 production

All the isolates showed NH3 production. The transition of brown to yellow colour was a
positive indicator of ammonia generation. Maximum production of NH3 was recorded in
strain KS20 and KS24 (17 pg ml—1) broth culture (Table 5.1.).

5.2.1.8.5. N, production

Rhizospheric bacterial isolated strains were screened by changing the color of
bromothymol blue (BTB) containing nitrogen free media, and these strains showed a color
change in BTB containing media, indicating excretion of ammonia. Only strain KS20,
KS22, KS23 and KS24 showed positive test for N, production (Table 5.1.).
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5.2.1.8.6. Siderophore production

Among the seven strains only strain KS20, KS22, KS23 and KS24 showed the appearance
of orange halos around their spots on the CAS agar medium indicating a positive test for

siderophore production (Table 5.1.).

5.2.1.8.7. Phosphate solubilization

Among the seven strains only KS20, KS22, KS23, KS24 and KS25 showed significantly
clearing of zone around the colonies (Table 5.1.). At 3 days of incubation, the Phosphate
Solubilization Index (PSI) of phosphate solubilizing bacterial strains was measured by the
following equation:

PSI= Colony Diameter + Total diameter of halo zone.

Colony diameter

The sequence of PSI was as follows:
KS23, (3.2 £0.1) > KS24 (2.7 £ 0.1) > KS25 (2.6 £ 0.1) > KS20 (2.0 + 0.2)> KS22 (1.8 +
0.3)

5.2.1.8.8. Assay for organic acid production

All bacterial isolates showed positive test for organic acid production. On adding 2 to 3
drops of methyl red indicator to all seven bacterial strains, only KS20, KS22, KS23 and
KS24 showed red colour formation for positive test and KS19, KS21 and KS25 showed

negative test for organic acid production (Table 5.1.).

5.1.8.8.9 .ligninolytic enzyme activity of rhizospheric bacterial strains

Four of the seven bacterial strains could produce ligninolytic enzymes. Using the plate
assay method, strains were tested for Manganese peroxidase, Lignin peroxidase, and
Laccase activity. For screening, MSM with various substrates was used. The presence of
MnP activity was shown by the conversion of dark pink to yellow colour, the absence of
blue colour indicated the presence of positive LiP, and the presence of brown colour halos

indicated the positive test laccase activity (Table 5.1.).
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Table 5.2.: Detection of plant growth promoting parameter of rhizospheric bacteria

isolated from Cannabis sativa rhizosphere

ISOLATES | IAA | NH; N, Siderophore Phosphate Organic acid Ligninolytic Enzyme
Fixation production Solubilization | Production
Laccase MnP LiP

KS19 + ++ - - - B I + ¥
KS20 +++ +++ + + + + ++ ++ +
KS21 + ++ - - - B _ _ T
KS22 + ++ + + + + + T ¥
KS23 ++ ++ + ++ +++ ++ + ++ +
KS24 +++ +++ + + ++ ++ + +++ +
KS25 + + - - ++ + - ++

5.1.8.9. 16S rRNA gene analysis of rhizosphere bacteria and phylogenetic analysis

Purified isolated rhizosphere bacterial strains were identified on the basis of 16S rRNA
sequencing. Among the seven rhizospheric bacterial strains i.e. KS19, KS20, KS21, KS22,
KS23, KS24, and KS25, only four bacterial strains i.e. KS20, KS22, KS23 and KS24
could show most of the positive PGPR test along with ligninolytic enzymatic activity. 16S
rRNA sequencing data, the isolated strains KS20, KS22, KS23 and, KS24 showed nearest
relationships with Bacillus cereus, Achromobacter denitrificans, Bacillus subtilis and
Bacillus thuringiensis. The nucleotide sequences of these potentially diverse rhizospheric
bacteria were deposited in the National Center for Biotechnology Information (NCBI)
database under accession numbers MW886231, MW886333, MW887524, and
MW887525 respectively. Using the MEGA 11 software, a phylogenetic tree was
generated that illustrated the relationships between bacterial species and the most closely
related genera deduced from sequences of the 16S rRNA gene. (Fig.5) (Kumar and
Chandra, 2018).
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Fig. 5.3. The evolutionary history was inferred by using the Maximum Likelihood method and Tamura-Nei
model (Tamura K. and Nei; 1993). The tree with the highest log likelihood (-26859.98) is shown. Initial
tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms
to a matrix of pairwise distances estimated using the Tamura-Nei model, and then selecting the topology
with superior log likelihood value. This analysis involved 20 nucleotide sequences. There were a total of
1557 positions in the final dataset. Evolutionary analyses were conducted in MEGA XI

5.1.9.0. Accumulation of Heavy metals in Cannabis sativa

The distribution and accumulation of metals in plant components must be investigated in
order to establish the role of plants in the rehabilitation of contaminated ecosystems
(Baker et al., 2020).Cannabis sativa have the ability to accumulate various metals in a
diverse pattern into their tissue (Fig.5.1). The highest accumulation of metal has been
found in root and then in shoot followed by root tissue (Table 5.1.). Overall, the

accumulation pattern of metal was noted as:

Fe (801.81 + 0.123)> Cu (275.086 + 0.069)> Zn (162.15 + 0.085)> Mn (63.92 +
0.093)> Pb (28.619+ 0.192)> Ni (5.02 + 0.078)> Cd (2.53+ 0.085)> Cr (1.87 £ 0.079) mg
kg "(Table 3).The heavy metals enter from the curricular cracks in root tissue and via

diffusion of cell sap it accumulates in various parts of the plant. In accumulation pattern of
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heavy metal, pH of soil and chemical nature of other organic co-pollutants plays a vital
role in bioavailability of metals. Root exudates have been demonstrated to alter the pH of
sludge, allowing heavy metals to move more freely in the soil. In addition, bacterial-plant
interactions in the rhizosphere promote metal bioavailability in roots. (Chandrakala et al.,
2019). Moreover, other factors, such as metal redox states, plant genotype, and metal
heterogeneity, plant root system, and environmental conditions, all influence the metal
accumulation pattern in plants. (Shahid et al., 2017).

Our findings showed that distillery sludge produced by methanogenesis of spent wash
was initially alkaline in nature, including a variety of organometallic compounds. This
complex organic waste has a high affinity for numerous trace elements (Migo et al., 1997).
However, as a result of certain plant-microbe interactions, the organometallic bond breaks
down, allowing metal to become available to the plant (Zhang et al., 2020). The
accumulation of measured metals in Cannabis sativa root tissues was found to be higher in
this study. This demonstrated that metal mobility in plant tissues is concentration
dependent. The findings imply that a plant's metal tolerating strategy has evolved and is
present in Cannabis sativa when it grows in metal-contaminated environments. Similar
findings involving heavy metal accumulation have been observed in previous studies also.
(Pavlenko-Badnaoui et al., 2019; Yabanli et al., 2014). Cannabis sativa, the tested plant,
accumulated heavy metal concentrations that were higher than normal or phytotoxic
levels, indicating that the plant has a hyperaccumulation propensity and the potential for

use in phytoremediation of industrially contaminated areas.

400

350

300

250 E Leaves
200 E Root

150 B Shoot

100

50

Fe Zn Cu Mn Ni Ccd Cr

Fig.5.4. Accumulation of Fe, Zn, Cu, Mn, Ni, Pb, Cd and Cr in different parts of Cannabis sativa

collected after 60 days from distillery sludge dumping site.
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Table 5.3.: Heavy metal accumulation (mg kg™ DW) in root, shoot and leaves of various plant species.

Plant Plant Fe Zn Cu Mn Ni Pb Cd Cr
parts

Cannabis sativa Leaves 208.015 + 0.075 | 86.016 + 0.041 26.001 + 0.041 11.69 + 0.057 0.930 + 0.003 8.250 + 0.064 0.640 + 0.041 0.490 + 0.074
Shoot 322.002 + 0.024 | 49.315 + 0.042 30.017 + 0.004 26.54 + 0.002 1.266 + 0.071 13.054 + 0.074 | 0.980 + 0.010 0.510 + 0.004
Root 271.064 + 0.024 | 26.819 + 0.002 219.068 + 0.024 | 25.69 + 0.034 4.090 + 0.004 7.315+ 0.054 0.910 + 0.034 0.870 + 0.001
Total 801.81 + 0.123 162.15 + 0.085 275.086 + 0.069 | 63.92 + 0.093 5.02 + 0.078 28.619+ 0.192 2.53+ 0.085 1.87 £ 0.079

Accumulation pattern S>R>L L>S>R R>S>1L S>R>L R>S>1L S>L>R S>R>L R>S>L
BCF 1.05 1.06 1.08 0.36 1.35 1.42 0.69 0.95
TF 1.18 1.83 0.13 1.03 0.30 1.78 1.07 0.58

All the values are mean of three replicates (n=3)+standard deviation (SD), BDL: Below detection limit, R: Root, S: Shoot, L: Leaves

5.1.9.1. Translocation factor and Bioaccumulation coefficient factor

Cannabis sativa's strength to tolerate and accumulate heavy metals, which could be used as a technique for phytoextraction of metal-mixed
endocrine disrupting chemicals (EDCs) polluted sites. According to previous studies, the BCF and TF values were utilized to evaluate the
phytoextraction and phytostabilization capability of plant species. (Tauqeer et al., 2019; Ameh at al., 2019). The BCF refers to the most
important plant feature in phytoremediation which is how plants take in metals, move them into their tissues, and store them in the aerial plant
biomass (Ramana et al., 2021; Suthar et al., 2014). The result of BCF for each heavy metal in plant sample is shown in Table 5.1. In the study, it
was discovered that the Cannabis sativa had high BCF values (> 1) for lead (Pb), nickel (Ni), copper (Zn), and iron (Fe), and low BCF values
(<1) for cadmium (Cd) and manganese (Mn) as shown in Table 4. Cannabis sativa has a high BCF>1, indicating that it has the capacity to
phytoextract Pb, Ni, Cu, Zn, and Fe from polluted sites. While, low BCF values (<1) for Cd and Mn, on the other hand, indicated that plants had

difficulty in mobilising these metals in the root zone (Table 5.1.).

The order of BCF values for various metals were as Pb (1.42) > Ni (1.35) > Cu (1.08) > Zn (1.06) > Fe (1.05) > Cr (0.95) Cd > (0.69) >
Mn (0.36) (Table 4). In various plants, the process of metal uptake and accumulation from soil to root is influenced by the concentration
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accessible metals in soils, solubility sequences, evapo-transpiration rate, hydropotential,
and photosynthetic activity of the plant (Hassan et al., 2019). TF, the ratio of shoot to root
metals, indicates internal metal transportation from root to shoot. For different plant
species, the TF of Fe, Zn, Cu, Mn, Ni, Pb, Cd and Cr were variable as shown in Table 4.
The order of TF values for various metals were as Zn (1.83) > Pb (1.78) > Fe (1.18)> Cd
(1.07) > Mn (1.03) Cr > (0.58) > Ni (0.30) Cu > (0.13). The maximum TF was detected
for Zn (1.83) and the minimum was for Cu 0.13 (Table 4). The high TF values of certain
metals may be due to high bioavailability of heavy metals, hydropotential, evapo-
transpiration rate, and photosynthetic activity of plants, and increased biomass production
to fast growth. According to Kumar et al (2021) these plants have important properties that

can be utilized in phytoextraction of certain metals.

The high metal accumulation could be attributed to a well-developed detoxification
mechanism based on the sequestration of heavy metal ions in vacuoles by binding them to
appropriate ligands such as organic acids, proteins, and peptides in the presence of
enzymes that are capable of functioning under high levels of metallicilous environment
(Ghori et al., 2019).

Plant also showed phytostabilization of contaminated sites i.e. BCF with > 1 and
TF < 1 for metal Cu and Ni (Table 5.1). Phytostabilisation is a plant-based method in
which plant species are used to limit the mobility and bioavailability of heavy metals in
the environment by absorbing them into the soil. Heavy metals can be immobilised by
plants by adsorption on the surface of the roots, precipitation, and accumulating inside the
roots or within the rhizosphere soil. By reducing metal mobility and leaching into ground
water, as well as metal bioavailability and entry into the food chain, this technique helps to

protect the environment (Ashraf et al., 2019).

5.1.9.2. Microscopic cellular observation in root of potential native plants after

phytoextraction

The impact of heavy metals on cellular organisation is crucial to comprehending the
morphological and physiological changes induced by heavy metals due to structural and
functional complementarity (Khan et al., 2015). The TEM micrography of Cannabis sativa

root revealed production of multi-vacuoles, multi-nucleolus, thickening of middle lamella,
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round shaped multi-mitochondria, and modified nuclear structure with metal deposition in
cell wall and cytoplasm as shown in Fig.5.2 (d-f). As a result of the high concentration of
heavy metals in their cellular compartment and the greater amount of detoxification
occurring in their cellular tissues, this indicated protein synthesis for their tolerance
mechanism (Viehweger et al., 2014).

The additional development of nucleolus and vacuoles in the presence of heavy
metals increases the production of ribosomes and mRNA, which in turn increases the
production of novel proteins involved in heavy metal tolerance in plants (Kumar and
Chandra, 2019). The increased number of mitochondria formation indicated the generation
of more energy in the form of ATP inside the cell, which is required to combat heavy
metal toxicity (Jin et al.,2008 and Alkhatib et al., 2013). Furthermore, the apparent
deposition of metals in the form of electron dense granules in vacuoles, cell cytoplasm,
and cell wall revealed the plant's predisposition for heavy metal hyperaccumulation.
Depositions of heavy metals in the cell wall periphery of Cannabis sativa were also
detected as shown in Fig 5.2(f). Heavy metal depositions along the cell wall play an
important function in heavy metal tolerance by preventing free metal ions from circulating
in the cytosol as shown in Fig 5.2 (). The conclusion of these findings is supported by our
previous findings (Chandra et al., 2018), which reported the formation of multi-vacuoles
and depositions of metal granules in cell wall and cytoplasm in the root of Cynodon
dactylon (Bermuda grass), Saccharum munja (munja), Argemone Mexicana (mexican
poppy), Pennisetum purpureum (elephant grass), Chenopodium album (goosefoots) etc.
growing under heavy metal stress as an adaptive strategy when there is a high
concentration of metals in the environment and the presence of organic contaminants

Besides, the SEM image of root hairs of Cannabis sativa also revealed the
presence of bacterial cell attached to the root surface which supported the role of
rhizospheric bacteria for PGPR activities (Fig. 5.2 a-c). The isolated potential
rhizospheric bacteria in current study were identified as Bacillus cereus, Achromobacter
denitrificans, Bacillus subtilis and Bacillus thuringiensis. The spore forming features of
these strains provides additional capability to survive in organometallic polluted
environment. However, the other microbiome has been reported for survival in complex
organometallic environment sludge (Kumar et al., 2021) which might be working as
functional signature in the specific environment for growth of Bacillus species detected in

our findings.
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Fig.5.5.. (a-c) Scanning Electron Microscopy (SEM) images of rhizosphere of Cannabis sativa. Red arrow showing root adherence of
rhizospheric bacteria on root surface of Cannabis sativa. (d-f) Transmission Electron Microscopy (TEM) images. Red arrow and marking
showing the metal accumulation to root tissue of Cannabis sativa.V: Vacuole; CW: Cell wall; CM: Cell membrane; Nuc: Nucleus; ML: Middle
lamella; N: Nucleus; Arrow (—) indicated metals deposition.
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5.1.9.3. Characterization of organic pollutants

The GC-MS analysis of an ethylene acetate extracted sample from disposed distillery
sludge revealed numerous significant peaks at 7.94, 10.57, 13.00, 18.57, 21.59, 26.16,
27.88, 29.70, 33.12, 37.56, 38.71, 41.03, 41.77, 44.33 and 50.26 as shown in Fig. 5.2 a.
This indicated the presence of various complicated organic pollutants which are soluble in
ethylene acetate. These compounds were identified by comparing the National Institute of
Standards and Technology (NIST) library. These were identified as Diacetone alcohol,
Pentasiloxane, Erythritol, 2,6-Bis(tert-butyl)phenol, 3-Chloropropionic acid, 2-
Pyrrolidinone, Cyclic octaatomic sulphur, Cyclohexane, 1,3,5-Benzetriol, Lupan-3-ol,
acetate, 2,4-Dihydroxybenzoic acid, 1-Octacosanol, 24-Ethyl-&(22)-coprostenol, a-
Sitosterol, Tris(2,4-di-tert-butylphenyl) phosphate (Table 5.2). Further, the organic
compounds were also identified by GC-MS from same site of distillery sludge after 30
days growth of Cannabis sativa. The identified compounds were as Thiazolo[4,5-
flquinoline,  2,7,9-trimethyl-,  2-Methyl-1-methyl  (tetramethylene)silyloxypropane,
Tartronic  acid, Heptanoic acid, 4-Heptanol, Phthalic acid, Silane, 1-
Triethylsilyloxyheptadecane, Cannabinol, a-Sitosterol, Lanostan-18-oic acid, Quercetin,
11-hexavinylcyclo hexasiloxane, and 1,3,5,7,9,11,13-Heptaethylcycloheptasiloxane (Table
5), with altered RT and reduced peak (Fig. 5.2 b). This indicated the biotransformation and
removal of several organic compounds due to phytoremediation of parent compound. The
disappearance some compound revealed the degradation by rhizospheric microbial
activities which facilitated for plant growth and accumulation of these pollutants as
nutrient. While, most of the detected peaks at various RT were disappeared in the distillery
sludge sample chromatogram of same site after 60 days growth of Cannabis sativa (Fig.
5.2 ¢). This result showed direct correlation of plant growth by using these organic

compounds as nutrient (Sophia, and Shetty; 2020).

Subsequently, the analysis of PGPR activities by isolated bacterial strain from
rhizospheric zone of Cannabis sativa revealed the production of IAA, ammonia,
siderophores, organic acid, nitrogen fixing activity, phosphate solubilization with
ligninolytic activity (Dixit et al.,2021). This confirmed that the rhizospheric bacterial
population present in sludge played vital role for mineralization of complex organic
compound for bioavailability to plant as nutrient. The role of rhizospheric bacterial
population for the PGPR activity has been previously reported in the agricultural crop
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(Vejan et al., 2016). Knowledge for role of rhizospheric bacteria present in complex

organometallic for ecorestoration is very limited.

RT: 0.00-57.48 SM: 7G

100 7.94

a0

||?| |§| |g

@

Relative Abundance
oo th
?I T

w
t=1
Lialinng

18.57

na
=]

2789
o) 2070 3312

Eﬁu

[ 2159
I t0s7 100 gss0  [] "] ‘

o

| 44,33
|

I L 50.26
WL

R ST | ML (W A 55.04

37.56 |

ol
w

10 15 20 25 30
Time (min)

RT: 0.00 - 5749 SM: 7G
2465

60— 7.93

Relative Abundance

21.59 |
1 | 1057 13.00 1551 18.19 2744 3045
0T 717 T o I R R T N T

i ET. L ok _u Asise  ssos

35 40 45 50 55

3397

4103 ‘ ‘ 50125

M

0 5 10 15 20 25 30
Time (min)

RT: 0.00=-57 48 SM: 7G
100+

80 | [
&0 |
70 ‘

60 |

Relative Abundance
3

a3 18.22 ‘

35 40 45 50 55

Ll 1057 1301 1550 | 2182 ‘l 27.06 30.34
0 T T —

0 5 10 15 20
Time {min)

34.84
| 37%6 42,67 4695 5026 5257 54.99
T T T

i
| [ T B e R L N L O T T L T T L L

40 45 50 55

Fig. 5.6. Chromatogram of organic compounds extracted from distillery sludge (a) Initial stage,
sludge without plant growth (b) Intermediate stage, sludge with 30 days plant growth (c) Final

stage, sludge with 60 days plant growth
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Table 5.4. :

Detection of comparative list of various organic compounds by GC-MS

extracted from distillery waste at various stages (a) Initial stage, sludge without plant
growth (b) Intermediate stage, sludge with 30 days plant growth (c) Final stage, sludge
with 60 days plant growth

S.No. Retention Initial (Fresh) Intermediate Final (Degraded)
Time (RT)

1. 6.21 - Thiazolo[4,5-f]quinoline, 2,7,9- -
trimethyl-

2. 7.90 - - Hexanoic acid

3 7.93 - 2-Methyl-1-methyl -
(tetramethylene)silyloxypropane

4. 7.94 Diacetone alcohol - -

5. 10.57 Pentasiloxane - Pentasiloxane

6. 13.00 Erythritol Tartronic acid -

7. 13.01 - - Erythritol

8. 18.57 2,6-Bis(tert-butyl)phenol - -

9. 19.19 - Heptanoic acid -

10. 19.22 - - Undecanoic acid

11. 21.59 3-Chloropropionic acid, 4-Heptanol -

12. 21.61 - - Dodecyl acrylate

13. 24.64 - Phthalic acid, -

14. 25.17 - - 2-Fluoro-6-(4-

thiomorpholinyl)benzonitrile

15. 26.16 2-Pyrrolidinone - -

16. 27.44 - Silane -

17. 27.88 Cyclic octaatomic sulfur - -

18. 27.96 - - Spiro(androstan-17,5'-furan-2'-one)

19. 29.70 Cyclohexane -

20. 30.34 - - Bifenox

21. 30.45 - 1-Triethylsilyloxyheptadecane -

22. 33.12 1,3,5-Benzetriol - -

23. 33.97 - Cannabinol -

24. 34.93 - - Ethanone

25. 37.56 Lupan-3-ol, acetate - 4-Normethyl-9

26. 38.71 2,4-Dihydroxybenzoic acid - -

217. 41.03 1-Octacosanol - -

28. 41.77 24-Ethyl-8(22)-coprostenol - -

29. 42.67 - - 4'-(Salicylideneamino)acetanilide

30. 44.29 - a-Sitosterol -

3L 44.33 a-Sitosterol - -

32. 46.96 - - 5H-Indeno[1,2-b]pyrazin-5-one

33. 47.93 - Lanostan-18-oic acid -

34. 50.26 Tris(2,4-di-tert-butylphenyl) - -

phosphate

35. 50.26 - Quercetin -

36. 51.59 - 11-hexavinylcyclo hexasiloxane -

37. 55.03 - 1,3,57,9,11,13- -
Heptaethylcycloheptasiloxane

38. 50.26 - - Quercetin
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5.1.9.4. Conclusion

The physiochemical analysis of distillery sludge by ICP and GC-MS revealed for
containing mixture of organometallic compounds at 8.5pH with high BOD COD value.
Several compound at 8.5Ph with high BOD and COD value. Several compounds have
been reported under list of androgenic chemical, this indicated mutagenic properties of
pollutants. However, the growth of Cannabis sativa on sludge showed its potentiality for
phytoremediation of these organic pollutants. Besides, the accumulation of metal granules
tissue also revealed high phytoextraction properties of Cannabis sativa from complex
organometallic waste. The BCF and TF data has been found > 1 of Fe, Zn, Cu, Mn, Ni,
Pb, Cd, and Cr. This supported for hyperaccumulation activity of plant. The SEM analysis
of root hairs had given a strong evidence for the growth of rhizospheric bacteria. The
isolated bacterial population were identified as Bacillus cereus Achromobacter
denitrificans, Bacillus subtilis and Bacillus thuringiensis with high PGPR attributes. The
study concluded bacterial assisted phytoextraction of heavy metals from complex
organometallic distillery sludge by Cannabis sativa for phytoremediation which is a green
technology for ecorestoration of polluted site.
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5.3. Evaluation of phytoremediation potential by rhizospheric bacteria of
Parthenium hysterophorus growing on disposed distillery sludge for

ecorestoration of polluted site

Various industry discharges complex organometallic waste containing hazardous
compound (Wen et al., 2022). Presence of heavy metal with hazardous organic compounds
aggravate their toxicity to ecosystem, therefore its degradability become a challenge
because the complex organo-metallic waste imposes toxicity to the soil microbial
community also which play a key role for biodegradability and bioconversion of the toxic
pollutant (Kaur, 2021).

Distillery units in India are in a considerable number, where molasses and impure
alcohol are still being used as raw materials for production of liquor (Mishra et al., 2019).
The wastewater or spillage products from such distilleries contain huge quantity of
dissolved organic matter, heavy metals, dyes etc., along with other pollutants (Tripathi et
al., 2022). Currently, India is the third-largest producer of alcohol with the production of
~3.25 billion liters per annum from about 397 distilleries located in the tropical and
subtropical regions of the country (Kumar and Chandra, 2020). Alcohol distilleries
produce a huge amount of dark-brown sludge solid as a by-product of biomethanation of
raw effluent (Kumar and Sharma, 2019). Besides, distillery sludge also comprises toxic
organic acids, androgenic—-mutagenic, and EDCs compounds (Tripathi et al., 2022). It
is characterized by acidic pH and high content of phosphate, chloride, sodium, phenols,
sulfate, organic matter, and heavy metals which enhances towards its toxicity into the
environment (Chandra et al., 2018).

The disposal of toxic distillery sludge in the natural ecosystem is exposing the
health risks to humans, plants, and animals through food chain contamination (Kumar et
al., 2021). As per the Central Pollution Control Board, Ministry of Environment & Forests
(MoEF), Government of India, alcohol distilleries are listed at the top of “Red Category”
industries having a high polluting potential (Dhote et al., 2021).

Rhizosphere, as an important interface of soil and plant, plays a significant role in
phytoremediation of contaminated soil by heavy metals, in which, microbial populations
are known to affect heavy metal mobility and availability to the plant through release of
chelating agents, acidification, phosphate solubilization and redox changes, and therefore,

have potential to enhance phytoremediation processes (Seshadri et al., 2015). Obviously,
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the rhizosphere contains a large microbial population with high metabolic activity
compared to bulk soil (Singh et al., 2022). Especially, some plant growth-promoting
bacteria associated with plant roots also may exert some beneficial effects on plant growth
and nutrition through a number of mechanisms such as N fixation, production of
phytohormones and siderophores, and transformation of nutrient elements when they are
either applied to seeds or incorporated into the soil (Etesami, H. and Maheshwari, 2018).
The use of rhizobacteria in combination with plants is expected to provide high efficiency
for phytoremediation (Etesami, H. and Maheshwari, 2018). Therefore, the potential and
the exact mechanism of rhizobacteria to enhance phytoremediation of soil heavy metals
pollution have recently received some attention (Khan and Bano, 2018).

The functioning of associative plant-bacterial symbioses in heavy-metal-polluted
soil can be affected from the side of both the micropartner (plant-associated bacteria) and
the host plant (Ma et al., 2016). Soil microbes play significant roles in recycling of plant
nutrients, maintenance of soil structure, detoxification of noxious chemicals, and control
of plant pests and plant growth. Thus, bacteria can augment the remediation capacity of
plants or reduce the phytotoxicity of the contaminated soil (Yan et al., 2020). In addition,
plants and bacteria can form specific associations in which the plant provides the bacteria
with a specific carbon source that induces the bacteria to reduce the phytotoxicity of the
contaminated soil (Sharaff et al., 2020). Alternatively, plants and bacteria can form
nonspecific associations in which normal plant processes stimulate the microbial
community, which in the course of normal metabolic activity degrades contaminants in
soil (Mandal et al., 2016). Plants roots can provide root exudate, as well as increase ion
solubility. These biochemical mechanisms increase the remediation activity of bacteria
associated with plant roots (Sharma, 2021). To sum up, the adaptation capabilities of both
partners of the associative symbiosis as well as the bioremediation potential of the
microsymbiont are of importance in minimizing the detrimental effect of heavy-metal
pollution (Lebrazi and Fikri-Benbrahim, 2018). As mentioned above, rhziobacteria
secretion may play a major role among mechanisms of phytoremediation assisted by
rhziobacteria (Singh et el., 2022).

The luxuriant growth of several indigenous plants on the contaminated
environment indicated the phytoextraction potential of various heavy metals and
remediation of organic co-pollutants (Tripathi et al., 2021).
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The Santa-Maria, Parthenium hysterophorus, has been reported as a promising,
and fast-growing, grows well in different climates and is attracted worldwide attention due
to its ability to grow spontaneously in the polluted site together with its ability to
accumulate heavy metals and has been recognized to be an invaluable resource for
phytoremediation purposes.

Few studies have been reported for specific metal accumulation by P.
hysterophorus in agricultural land and contaminated sites. Samreen and Khan (2017)
reported P. hysterophorus as an hyperaccumulator weed for chromium and nickel in their
pot experiment. Fazal and Asghari (2009) findings illustrated the utilization of P.
hysterophorus for the remediation of lead-contaminated soil. Moreover, Madhulika et
al.(2020) reported the plant as a boon for agricultural land under heavy metal
contamination. But, the in-situ phytoremediation potential of polluted sites by P.
hysterophorus is not yet reported. Thus, the present study aims to investigate the in-situ
phytoremediation potential of P. hysterophorus growing on disposed distillery sludge
contaminated with heavy metals and co-organic pollutants in comparison to freshly
disposed distillery sludge. Simultaneously, the potential rhizobacteria were screened for its
Plant growth promoting (PGP) attributes and identified along with phytoaccumulation
process of P. hysterophorus. In addition histological observation in tissue of plant for

metal accumulation was also examined (Chandra et al., 2018; Chandra et al., 2017)

5.3.1. Materials and Methods

5.3.1.1. Selection of sampling site and sample collection

The sample for experimental data was collected from M/s Unnao Distilleries & Breweries
Limited, located in Unnao, Uttar Pradesh, India. The site is located in the outer region
industrial area of Unnao (25.45°N, 81.84¢E) (Fig. 1). The site has been selected due to
luxuriant growth of
P. hysterophorus on disposed toxic organometallic distillery sludge (Chandra et al., 2018;
Tripathi et al., 2021).

For the evaluation of phytoremediation potential of P. hysterophorus the sludge
sample was collected at two periodic intervals. The fresh discharge from Post methanated
distillery sludge was collected initially as a control. After 50 days of second visit it was

found that P. hysterophorus was growing luxuriantly on the initially disposed sludge. All
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the samples of both intervals were collected in presterilized polyethylene bags and
container. Samples were stored at normal temperature and transported to the laboratory for

further analysis.

Fig. 5.3.1. Location map of sampling site Unnao Distilleries and Breweries Limited, Unnao, Uttar
Pradesh, India (a-d). Sample was collected from the disposed site of distillery sludge. (a & b)
showing the country and state of sample collection. (c) showing fresh disposed distillery sludge
from anaerobic methane reactor. (d) is showing the growth of Parthenium hysterophorus on the
disposed distillery sludge.

5.3.1.2. Physico-chemical analysis of distillery sludge

The sludge samples of both the stages were analyzed for physiochemical parameters i.e.
pH value, measure of sludge salinity/electrical conductivity, phosphate, nitrate, sulfate,
sodium and, chloride, by following the method described by Koottatep et al., (2021).
While the phenolic content of sludge was carried out by using standard method prescribed
in American Public Health Association (APHA), (2012). Moreover, the pH and EC value
of sludge were measured by using Orion Star™ A211 Benchtop pH Meter (Cat No.
STARAZ2210, ThermoFisher Scientific, USA) followed by method Wang et al., (2022).
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Additionally, the metal content i.e. Fe, Zn, Cu, Mn, Ni, Pb, Cd and Cr in sludge were
measured by acid digestion method recommended by Environmental Protection Agency
(EPA 3050B). After digestion the digested sample was measured for metal analysis by
using Inductively Coupled Plasma Perkin Elmer Optima 2100 DV (USA) and Cd
concentration with GFAAS Perkin Elmer 900Z (USA). The calibrations of instruments

were done on daily usage basis with standardized solutions.

Rest all the parameters of material and methods were as followed in section 5.2.1
5.3.4. Results and discussion

5.3.4.1. Changes in distillery sludge's physicochemical properties

The physico-chemical parameters of fresh and 50 days old distillery sludge were analyzed
which has been shown in Table 5.3. The fresh sludge showed high toxic parameter and
metallic content. This prevalent metal were Mn, Ni, , Pb, Cd Fe, Zn, Cu are found higher
than permissible limit and toxic to animal and human health due to their persistence for
long term in environment (Rehman et al.,2018; Onakpa et al., 2018). The measured pH
value, Electrical conductivity (EC), sodium, phosphate, chloride, nitrate, phenol sulfate

showed higher in disposed fresh distillery sludge.

Sludge has an alkaline pH of 8.3, which has resulted from addition of lime and
oxidation of organic acids to CO, and its reaction with basic compounds like sulphides,
and hydroxides which further generates carbonates and biocarbonates this increases the pH
of the sludge generated during methanogenesis. They are mostly applied in the process of
fermentation to modify the pH level (Chandra et al., 2018). The value of EC has also been
detected high due to various anions and cations present in sludge such as Na*, CI', NO~,
PO,% and SO,2-.The corrosive impact of sugarcane-molasses and juice production, a high
quantity of heavy metal has been detected in sludge. Further steps also include
fermentation and distillation of sugarcane distilleries which at last is discharged as
spentwash. These processes could be the primary source of heavy metal in disposed
distilleries sludge.

However, after 50 days of in-situ phytoremediation by P. hysterophorus, the

sludge had lower values of numerous physio-chemical parameters, as shown in Table 1.
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The original pH of distillery sludge was found to be 8.3. (alkaline in nature) which
changed into slightly acidic pH i.e. pH 6.71, this might be due to rhizobacterial interaction
with various heavy metal and complex organic compounds. Moreover, metabolites
released from roots of P. hysterophorus such as amino acids, organic acids and numerous

metal chelators, also reduces the pH of sludge.

These activity enhanced phytoextraction mechanism due to bioavailability of organic
nutrients, ions and various metals from slightly acidic sludge. The EC of phytoremediated
sludge after in-situ treatment was also found to be higher; this might be due to breakdown
of organic pollutants by rhizobacterial activity and chelation of heavy metals which
consequently increases the role of cations and anions in sludge. Except for EC, all
physico-chemical parameters of in-situ phytoremediated sludge by P. hysterophorus after
50 days of growth were significantly greater (p < 0.001) than those of newly dumped
distillery sludge.

Table 5.5. Physico-chemical properties of disposed distillery sludge before and after 50

days of In-situ of phytoremediation by Parthenium hysterophorus

S.No. Parameter Fresh Distillery sludge % Change
distillery after In-situ
sludge phytoremediation
(50days)
1. pH 8.3+£0.07 6.71 £ 0.05 9.51
2. EC (uScm ) 5.07£0.12 6.01 + 0.09 -18.54
3. Sodium (mg kg ™) 4537+0.06 32.19+0.12 29.05
4. Chloride (mg kg™')  1105.15 + 601.05 + 06.09 44.19
0.02
5. Nitrate (mg kg ') 91.08+0.18 42.08 +0.12 53.79
6. Phosphate (mg kg ') 2305.01  + 1501.13+0.05 34.87
0.09
7. Sulfate (mg kg ™) 153.12+0.01 109.18 + 0.06 28.69
8. Phenol (mg kg ™) 501.03+0.01 422.16+0.15 15.74
Trace Elements (mg
kg™)
a. Fe 2103.01 + 415.02+0.12 80.26
0.01
b. Zn 52.02+0.17  27.08 +£0.90 47.94
C. Cu 349.01£0.41 198.08 £ 0.47 43.24
d. Mn 162.05+0.08 97.05+0.09 40.11
e. Ni 1405+0.06 4.23+0.04 69.89
f. Pb 37.01+£0.08 8.11+0.68 78.08
g. Cd 1.91+£0.05 1.02£0.12 46.59
h. Cr 1.15+1.07 0.82+0.24 28.69
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5.3.4.2. Isolation of PGP traits and its primary screening

The morphological and physiological properties of all identified rhizobacterial strains
were examined. Isolated bacteria were further examined for PGPR parameters along with

the ligninolytic enzymatic activity as shown in Table 5.4.

5.3.4.2.1. Indoleacetic acid (IAA) production
Among the seven isolates i.e. KSPH1, KSPH2, KSPH3, KSPH4, KSPH5, KSPH6, KSPH7

and KSPHS8, all the isolates showed IAA production. Pink coloration was detected in their
cell-free supernatant with and without the inclusion of tryptophan in culture broth;
maximum IAA production was recorded in strain KSPH2, KSPH4 and KSPH7 (17 pg
ml—1) broth culture (Table 5.3.2).

5.3.4.2.2. NH3 production

All the isolates showed NH3 production. The transformation of brown to yellow colour
was a positive indicator of ammonia production. Maximum production of NH3; was
recorded in strain KSPH2 and KSPH7 (17 pg ml—1) broth culture (Table 5.3.2).

5.3.4.2.3. N, production

Rhizospheric bacterial isolated strains were screened by changing the color of
bromothymol blue (BTB) containing nitrogen free media, and these strains showed a color
change in BTB containing media, indicating excretion of ammonia. Only strain KSPH2,
KSPH4, KSPH6 and KSPH7 showed positive test for N, production (Table 5.3.2).

5.3.4.2.4. Siderophore production

Among the seven strains only strain and KSPH2, KSPH4, KSPH6 and KSPH7 showed the
appearance of orange halos around their spots on the CAS agar medium indicating a

positive test for siderophore production. (Table 5.3.2).
5.3.4.2.5. Phosphate solubilization

Among the seven strains only KSPH1, KSPH2, KSPH4, KSPH6 and KSPH7 showed

significantly clearing of zone around the colonies (Table 5.3.2). At 3 days of incubation,
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the Phosphate Solubilization Index (PSI) and Phosphate solubilizing efficiency (PSI) of

bacterial strains were measured by the following equation:

PSI= Colony Diameter + Clearing zone.

Colony diameter
The sequence of PSI was as follows:
KSPH6 (2.2 + 0.3) > KSPH7 (2.0 + 0.3) > KSPH2 (1.8 + 0.2) > KSPH1 (1.6 + 0.4)>
KSPH4 (1.2+0.1)

Phosphate solubilizing efficiency = Solubilization diameter X 100

Colony diameter
KSPH6 (120) > KSPH7 (100) > KSPH2 (80) > KSPH1 (60) > KSPH4 (40)

5.3.4.2.6. Assay for organic acid production

All bacterial isolates showed positive test for organic acid production. On adding 2 to 3
drops of methyl red indicator to all seven bacterial strains, only KSPH2, KSPH4, KSPH6
and KSPH7 showed red colour formation for positive test and KSPH1, KSPH3 and
KSPHS5 showed negative test for organic acid production (Table 5.3.2).

5.3.4.2.7. Ligninolytic enzyme activity of rhizospheric bacterial strains

Four of the seven bacterial strains could produce ligninolytic enzymes. Using the plate
assay method, strains were tested for manganese peroxidase, lignin peroxidase, and
laccase activity. For screening, MSM with various substrates was used. The presence of
MnP activity was shown by the conversion of dark pink to yellow colour, the absence of
blue colour indicated the presence of positive LiP, and the presence of brown colour halos

indicated the positive test laccase activity (Table 5.3.2).

Table 5.6.: Detection of plant growth promoting parameter of rhizospheric bacteria

isolated from Parthenium hysterophorus rhizosphere

ISOLATES | IAA | NH; N, Siderophore Phosphate Organic acid Ligninolytic Enzyme
Fixation | production | Solubilization | production

Laccase | MnP LiP
KSPH1 + + - - + + - + -
KSPH2 ++ +++ + + ++ ++ + ++ +
KSPH3 + + +
KSPH4 ++ ++ + ++ ++ ++ + ++ +
KSPH5 + + - - - - + + +
KSPH6 + ++ + ++ + ++ + ++ +
KSPH7 ++ +++ + + + + ++ +++ +
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5.3.4.2.8. 16S rRNA gene analysis of rhizosphere bacteria and phylogenetic analysis

Purified isolated rhizosphere bacterial strains were identified on the basis of 16S rRNA
sequencing. Among the seven rhizospheric bacterial strains i.e. KSPH1, KSPH2, KSPH3,
KSPH5, KSPH6 and KSPH7, only four bacterial strains i.e. KSPH2, KSPH4, KSPH6 and
KSPH7 could show most of the positive PGPR test along with ligninolytic enzymatic
activity. 16S rRNA sequencing data, the isolated strains KSPH2, KSPH4, KSPH6 and
KSPH7 showed nearest relationships with Alcaligenes faecalis, Cytobacillus firmus,
Bacillus subtilis and, Niallia circulans. The nucleotide sequences of these potentially
diverse rhizospheric bacteria were deposited in the National Center for Biotechnology
Information (NCBI) database under accession numbers ON024323, ON024324,
ONO024325, and ON024326 respectively. Using the MEGA 11 software, a phylogenetic
tree was generated that illustrated the relationships between bacterial species and the most
closely related genera deduced from sequences of the 16S rRNA gene. (Fig.5.3.2) (Kumar
and Chandra, 2018).
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Fig. 5.3.2.. The evolutionary history was inferred by using the Maximum Likelihood

method and Tamura-Nei model (Tamura and Nei, 1993). The tree with the highest log

likelihood (-30498.27) is shown. Initial tree(s) for the heuristic search were obtained
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automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using the Tamura-Nei model, and then selecting the topology with
superior log likelihood value. This analysis involved 20 nucleotide sequences. There were
a total of 1555 positions in the final dataset. Evolutionary analyses were conducted in
MEGA11 (Tamura et al., 2021)

5.3.4.2.9 Accumulation of Heavy metals in P. hysterophorus

The distribution and accumulation of metals in plant components must be investigated in
order to establish the role of plants in the rehabilitation of contaminated ecosystems
(Ojuederie et al., 2017)._P. hysterophorus have the ability to accumulate various metals in
a diverse pattern into their tissue (Fig.5.3.3). The highest accumulation of metal has been
found in root and then in stem followed by leaves (Table 3). Overall, the accumulation
pattern of metal was noted as:

Fe (612.08 + 0.112)> Cu (327.235 + 0.136)> Zn (149.188 £ 0.101)> Mn (78.59 +
0.107)> Pb (26.153+ 0.159)> Ni (9.703 + 0.16)> Cd (2.195+ 0.183)> Cr (1.921 + 0.153)
mg kg *(Table 3).The heavy metals enter from the curricular cracks in root tissue and via
diffusion of cell sap it accumulates in various parts of the plant. In accumulation pattern of
heavy metal, pH of soil and chemical nature of other organic co-pollutants plays a vital
role in bioavailability of metals. Root exudates have been demonstrated to alter the pH of
sludge, allowing heavy metals to move more freely in the soil. In addition, bacterial-plant
interactions in the rhizosphere promote metal bioavailability in roots (Chandrakala et al.,
2019). Moreover, other factors, such as metal redox states, plant genotype, and metal
heterogeneity, plant root system, and environmental conditions, all influence the metal

accumulation pattern in plants (Zandi et al., 2022).

Our findings showed that distillery sludge produced by methanogenesis of spent wash
was initially alkaline in nature, including a variety of organometallic compounds. This
complex organic waste has a high affinity for numerous trace elements (Migo et al., 1997).
However, as a result of certain plant-microbe interactions, the organometallic bond breaks
down, allowing metal to become available to the plant (Zhang et al., 2020). The
accumulation of measured metals in P. hysterophorus root tissues was found to be higher

in this study. This demonstrated that metal mobility in plant tissues is concentration
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dependent. The findings imply that a plant's metal tolerating strategy has evolved and is
present in P. hysterophorus when it grows in metal-contaminated environments. Similar
findings involving heavy metal accumulation have been observed in previous studies also.
(Pavlenko-Badnaoui et al., 2019). P. hysterophorus, the tested plant, accumulated heavy
metal concentrations that were higher than normal or phytotoxic levels, indicating that the
plant has a hyperaccumulation propensity and the potential for use in phytoremediation of

industrially contaminated areas.
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Fig.5.3.3. Accumulation of Fe, Zn, Cu, Mn, Ni, Pb, Cd and Cr in different parts of
Parthenium hysterophorus collected after 50 days from distillery sludge dumping site.
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Table 5.7: Heavy metal accumulation (mg kg™* DW) in root, shoot and leaves of various plant species.

Plant Plant parts | Fe Zn Cu Mn Ni Pb Cd Cr
Parthenium Leaves 302.014 + 72.015 = 62.075 = 19.76 + 0.985 + 7.845 + 0.320 £ 0.357 £ 0.041
hyterophorus
0.014 0.014 0.015 0.014 0.032 0.047 0.074
Stem 212.012 + 49.075 + 42.095 + 4335+ 4.964 + 9.954 + 0.954 + 0.654 + 0.015
0.074 0.075 0.054 0.046 0.074 0.097 0.094
Root 98.054 + 28.098 + 223.065 + 15.48 + 3.754+ 8.354+ 0.921 + 0.910 £ 0.097
0.024 0.012 0.067 0.047 0.054 0.015 0.015
Total 612.08 + 149.188 + 327.235+ 78.59 + 9.703 + 26.153+ 2.195+ 1.921 +0.153
0.112 0.101 0.136 0.107 0.16 0.159 0.183
Accumulation R>S>L L>S>R R>L>S R>L>S |R>S>L | S>R>L |S>R>L R>S>L
pattern
BCF 1.47 1.03 1.12 0.44 1.17 1.02 0.90 1.10
TF 2.16 1.74 0.18 2.80 1.32 1.19 1.03 0.71
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5.3.4.3.0. Translocation factor and Bioaccumulation coefficient factor

P. hysterophorus strength to tolerate and accumulate heavy metals, which could be used as
a technique for phytoextraction of metal-mixed endocrine disrupting chemicals (EDCs)
polluted sites. According to previous studies, the BCF and TF values were utilized to
evaluate the phytoextraction and phytostabilization capability of plant species (Ghazaryan
et al., 2019). The BCF refers to the most important plant feature in phytoremediation,
which is how plants take in metals, move them into their tissues, and store them in the
aerial plant biomass (Chandra et al., 2017). The result of BCF for each heavy metal in
plant sample is shown in Table 5.3.3.

In the study, it was discovered that the P. hysterophorus had high BCF values (> 1)
for iron (Fe), zinc (Zn), copper (Cu), nickel (Ni), Lead (Pb) and chromium (Cr), and low
BCF values (<1) for manganese (Mn) and cadmium (Cd) and as shown in Table 3. P.
hysterophorus has a high BCF>1, indicating that it has the capacity to phytoextract Fe, Zn,
Cu, Ni, Pb and Cr from polluted sites, while low BCF values (<1) for Mn and Cd, on the
other hand, indicated that plants had difficulty in mobilising these metals in the root zone
(Table 5.3.3).

The order of BCF values for various metals were as Fe (1.47) > Ni (1.17) > Cu
(1.12) > Cr (1.10) > Zn (1.03) > Pb (1.02) > Cd (0.90) > Mn (0.44) (Table 5.3.4). In
various plants, the process of metal uptake and accumulation from soil to root is
influenced by the concentration of accessible metals in soils, solubility sequences, evapo-
transpiration rate, hydropotential, and photosynthetic activity of the plant (Chandra et al.,
2018).

TF, the ratio of shoot to root metals, indicates internal metal transportation from
root to shoot. For different plant species, the TF of Fe, Zn, Cu, Mn, Ni, Pb, Cd and Cr
were variable as shown in Table 3. The order of TF values for various metals were as Mn
(2.80) > Fe (2.16) > Zn (1.74) > Ni (1.32) > Pb (1.19) > Cd (1.03) > Cr (0.71) > Cu (0.18).
The maximum TF was detected for Mn (2.80) and the minimum was for Cu 0.18 (Table
5.3.3). The high TF values of certain metals may be due to high bioavailability of heavy
metals, hydropotential, evapo-transpiration rate, and photosynthetic activity of plants, and
increased biomass production to fast growth. According to Kumar et al (2021) these plants
have important properties that can be utilized in phytoextraction of certain metals (Saleem
et al., 2020).
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The high metal accumulation could be attributed to a well-developed detoxification
mechanism based on the sequestration of heavy metal ions in vacuoles by binding them to
appropriate ligands such as organic acids, proteins, and peptides in the presence of
enzymes that are capable of functioning under high levels of metallicilous environment
(Ghori et al., 2019). Metal transport from roots to shoots comprises long-distance
translocation in the xylem and storage in the vacuole of leaf cells, both of which are
influenced by element speciation, soil pH, and a variety of other parameters (Song et al.,
2017).

Plant also showed phytostabilization of contaminated sites i.e. BCF with > 1 and
TF < 1 for metal Cu and Cr (Table 5.3.3). Phytostabilisation is a plant-based method in
which plant species are used to limit the mobility and bioavailability of heavy metals in
the environment by absorbing them into the soil. Heavy metals can be immobilised by
plants by adsorption on the surface of the roots, precipitation, and accumulating inside the
roots or within the rhizosphere soil. By reducing metal mobility and leaching into ground
water, as well as metal bioavailability and entry into the food chain, this technique helps to
protect the environment (Ashraf et al., 2019).

5.3.4.3.1. Microscopic cellular observation in root of potential native plants after
phytoextraction

The impact of heavy metals on cellular organisation is crucial to comprehending the
morphological and physiological changes induced by heavy metals due to structural and
functional complementarity (Khan et al., 2015). The TEM micrography of P.
hysterophorus root revealed production of multi-vacuoles, multi-nucleolus, thickening of
middle lamella, round shaped multi-mitochondria, and modified nuclear structure with
metal deposition in cell wall and cytoplasm as shown in Fig.5.3.4. (a-c). As a result of the
high concentration of heavy metals in their cellular compartment and the greater amount
of detoxification occurring in their cellular tissues, this indicated protein synthesis for their
tolerance mechanism (Viehweger et al., 2014).

The additional development of nucleolus and vacuoles in the presence of heavy
metals increases the production of ribosomes and mRNA, which in turn increases the
production of novel proteins involved in heavy metal tolerance in plants (Kumar and
Chandra, 2019). The increased number of mitochondria formation indicated the generation

of more energy in the form of ATP inside the cell, which is required to combat heavy
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metal toxicity (Sun et al., 2022). Furthermore, the apparent deposition of metals in the
form of electron dense granules in vacuoles, cell cytoplasm, and cell wall revealed the
plant's predisposition for heavy metal hyperaccumulation. Depositions of heavy metals in
the cell wall periphery of P. hysterophorus were also detected as shown in Fig 5.3.4 (c).
Heavy metal depositions along the cell wall play an important function in heavy metal
tolerance by preventing free metal ions from circulating in the cytosol as shown in Fig
5.3.4 (c). This discovery revealed novel information on plants' heavy metal detoxification
mechanism, which is based on heavy metal ion sequestration in vacuoles and deposition
on the cell wall.

Fig. 5.3.4.. (a-c) Transmission Electron Microscopy (TEM) images. (a & b) Black arrow
and marking showin the metal accumulation to root tissue of Parthenium
hysterophorus.V: Vacuole; N: Nucleus; C: Chloroplast; the metal accumulation to root
tissue of Parthenium hysterophorus.V: Vacuole; N: Nucleus; C: Chloroplast; M:
Mitochondria, ML: Middle lamella; N: Nucleus; (c) Showing metal deposition at the

periphery of cell wall. Arrow (—) indicated metals deposition.
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The conclusion of these findings is supported by our previous findings (Chandra et al.,
2018), which reported the formation of multi-vacuoles and depositions of metal granules
in cell wall and cytoplasm in the root of Cynodon dactylon (Bermuda grass), Saccharum
munja (munja), Argemone Mexicana (mexican poppy), Pennisetum purpureum (elephant
grass), Chenopodium album (goosefoots) etc. growing under heavy metal stress as an
adaptive strategy when there is a high concentration of metals in the environment and the

presence of organic contaminants.

5.3.4.3.2. Characterization of organic pollutants

The GC-MS analysis from ethyl acetate and dichloromethane (1:1) revealed numerous
peaks from fresh sludge and rhizospheric sludge collected after 50 days growth of plant at
6.19, 7.89, 7.92, 10.57, 13.00, 18.59, 19.19, 21.59, 23.34, 26.11, 26.64, 29.70, 30.12,
33.17, 33.96, 37.26, 38.71, 41.02, 41.78, 44.29, 44.36, 46.98, 47.54, 50.24, 50.25 and
51.57. This indicated the presence of various complicated organic pollutants which are
soluble in ethyl acetate and dichloromethane. These compounds were identified by
comparing the National Institute of Standards and Technology (NIST) library. The organic
compounds from fresh distillery sludge were identified as 2-Oxovaleric acid, 1,3-
Dioxolane, Heptanoic acid, 2-Propenoic acid, Oxalic acid, 1,2-Benzenedicarboxylic acid,
Cyclopropane, Cannabinol, 2,4-Dihydroxybenzoic acid, 1-Octacosanol, &-Sitosterol,
Pregn-4-ene-3-one, Quercetin- and, Tri-ruthenium dodecacarbonyl (Table 5). Further, the
organic compounds were also identified by GC-MS from same site of distillery sludge
after 50 days growth of P. hysterophorus. The identified compounds were as p-
Toluenesulfonamide, Trimethyl(n-pentyl)silane, Alizarin, 2-Aminobenzoxazole, 2-
Propenoic acid, Phthalic acid, Bisphenol A, Inabenfide, Silane, Hecogenin, a-Sitosterol,
Pregn-4-ene-3,20-dione and Quercetin (Table 5), with altered RT and reduced peak (Fig.
5b). This indicated the biotransformation and removal of several organic compounds due
to phytoremediation of parent compound. The disappearance some compound revealed the
degradation by rhizospheric microbial activities which facilitated for plant growth and
accumulation of these pollutants as nutrient. This result showed direct correlation of plant

growth by using these organic compounds as nutrient (Sophia, and Shetty; 2020).
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Fig. 5.3.5. Chromatogram of organic compounds extracted from distillery sludge (a) Initial
stage, sludge without plant growth (b) Final stage, sludge with 50 days growth of

Parthenium hysterophorus.

Subsequently, the analysis of PGPR activities by isolated bacterial strain from
rhizospheric zone of P. hysterophorus revealed the production of IAA, ammonia,
siderophores, organic acid, nitrogen fixing activity, phosphate solubilization with
ligninolytic activity. This confirmed that the rhizospheric bacterial population present in
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sludge played vital role for mineralization of complex organic compound for
bioavailability to plant as nutrient. The role of rhizospheric bacterial population for the
PGPR activity has been previously reported in the agricultural crops (Kalam et al., 2016).
Knowledge for role of rhizospheric bacteria present in complex organometallic for

ecorestoration is very limited.

Table 5.8: Detection of comparative list of various organic compounds by GC-MS
extracted from distillery waste at various stages (a) Initial stage, sludge without plant

growth Final stage, sludge with 50 days plant growth

S.No Retention Initial (Fresh) Final (Degraded) after 50 days
. Time (RT) growth of plant
1. 6.19 - p-Toluenesulfonamide
2. 7.89 2-Oxovaleric acid
3. 7.92 - Trimethyl(n-pentyl)silane
4, 10.57 - Alizarin
5. 13.00 1,3-Dioxolane
6. 18.59 - 2-Aminobenzoxazole
7. 19.19 Heptanoic acid
8. 21.59 2-Propenoic acid 2-Propenoic acid
9. 23.34 Oxalic acid -
10. 26.11 1,2-Benzenedicarboxylic acid
11. 26.64 - Phthalic acid
12.  29.70 Cyclopropane
13. 30.12 - Bisphenol A
14. 33.17 - Inabenfide
15. 33.96 Cannabinol
16. 37.26 - Silane
17. 38.71 2,4-Dihydroxybenzoic acid
18. 41.02 1-Octacosanol
19. 41.78 - Hecogenin
20. 44.29 a-Sitosterol -
21. 44.36 - a-Sitosterol
22. 46.98 Pregn-4-ene-3-one
23. 4754 - Pregn-4-ene-3,20-dione
24. 50.24 Quercetin- -
25. 50.25 - Quercetin
26. 51.57 Tri-ruthenium -
dodecacarbonyl
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Conclusion

The findings of study revealed that P. hysterophorus is as hyperaccumulator for various
heavy metals from complex organometallic wastes during its growth on the disposed
distillery sludge. The analysis of organic compounds showed degradation of pollutants
present in sludge after growth of P. hysterophorus. Further, the histological observations
of root by transmission electron microscopy confirmed the deposition of metal granules in
their tissue after accumulated by plant from distillery sludge. Besides, identified
rhizospheric bacteria i.e. Alcaligenes faecalis (ONO024323), Cytobacillus firmus
(ON024324), Bacillus subtilis (ON024325) and, Niallia circulans (ON024326), also
showed potential for plant growth promoting rhizobacteria activities which concluded the
bacterial assisted phytoextraction potential of heavy metals from complex organometallic
sludge of distillery from polluted site. This plant may be used as biotechnological tools

for eco-restoration of polluted site by industrial waste as a green technology.
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Comparative assessment of phosphate, zinc and potassium
solubilization by rhizospheric bacterial communities in

Phragmites communis and Typha spp.

6.1 Introduction

Soil contaminated with heavy metals (HMs) and organic pollutants is a complex problem
due to their persistence in the soil as well as their adverse impacts on ecosystems (Ali et
al., 2019). Most pollutants are released into the environment due to the anthropogenic
activities, generating a large amount of waste in the form of heavy metals (HMs) and
organic pollutants (Thakare et al., 2021).

Phytoremediation is considered as a cost-effective and promising technique that
employs plants to remove both organic and inorganic pollutants from the soil (Balkrishna
et al., 2022). The effectiveness of phytoremediation can be enhanced by the judicious
selection of plant species to absorb and transport pollutants from the soil (Jeelani et al.,
2020). There have been some useful results showing that phytoremediation could be an
excellent alternative to chemical and mechanical methods in the remediation of
contaminated sites (Hussain et al., 2022). The efficiency of phytoremediation doubly
contaminated with organic pollutants and HMs is a complex issue because different types
of pollutants may interact with each other and/or with plants and their rhizospheric biota
(Ratna et al., 2021). In addition, high metal concentrations may suppress microbial activity
in soils, thereby affecting the biodegradation of organic pollutants (Fei et al., 2020). The
growth and pollutant removal by wetland plants may be influenced by an interaction of Cd
and PAHSs (Jeelani et al., 2018).

Aquatic macrophytes are indispensable in the natural water purification process
owing to assimilation of heavy metals by plant organs, increase in biological diversity in
the rhizosphere area and promotion of a variety of chemical and biological reactions (Prica
et al., 2019). They show significant diversity in their capacity to take up heavy metals and
transfer them to aboveground organs (Javed et al., 2019). Their ability to take up and

accumulate heavy metals in plant organs depends on plant species and age, but also on
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environmental factors such as temperature, salinity and pH (Yaashikaa et al., 2022). The
wetland macrophyte Phragmites australis (Cav.) Trin. ex Steud. (Poaceae) is a helophytic
perennial plant species typical of different wetland ecosystems. It is a robust and highly
productive grass, with shoots up to 4 m tall and an extensive system of rhizomes and
stolons involved in its vegetative propagation. Phragmites australis (common reed) is
highly tolerant in relation to most abiotic factors, such as temperature and salinity. It also
demonstrates high tolerance of heavy metal pollution and inhabits very clean to highly
polluted sediments and waters (Saxena et al., 2019). Due to its fibrous roots and their large
contact areas, as well as to its production of large amounts of aboveground biomass,
common reed was found to be very efficient in accumulation of heavy metals.

Emergent aquatic macrophytes represent a diverse group of plants with an
enormous potential for the removal/degradation of a variety of contaminants (Ammeri et
al., 2022). Wetland plants can potentially enhance the removal and/or stabilization of
metals (Saleh et al., 2020) and may also promote organic pollutant biodegradation (a)
directly by rhizospheric root exudates , and (b) indirectly through the buildup of organic
carbon. Emergent wetland species such as Phragmites australis, a truly cosmopolitan
grass that flourishes in wetlands, has a high biomass production and provides essential
ecosystem services (Eller et al., 2017). There is strong evidence that P. australis has been
used widely for the phytoremediation of sites co-contaminated with metal and organic
pollutants (Chirakkara et al., 2016).

Phragmites communis and Typha spp.are two macrophytes commonly present in
natural and artificial wetlands. Roots of these plants engage in interactions with a broad
range of microorganisms, collectively referred to as the microbiota. The microbiota
contributes to the natural process of phytodepuration, whereby pollutants are removed
from contaminated water bodies through plants. The outermost layer of the root corpus,
the rhizoplane, is a hot-spot for these interactions where microorganisms establish
specialized aggregates designated biofilm. Earlier studies suggest that biofilm-forming
members of the microbiota play a crucial role in the process of phytodepuration. However,
the composition and recruitment cue of the Phragmites, and Typha microbiota remain
poorly understood. We therefore decided to investigate the composition and functional
capacities of the bacterial microbiota thriving at the P. australis and T. latifolia root-soil

interface.
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Advanced industrialisation has led to the vast release of anthropogenic
contaminants such as hydrocarbons, pesticides and heavy metals into the environment
(Rasheed et al., 2020). Today, the contamination of aquatic and terrestrial environments
with heavy metals represents a global problem that threatens aquatic ecosystems,
agriculture and human health (Bashir et al., 2020). Diverse technological techniques have
been developed to reduce concentrations of heavy metals in the environment (e.g.,
chemical precipitation, membrane filtration), but most of them, although effective, have
proved to be expensive and not eco-friendly (Shrestha et al., 2021). The increasing need
for remediation of contaminated sites has led to the development of cost-effective and eco-
friendly biotechnologies like phytoremediation, which relies on the potential of naturally
occurring plant species to extract, sequester and detoxify metal pollutants (Mahajan and
Kaushal, 2018).

Color of sugarcane molasses-based distillery effluent is mainly due to complex
biopolymer known as melanoidins. It is generated through the maillard reaction between
the amino and carbonyl groups in organic substances (Tripathi et al., 2022). There are
almost 300 distilleries in India generating highly colored spent wash in order of 13-15
times ethanol produced (AIDA, 1994). It has very high in biological oxygen demand
(BOD, 40,000-42,000 ppm), chemical oxygen demand (COD, 82,000-90,000 ppm), total
solids (TS, 5900-6500 ppm), phenolics (5-6 ppm), sulfate (6000-6500 ppm), and heavy
metals (45-50 ppm) which constitute a major source of aquatic and soil pollution in India
(Chaturvedi et al., 2006). It is highly colored components leads to the reduction of sunlight
penetration in rivers, lakes and lagoons which in turn decreases both photosynthetic
activity and dissolved oxygen, causing harm to aquatic life (Singh et al., 2019). Disposal
of spent wash on land is equally harmful, causing a reduction in soil alkalinity, inhibition
of seed germination, and damage to vegetation (Saleem et al., 2022). The conventional
biological process such as activated sludge treatment is inefficient decolorizing the

melanoidin containing effluent even after extended aeration (Fito et al., 2019).

Studies showed rhizosphere bacterial communities propagate at high speed, have
large quantities, and have a strong ability to metabolize (Fang et al., 2021), which play a
very important part in phosphorus removal, nitrogen removal, nitrogen fixation and
conversion, organic matter decomposition and inorganic conversion, heavy metal removal,

et. Rhizosphere bacterial communities are the main force involved in the degradation of
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pollutants and play an important role in maintaining the ecological balance of wetland
systems and achieving ecological purification.

The root zone of Phragmites communis and Typha spp. is rich in dissolved oxygen
as well as in organic carbon, providing optimal conditions required for microbial
colonization. Mycorrhizal ecotypes of Phragmites communis and Typha spp. have also
been reported (Uddin et al., 2017), although mycorrhization (mostly by the members of
the Glomeraceae family, e.g., Glomus fasciculatum, The rhizosphere of P. communis
contains a variety of aerobic microbes (Yan et al., 2018), e.g., Microbacterium
hydrocarbonoxidans, Achromobacter xylosoxidans and a number of species belonging to
the genera Bacillus and Pseudomonas. In general, most bacterial species of the
rhizospheric microbial community act as plant growth promoters (PGP), especially in
wetland plant species. Kumar et al. (2020) reported the presence of Nitrosomonaslike
ammonia oxidizing bacteria (AOB), indicating that nitrification occurs under waterlogged
conditions. Srivastava et al. (2014) reported specific root zone-associated microbial
community including Acidobacteria, Actinobacteria, Nitrospirae and Spirochaetes in P.
australis. Bacteria are known to immobilize metal by precipitation and adsorption.
Dissolution ability of immobilized zinc to zinc carbonate, zinc phosphate and zinc oxide in
adequate quantity is not common amongst the cultivable bacteria. Pseudomonas
Acinetobacter, Gluconacetobacter, Bacillus Thiobacillus thioxidans, Thiobacillus
ferroxidans and facultative thermophilic iron oxidizers have been identified for their
ability to solubilize zinc.

The current study showed the growth of Phragmites communis and Typha spp. in
distillery effluent as a potential and strong evidence for bacterial assisted
phytoremediation and decolorization of effluent (Kataki et al., 2021). The isolated bacteria
were checked for the various PGPR activities and solubilization of phosphate, potassium

and zinc to assist phytoremediation

6.2. Material and methods

6.2.1. Isolation, screening, and growth conditions of culturable rhizosphere bacteria

All the ten bacterial sp. were isolated from the rhizosphere of Phragmites communis and
Typha spp. The isolation method was done as per general microbiological serial dilution
method on nutrient agar (NA) petri dish (Sharma et al., 2022). The petri dish was
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incubated for 24 hours at 30+ 2°C until bacterial colonies appeared. Every colony was re-

streaked for purification of strain (Fig. 6.1.) (Weselowski et al., 2016).

Fig. 6.1. Isolated bacteria from rhizosphere of Phragmites communis and Typha spp. and
its gram staining (a & b) Isolated bacteria from rhizosphere of Phragmites communis (¢ &
d) Isolated bacteria from rhizosphere of Typha spp. and its gram staining
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6.2.2. Bioassays for Plant Growth Promoting Traits

6.2.2.1. Assay for indoleacetic acid (IAA) production

Bacterial cultures were grown at 28+ 2°C for 72 hours on their respective media. Fully
grown cultures were centrifuged for 30 minutes at 3000 rpm. The supernatant was
collected in separate test tube and two drops of orthophosphoric acid and 4ml of
Salkowski reagent (35% of perchloric acid-50ml and 0.5M FeCI3-1ml solution) were
added. The appearance of a pink colour suggests the presence of IAA production (Rawal
and Saraf, 2020).

6.2.2.2. Assay for NH3 production

Peptone water was used to test the ammonia production of bacterial isolates. In each test
tube, 10ml peptone water was used to inoculate freshly grown cultures, which were then
incubated for 48—-72 hours at 28+ 2°C. After that, 0.5 mL of Nessler's reagent was added to
each test tube. The appearance of a brown to yellow colour was a positive sign of

ammonia generation (Ezati et al., 2019).

6.2.2.3. Assay for N, production

For screening nitrogen fixing activity of bacterial isolates a glucose nitrogen free mineral
medium (GNFMM) was used to screen the nitrogen fixing activity of bacterial isolates.
Bromothymol blue indicator (BTB) was added to the medium in order to make it green in
colour. The isolated rhizospheric bacterial strains were inoculated in GNFMM + BTB

medium and kept in incubator at 28 + 2°C for 48—72 hours.

6.2.2.4. Assay for siderophore production

The PGPR strains were spotted on prepared chrome azurol S (CAS) agar plates and kept
for incubation at 28 £+ 2°C for 5 days. The change in colour of the medium from blue to
yellow at the spotted area indicated the presence of siderophore formation (Singh et al.,
2020).

6.2.2.5. Assay for organic acid production

Pure rhizospheric bacterial cultures were cultivated for 24 hours at 37 °C in MRVP broth
(pH 6.9). 2-3 drops of methyl red indicator were applied to an aliquot, and red colour was
instantly detected for positive tests and yellow for negative tests. (Fahad et al., 2022).
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6.2.2.6. Assay for Phosphate solubilization

To assess phosphate solubilization activity, isolated pure rhizospheric bacterial strains
were spot-inoculated on Pikovskaya's agar plates with a metal loop and kept in incubator
for 3 days at 30 °C. Clearing of zone formation surrounding the spotted colony was noted
(Teymouri et al., 2016)

6.2.2.7. Assay for Potassium solubilization

To assess potassium solubilization, isolated rhizospheric bacterial strains were spot-
inoculated on Aleksandrow agar plates with a metal loop and kept in incubator for 3 days
at 30 °C. Clearing of zone formation surrounding the spotted colony was noted (Ashfaq et
al., 2020).

6.2.2.8. Assay for Zinc solubilization

The isolates were inoculated into agar medium containing 0.1% insoluble zinc
compounds by ZnO. Zinc solubilization potential of the bacterial isolates were evaluated
by determining the zone diameter in plate assay and incubated at 30°C for 48 hours
(Costerousse et al., 2018).

6.2.2.9. Rhizospheric bacterial strain identification and phylogenetic analysis

At first stage, isolation of genomic DNA was performed by inoculating isolated bacterial
strain in nutrient broth (NB) at 30°C in temperature controlled shaker at 220 rpm for 24
hours. After incubation the bacterial strain was centrifuged at 4000 rpm for 10 minutes
at 24°C. The supernatant was discarded, and the cell pellet was used to extract
genomic DNA using the Bacterial Genomic DNA Isolation Kit (HiMedia) according
to the manufacturer's instructions. The 16s ribosomal RNA genes were targeted using
the primers PO27F and 1378R, which were used to amplify a sequence of
approximately 1500 bp from genomic DNA. One microliter of template DNA, 0.2
microliters of primers UNI-16-GT-F (AGAGTTTGATCCTGGCTCAG) and UNI-16-GT-
R (GGTTACCTTGTTACGACTT), 200 mL of each dNTP, 10X buffer, and 2 mM
MgS04, and one unit of High-Fidelity KOD Taq DNA Polymerase were used in a 25 mL
PCR reaction. The following parameters were used during the cycle: Initial denaturation
at 94°C for 4 minutes; 30 cycles of 30s denaturation at 94°C, 1 minute annealing at 63°C,

and 1 minute extension at 68°C; and a final overall extension of 7 minutes at 68°C. The
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PCR product was purified using the PCR Purification Kit (Norgen Biotek, Canada), and
Biokart India Pvt. Ltd. perform the sequencing. To compare sequences to homologous
bacterial 16S ribosomal RNA sequences, NCBI (www.nchi.nlm.nih.gov/BLAST) was
used. CLUSTAL W was used to align the sequences, and the MEGA 11 software using
the maximum likelihood (ML) technique was used to create a phylogenetic tree (Lakhani
etal., 2017)

6.3. Results and discussion

6.3.1. Indoleacetic acid (IAA) production
Among the eight isolates from Phragmites communis i.e. PHRCD1, PHRCD2, PHRCD3,
PHRCD4, PHRCD5, PHRCD6, PHRCD7 and PHRCDS all the isolates showed 1AA
production. Pink coloration was detected in their cell-free supernatant with inclusion of
tryptophan in culture broth; maximum IAA production was recorded in strain PHRCD?2,
PHRCDS5 and PHRCDG6 (17 pug ml—1) broth culture (Figure 6.2a and Table 6.1.).
Additionally, eight isolates from Typha spp.i.e. TRCD1, TRCD2, TRCD3,
TRCD4, TRCD5, TRCD6, TRCD7, and TRCD8. All bacterial were found potential for
production of IAA production. Maximum IAA production was recorded in strain TRCD1,
TRCD3, TRCD4, TRCD5, TRCD6, and TRCD7 (17 ug ml-1) broth culture (Figure 6.2b
and Table 6.2.).
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Fig. 6.2 Showing IAA production by isolated PGPR strains. (a) Rhizospheric strain from

Phragmites communis (b) Rhizospheric strain from Typha spp.
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6.3.2. NH3 production

All the isolates showed NH3 production from Phragmites communis. The transition of
brown to yellow colour was a positive indicator of ammonia generation. Maximum
production of NH3; was recorded in strain PHRCD1, PHRCD3, PHRCD4, PHRCDS5, and
PHRCDG6 (Figure 6.3a and Table 6.1.).

Additionally, eight isolates from Typha spp.i.e. TRCD1, TRCD2, TRCD3,
TRCD4, TRCD5, TRCD6, TRCD7, and TRCD8. All bacterial were found potential for
production of IAA production. Maximum IAA production was recorded in strain TRCD1,
TRCD3, and TRCD6 (17 pg ml—1) broth culture (Figure 6.2b and Table 6.2.).
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Fig. 6.3 Showing NH3 production by isolated PGPR strains. (a) Rhizospheric strain from
Phragmites communis (b) Rhizospheric strain from Typha spp.

6.3.3. Siderophore production

Among the eight isolates from Typha spp. i.e. TRCD1, TRCD2, TRCD3, TRCD4,
TRCD5, TRCD6, TRCD7 and TRCDS8, only strains TRCD1, TRCD2 and TRCD7 showed
positive result for siderophore production (Fig.6.4a and Table 6.2). Subsequently, strain
PHRCD1, PHRCD2, PHRCD3, PHRCD4, PHRCD6, PHRCD7 and PHRCD8 showed

positive result isolated from Phragmites communis (Fig. 6.4b and 6.1).
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All the isolates showed IAA production. Pink coloration was detected in their cell-free

supernatant with inclusion of tryptophan in culture broth; maximum IAA production was
recorded in strain PHRCD2, PHRCD5 and PHRCD®6 (17 pg ml—1) broth culture (Figure
6.2a and Table 6.1.).

Fig. 6.4. Siderophore production test. (a) Siderophore production by rhizobacteria isolated
from Typha spp. (b) Siderophore production by rhizobacteria isolated from Phragmites

communis

6.3.4. N2 production

Rhizospheric bacterial isolated strains were screened by changing the color of
bromothymol blue (BTB) containing nitrogen free media, and these strains showed a color
change in BTB containing media, indicating excretion of ammonia. Only strain PHRCD2,
PHRCD3, PHRCD4, PHRCD6 and PHRCD8 were found positive for nitrogen fixing
isolated from Phragmites communis (Fig. 6.4a. and Table 6.1) strain PRCD5, PRCDS,
and PRCD8 were found positive for isolated rhizospheric strains from Typha spp.. (Fig.
6.4b. and Table 6.2)
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Fig. 6.5. Showing nitrogen production by isolated PGPR strains. (a) Rhizospheric strain
from Phragmites communis (b) Rhizospheric strain from Typha spp.

6.3.5. Phosphate solubilization
Among the eight strains only PHRCD2, PHRCD4, PHRCD5, and PHRCD7 showed
significantly clearing of zone around the colonies (Fig. 6.5a. and Table 6.1.) isolated from
rhizosphere of Phragmites communis. Whereas, strain TRCD1, TRCD2, TRCD3, TRCD5
and TRCD8 showed zone formation isolated from Typha spp.

At 3 days of incubation, the Phosphate Solubilization Index (PSI) of phosphate
solubilizing bacterial strains was measured by the following equation:
PSI= Colony Diameter + Total diameter of halo zone.

Colony diameter

The sequence of PSI was as follows
PHRCD?2 (3.1+0.2) > PHRCD4 (2.8 £ 0.4) > PHRCDS5 (2.5 + 0.1) > PHRCD7 (1.5 £ 0.2)
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Fig.6.6. Phosphate solubilization (a) Showing the phosphate solubilization of the isolated
bacteria from the rhizosphere of Phragmites communis. (b) Showing the phosphate
solubilization of the isolated bacteria from the rhizosphere of Typha spp.

6.3.6. Zinc solubilization

Zinc solubilization bacteria improve the plant growth and development by colonizing the

rhizosphere and by solubilizing complex zinc compounds into simpler ones, thus making
zinc available to the plants. Rhizospheric strain PHRCD2, PHRCD4, PHRCD6, PHRCDS,
showed zinc solubilization isolated from Phragmites communis (Fig. 6.5a and Table 6.1).
Additionally, rhizobacteria isolated from Typha spp. i.e. TRCD2, TRCD4, TRCD6, and
TRCDB8 showed zinc solubilization ((Fig. 6.5b and Table 6.1).

Fig.6.7. Zinc solubilization (a) Showing the zinc solubilization of the isolated bacteria
from the rhizosphere of Phragmites communis. (b) Showing the zinc solubilization of the
isolated bacteria from the rhizosphere of Typha spp.
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6.3.7. Potassium solubilization

Potassium solubilization bacteria help in solubilizing the insoluble and inaccessible
potassium (K) to accessible forms of potassium for plant uptake and transport. The strains
isolated from Phragmites communis i.e. PHRCD2, PHRCD4, PHRCD5 and PHRCD?7
showed potential for potassium solubilization (Fig. 6.5a and Table 6.1). Subsequently,
rhizobacterial strains isolated from Typha spp. i.e. TRCD1, TRCD4, TRCD6 and TRCD7
showed potential for potassium solubilization (Fig. 6.5b and Table 6.2).

Fig. 6.8. Potassium solubilization (a) Showing the potassium solubilization of the isolated
bacteria from the rhizosphere of Phragmites communis. (b) Showing the potassium
solubilization of the isolated bacteria from the rhizosphere of Typha spp.

Table 6.1.: Detection of plant growth promoting parameter of rhizospheric bacteria
isolated from Phragmites communis rhizosphere

ISOLATES IAA NH; Sideroph N, Phosphate Zinc Potassium
ore Eixation  Solubilization  Solubilization  Solubilization
producti
on
PHRCD1 + ++ +++ - + + +
PHRCD?2 ++ + +++ + ++ + +
PHRCD3 - ++ + +
PHRCD4 - +++ - + + + ++
PHRCD5 ++ ++ ++ - + - +
PHRCD6 ++ ++ ++ + - ++
PHRCD7 - + +++ - + - ++
PHRCDS8 - + - + - +
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6.3.8. 16S rRNA gene analysis of rhizosphere bacteria and phylogenetic analysis

Purified isolated rhizosphere bacterial strains from Phragmites communis were identified
on the basis of 16S rRNA sequencing. Among the seven rhizospheric bacterial strains i.e.,
PHRCD1, PHRCD2, PHRCD3, PHRCD4, PHRCD5, PHRCD6, PHRCD7 and PHRCDS,
only four bacterial strains i.e. PHRCD1, PHRCD2, PHRCDG6 and PHRCD?7 could show
most of the positive PGPR test. 16s rRNA sequencing data, the isolated strains PHRCD1,
PHRCD2, PHRCD6 and PHRCD7 showed nearest relationships with Pantoea
agglomerans, Pseudomonas putida, Bacillus coagulans and, Bacillus subtilis. The
nucleotide sequences of these potentially diverse rhizospheric bacteria were deposited in
the National Center for Biotechnology Information (NCBI) database under accession
numbers ON740649, ON746677, ON740650 and, ON740653 respectively. Additionally,
purified isolated rhizosphere bacterial strains from Typha spp. were also identified from
TRCD1, TRCD2, TRCD3, TRCD4, TRCD5, TRCD6, TRCD7 and TRCDS, only four
bacterial strains i.e. TRCD1, TRCD3, TRCD4 and TRCD6 could show most of the
positive PGPR test. 16s rRNA sequencing data, the isolated strains TRCD1, TRCD3,
TRCD4 and TRCD7 showed nearest relationships with Pseudomonas putida, Bacillus
Edaphicus, Streptomonas maltophilia, and Enterobacter cloacae. The nucleotide
sequences of these potentially diverse rhizospheric bacteria were deposited in the National
Center for Biotechnology Information (NCBI) database under accession numbers
ON740655, ON740654, ON740658 and ON740657 respectively. Using the MEGA 11
software, a phylogenetic tree was generated that illustrated the relationships between
bacterial species and the most closely related genera deduced from sequences of the 16S
rRNA gene (Fig.6.7) (Kumar and Chandra, 2018).

Table 6.2.: Detection of plant growth promoting parameter of rhizospheric bacteria
isolated from Typha spp rhizosphere

ISOLATES IAA NH; Sideroph N, Phosphate Zinc Potassium

ore Fixation  Solubilization  Solubilization  Solubilization
producti

on

TRCD1 ++ ++ +++ - ++ - +

TRCD2 - + ++ - + +

TRCD3 ++ ++ +++ - ++ + -

TRCD4 ++ +++ - - - + +

TRCD5 ++ ++ - + 4+

TRCD6 ++ ++ +++ + - + +

TRCD7 ++ + +++ - - - +

TRCD8 - + + + ++ + -
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Fig. 6.9. The evolutionary history was inferred by using the Maximum Likelihood method
and Tamura-Nei model (Tamura and Nei, 1993). The tree with the highest log likelihood
(-30498.27) is shown. Initial tree(s) for the heuristic search were obtained automatically
by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances
estimated using the Tamura-Nei model, and then selecting the topology with superior log
likelihood value. This analysis involved 20 nucleotide sequences. There were a total of
1555 positions in the final dataset. Evolutionary analyses were conducted in MEGAL11
(Tamura et al., 2021)
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Fig. 6.9.1. The evolutionary history was inferred by using the Maximum Likelihood
method and Tamura-Nei model (Tamura and Nei, 1993). The tree with the highest log
likelihood (-30498.27) is shown. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using the Tamura-Nei model, and then selecting the topology with
superior log likelihood value. This analysis involved 20 nucleotide sequences. There were
a total of 1555 positions in the final dataset. Evolutionary analyses were conducted in
MEGA11 (Tamura et al., 2021)
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6.3. Conclusion

Phragmites communis and Typha spp. is a naturally robust and vigorous primary species
in many wetland environments worldwide. This plant grows in different environmental
conditions and can uptake, translocate, and accumulate a wide range of pollutants in both
belowground and aboveground tissue. The ability of the plant to develop and grow in the
polluted ecosystems allowed for the use of reeds in many types of sewage treatment
plants. To increase the efficiency of phytoremediation of a polluted natural or artificial
aquatic ecosystem and to estimate the required purification time and accelerate the rate of
its reclamation, the interaction processes between common reeds and soil microbes, metal
accumulation, and ionic homeostasis in the hydrophyte purification systems should be
further tested. The researches of especially research carried out by interdisciplinary teams
(plant physiologist, biochemist, geochemist, microbiologist, and agriculture and genetic
engineer) in a short time can advance the efficiency of removing both metals and organic

impurities.
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Chapter-7
Correlation between bacterial community and organometallic
pollutants during in-situ phytoremediation of
distillery waste contaminated site

7.1. Introduction

Soil organic matter is considered to be the single most important constituent which
influence the sorption of various compounds in soil (Dhaliwal et al., 2019). The organic
matter is added to soil from plant, animal and microbial residues, and, it is composed of
many different organic molecules (Weisskopf et al., 2021). These are mainly cellulose,
hemicelluloses and lignin compounds. They are easily degraded and stabilized,
especially when forming complexes with mineral particles; or it may be potentially
more accessible to microbial degradation as particulate organic matter (POM), the latter
typically with characteristic features of plant residues (Rodrigues et al., 2022). Besides,
the soil type also determines the biosorption properties of various organic compounds.
Therefore the content of organic matter differs from place to place depending upon the
nature of soil (Carter, 2020). Depending on the soil particle size fractions, which can be
distinguished as clay (02 mm), fine silt (2-20 mm), coarse silt (20-63 mm) and sand
(63-2000 mm), the composition of their associated organic matter is also different
(Hemkemeyer et al., 2018).

Soil quality is underpinned by a complex suite of below ground processes in
both natural and agricultural ecosystems (Hermans et al., 2020). Soil quality is defined
as the ability of soil to function as an ecosystem component capable of maintaining the
quality of surrounding air and water while supporting plant and animal productivity.
High quality soils are therefore crucial for sustaining agricultural and pastoral
industries upon which both food security and financial stability depend. Soils harbour a
rich collection of microbial life, which contribute to the cycling of important nutrients,
impact plant growth and can act as, or protect other organisms from, pathogens.
Macroorganisms interact with microorganisms to facilitate this and independently are
important for processes such as decomposition. Despite the importance of living
organisms for maintaining healthy soil ecosystems, most initiatives that directly
monitor soil quality for applied purposes focus on changes in abiotic variables such as
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soil nutrients, metal pollutants and soil structure. Where biological measures are
included in monitoring efforts, they are often crude and generalized, such as microbial
biomass or soil respiration, although some use more specific organisms, such as
earthworms, as more sensitive indicators. As well as relaying important information
about the biological functioning of the ecosystem, soil organisms only respond to
bioavailable nutrients and contaminants, unlike chemical measures which reflect the
total proportion present. Better incorporation of biological indicators in soil monitoring
will provide a more sensitive, relevant and holistic insight into how anthropogenic
activity impacts the soil environment. Soil bacterial communities are strongly impacted
by changes in soil conditions. The diversity and composition of bacterial communities
change with changing soil acidity (Wan et al., 2020). At national scales or larger, this is
often observed to be the strongest explanatory variable for bacterial community
richness to the extent where large-scale predictions of bacterial diversity are possible
based on pH data alone. Additionally, plant diversity, nutrient concentrations, soil
moisture and soil type have all been shown to correlate with changes in bacterial
communities. Importantly, there is ample evidence that bacterial communities directly,
or indirectly, respond to changes in the soil environment brought on by anthropogenic
activity. Land use has been shown to correlate with changes in bacterial community
composition, and heavily managed soils contain distinct bacterial communities
compared to unmanaged soils (Praeg et al., 2020). More specifically, management
practices such as fertilising, altering soil pH and creating monocultures of plants or
animals have all been shown to influence soil microbial communities. Overall, the
composition of bacterial communities appears to be heavily influenced by changes in
the soil environment, many of which are the direct result of land use activities
(Hermans et al., 2020). Given their ubiquitous nature, and sensitivity to environmental
changes, bacterial communities are gaining recognition as useful indicators of
environmental health. In stream ecosystems, bacterial communities have been shown
capable of indicating the level of catchment disturbance, with results correlating with
both abiotic water quality data and traditional macroinvertebrate community indicator
data (Sagova-Mareckova et al., 2021). In soil ecosystems, similarly strong correlations
between specific microbial taxa and soil variables have been reported, suggesting
microbial community data can be used to indicate changes in physico-chemical

conditions, serve as indicators of ecological restoration and even predict crop yields.
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While progress has been made towards better understanding how bacterial communities
can be indicative of environmental health, more effort needs to be made, and soil
bacteria remain largely understudied in this regard. Investigating if soil bacterial
communities respond in a predictable manner to human land use and soil physico-
chemical changes across a wide variety of different soils, spatial gradients and climatic

conditions will reveal their potential to serve widely as indicators of soil quality.

Pollution load is increasing at an alarming rate as a result of industrialization
and population outburst. The industrialization has caused in the utilization and
production of chemicals for hi-tech innovations which ensued the generation of non-
biodegradable pollutants like xenobiotics, hydrocarbons, heavy metals, etc. (Chandran
et al., 2020). These toxic pollutants remain persistent in the environment and pose a
serious threat to living organisms. Increasing awareness has generated numerous
approaches using advanced scientific technology to audit and curtail this arduous global

issue.

Distilleries are among the most polluting industries because ethanol
fermentation results in the discharge of large quantities of high-strength liquid effluents
with high concentrations of organic matter and nitrogen compounds, low pH, high
temperature, dark brown color, and high salinity (Mikucka and Zielinska, 2020). The
wastewater discharged contains high biological oxygen demand (BOD), chemical
oxygen demand (COD), total solids (TS), sulfate, phosphate, phenolics, and toxic
heavy metals. Unfortunately, if discharged into the environment without proper
treatment, it causes serious environmental problems and health hazards in human and

animals.

Organic and heavy metal pollution alters the soil microbial community
composition, and the microorganisms that adapt to this stress increase in abundance
(Huang et al., 2021). The remediation process of contaminated soil not only reduces the
concentration of pollutants but also alters the bacterial communities (Dai et al.,
2020). Soil bacterial communities are strongly impacted by changes in soil conditions.
The diversity and composition of bacterial communities change with changing soil
acidity. At national scales or larger, this is often observed to be the strongest
explanatory variable for bacterial community richness to the extent where large-scale

predictions of bacterial diversity are possible based on pH data alone. Additionally,
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plant diversity, nutrient concentrations, soil moisture and soil type have all been shown
to correlate with changes in bacterial communities. Importantly, there is ample
evidence that bacterial communities directly, or indirectly, respond to changes in the

soil environment brought on by anthropogenic activity (Dubey et al., 2019).

The present chapter has been focused to explore the correlation between bacterial
community and organometallic pollutants during in-situ phytoremediation of distillery
waste contaminated site, where the physiochemical properties of distillery sludge has
been analysed to look the primary feature of sludge. Further, the organic content of
distillery sludge also has been detected by using GC-MS after extraction by solid-liquid
extraction (Kumar and Chandra, 2020). This will establish soil quality regarding
organic parameters. In addition, the bacterial community from the rhizosphere of
Parthenium hysterophorus and Cannabis sativa has been analysed through
metagenomics to correlate with the organic pollutants present in the distillery sludges.
The study will reveal the dominant bacterial growing with rhizosphere of Parthenium
hysterophorus and Cannabis sativa which has been found potential for in-situ
phytoremediation. This will explore the possibility of using these plants as tool for
phytoremediation and eco-restoration of polluted site. Secondly, the degraded sludge
can be used as high value organic manure. Besides, the plant biomass also has various
commercial applications for the Indian farmers and sustainable development of

industry.
7.2. Material and Methods

7.2.1. Site description

Sludge samples for laboratory analysis were collected from the sludge disposal site of
the M/s United Spirits Limited, Rosa Shahjahanpur, located in Uttar Pradesh
(27°49'25.1"N 79°54'56.5"E). Having a crushing capacity of about 4,200 tonnes of

sugarcane per day. Estimated Molasses Produced 40500 Metric Tonnes Per Annum.
7.2.2. Sample collection

Sludges have much higher solids content than most wastewaters. Solids content
and solids settling characteristics determine whether a given sludge will separate into
different a fraction which increases the potential of obtaining a nonrepresentative

Kshitij Singh/Ph.D. ThesissDEM/BBAU/2022 124



Chapter-7 Correlation between bacterial community and organometallic pollutants
during in-situ phytoremediation of distillery waste contaminated site

sample. In general, sludges of up to 20 percent solids may be conveyed by means of a
pump. Sludge with a greater solids content, often referred to as sludge cake, must be
conveyed by mechanical means. Increased solids content may require sample dilution
and cause a corresponding increase in experimental error and detection limits.
Anaerobically digested sludge is a thick slurry of dark-colored particles and entrained
gases. When well digested, it dewaters easily and has a non-offensive odor. The
addition of chemicals coagulates a digested sludge prior to- mechanical dewatering.
The dry residue of digested sludge contains 30 to 50 percent volatile solids. Depending
on the mode of digester operation, the percent solid of digested sludges ranges from 4
to 8 percent.

The fresh disposed dried distillery sludge cakes were collected in clean pre-
sterilised polythene bags from the sludge dumping site of the distillery plant located
inside the premises of the industry. Plants that were growing on the disposed distillery
sludge i.e. Parthenium hysterophorus and Cannabis sativa were also uprooted for
physiochemical analysis and its correlation with organometallic pollutants and its

rhizospheric bacterial community.

Fig.7.1. Sample collection (a & c) Sludge sample collection from Rosa, Shahjahanpur,
UP. (b) Collection of Parthenium hysterophorus with rhizospheric sludge (d)
Collection of Cannabis sativa with rhizospheric sludge
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7.2.2. Detection of organic pollutants
7.3.4.Physico-chemical analysis of distillery sludge

Samples of distillery sludge were analysed in accordance with the previously described
method in chapter 2 for the determination of the pH, electrical conductivity, chloride
(CI), sodium (Na"), nitrate and metals i.e. Fe, Zn, Cu, Mn, Ni, Pb, Cd and Cr (Dhote et
al., 2020

7.3.5. Solid liquid extraction of distillery and rhizospheric sludge

Various organic compounds from the distillery sludge and rhizosphere soil were
extracted using ethyl acetate as per the previously mentioned method (Chandra et al.,
2018). The extraction was repeated three times. The organic solvent phase was dried
over anhydrous Na,SO4, and the solvent was evaporated to dryness using a stream of
nitrogen gas at room temperature. Dry organic filters were makeup in 1.5 ml ethyl
acetate and filtered through 0.22 pm syringe filters (Millipore Ltd, Bedford,
Massachusetts, USA) and used for GC-MS analysis (Kumar and Chandra, 2020).

7.3.6. Metagenomics analysis

The sample for metagenomics analysis was given to M/s AgriGenome Labs Pvt Ltd.,
India. The procedure followed is as below:

Sample Collection and DNA Picking Operational Taxenomic
isolation Unit (OTU)

W3,V3-V4 Specific Primer OTU filtering(with <5 reads)and
Amplification Finding Representative
165 rRNA library Preparation Seguencing
(MEBMNext Protocol)

Paired-End Sequencing Taxonomy Classification based on
(Nlumina HiSeq 2500) SILVA database

Fastq Quality Check, Adapter
Trim, Deduplicate, Chimera
Removal

Alpha Diversity studies
(Within samples)

QIIME Pipeline based Taxonomy Annotation
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7.3.6.1. DNA isolation and 16s rRNA amplicon-based Illumina Library preparation

The DNA was isolated from soil samples using DNeasy PowerSoil kit (Qiagen, USA)
and 2% CTAB conventional DNA extraction method for shoot and root samples as
per the described protocol. The DNA concentration was estimated using Qubit
Fluorimeter (V.3.0). Since, the V3-V4 region is highly conserved in bacteria.
Therefore, the V3-V4 region of 16S rRNA was amplified using specific V3
Forward primer CCTACGGGNBGCASCAG and V4 Reverse primer
GACTACNVGGGTATCTAATCC. The amplified product was checked on 2%
agarose gel and gel purification was done to remove non-specific amplifications.5ng of
amplified product was used for library preparation using NEBNext Ultra DNA library
preparation kit. The 16S rRNA gene library was prepared in accordance with the
Illumina MiSeq platform protocols (https://sapac.illumina.com/systems/sequencing-
platf orms.html). The library quantification and quality estimation were done in Agilent
2200 TapeStation. The prepared library was sequenced in Illumina HiSeq 2500 with 2
x 250 cycles chemistry (Fahner et al., 2016).

7.3.6.2. Bioinformatics analysis

Rhizospheric bacterial community composition of S. arundinaceum was analyzed
based on the raw V3-V4 16S rRNA sequencing data as prepared by Illumina MiSeq
platform. Raw sequences obtained through paired-end sequencing were merged using
standard procedure (Rochette et al., 2019). Furthermore, raw sequences were processed
using the QIIME (Quantitative Insights Into Microbial Ecology) software package
(version 1.7.0) (Zhang etal., 2019). Raw sequences were denoised and trimmed to
remove barcodes, and primers and then clustered into operational-taxonomic units
(OTUs) based on their sequence similarity at 97% using UCLUST program (version
1.2.22q). Phylogenetic relationship with diferent OTUs was analyzed using PyNAST
(Python Nearest Alignment Space Termination) program (version 1.2) against “Core
Set” dataset of Greengenes as referencing (Na et al., 2018). The taxonomic assignment
was performed with a ribosomal database project (RDP) classifer (version 2.2) (Brandt
etal., 2021) against the SILVA OTUs database (version 123) using a confdence
threshold of 70% (Hung etal., 2022). Diference in diversity was calculated using
Chaol, Shannon-D, and Observed-species indices estimation. The chaol metric
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estimates the species richness in environmental sample, while Shannon metric was
evaluated to estimate observed OTU abundances, and accounts for both evenness and
richness of species. Rarefaction curves were generated based on Shannon, Chaol, and
Observed-species indices by QIIME (version 1.7.0) and displayed using R software
(version 2.15.3).

7.3. Result and Discussion

7.3.1. Physico-chemical analysis of fresh sludge, sludge from rhizosphere of
Parthenium hysterophorus and sludge from rhizosphere of Cannabis sativa

The physio-chemical parameter of fresh distillery sludge disposed from methane
reactor, rhizospheric sludge of Parthenium hysterophorus and Cannabis sativa were
analysed. The fresh sludge did not show any change of their property while the plant
growing on disposed distillery sludge i.e. Parthenium hysterophorus and Cannabis
sativa showed reduced value of analysed parameter as compared to fresh sludge, shown
in Table 7.1.

The different parameters were analysed as per the previously described method
(Chandra et al., 2018). The measured pH value, Electrical conductivity (EC), sodium,
phosphate, chloride, nitrate, phenol sulfate showed higher in disposed fresh distillery
sludge. Additionally, value of trace elements i.e. Fe, Zn, Pb, Cd, Mn, Ni, and Cu are
found higher than permissible limit and toxic to animal and human health because of
their long term persistence in the environment (Onakpa et al., 2018; Rehman et al.,
2018).

Sludge has an alkaline pH of 8.1, which results from reactivity of numerous
salts and oxides i.e. carbonates, bicarbonates, sulphides, and hydroxides. They are
mostly applied in the process of fermentation to modify the pH level (Chandra et al.,
2018). The value of EC has also been detected high due to various anions and cations
present in sludge such as Na*, CI, NO?3 PO,* and SO,?.
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Table 7.1. Physico-chemical properties of disposed distillery sludge, sludge from

rhizosphere of Parthenium hysterophorus and Sludge from rhizosphere of Cannabis

sativa
S.No. Parameter Fresh Sludge from Sludge from
distillery rhizosphere of rhizosphere of
sludge Parthenium Cannabis sativa
hysterophorus
1. pH 8.1+0.03 7.4 £0.01 7.6+0.24
2. EC (uScm™) 5.02+0.11 5.09+0.14 5.07 £ 0.67
3. Sodium (mg kg ™) 43.17 £0.02 35.87+.057 36.06 £ 0.18
4, Chloride (mg kg™) 110111 +0.01 785.09+0.84 792 £0.94
5. Nitrate (mg kg ™) 89.02+0.13 54.06 +0.67 38.95+0.21
6. Phosphate (mg kg ™*) 2229.01 £ 0.03 1308.62 +0.17 1451 +£0.36
7. Sulfate (mg kg ™) 158.18 £0.11  98.02+0.45 102.61 + 0.98
8. Phenol (mg kg ™) 506.13+0.65 256.05+0.84 276.84 +0.74
Trace Elements (mg kg )
a. Fe 2264.01 £ 0.05 425.01+0.60 512.65 £ 0.12
b. Zn 53.02 £ 0.27 27.05+0.51 22.06+0.41
C. Cu 352.01+£0.21 151.65+0.84 132.85+0.35
d. Mn 171.04+0.16  84.62+0.74 71.65+0.74
e. Ni 13.01 +0.02 7.62+0.51 5.06+0.84
f. Pb 38.12+0.10 16.32 +0.27 14.65+0.12
g. Cd 157 +0.13 0.24£0.64 037 £ 0.84
h. Cr 1.62+0.14 0.27 £0.03 0.35+ 0.08

7.3.2. Identification of organic pollutants

The GC-MS analysis of an ethylene acetate extracted sample from disposed distillery
sludge revealed numerous significant peaks at 7.94, 10.57, 13.00, 18.57, 21.59, 26.16,
27.88, 29.70, 33.12, 37.56, 38.71, 41.03, 41.77, 44.33 and 50.26 as shown in Fig. (a).
This indicated the presence of various complicated organic pollutants which are soluble
in ethylene acetate. These compounds were identified by comparing the National
Institute of Standards and Technology (NIST) library. These were identified as
Erythritol,  2,6-Bis(tert-butyl)phenol,  3-

Chloropropionic acid, 2-Pyrrolidinone, Cyclic octaatomic sulphur, Cyclohexane, 1,3,5-

Diacetone alcohol, Pentasiloxane,
Benzetriol, Lupan-3-ol, acetate, 2,4-Dihydroxybenzoic acid, 1-Octacosanol, 24-Ethyl-
€(22)-coprostenol, a-Sitosterol, Tris(2,4-di-tert-butylphenyl) phosphate (Table 5).
Further, the organic compounds were also identified by GC-MS from same site where
Parthenium hysterophorus was growing on the disposed distillery sludge. The
identified compounds were as Thiazolo[4,5-f]quinoline, 2,7,9-trimethyl-, 2-Methyl-1-

methyl (tetramethylene)silyloxypropane, Tartronic acid, Heptanoic acid, 4-Heptanol,
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Phthalic acid,

Lanostan-18-oic acid, Quercetin, 11-hexavinylcyclo hexasiloxane, and 1,3,5,7,9,11,13-

Silane, 1-Triethylsilyloxyheptadecane, Cannabinol, 4&-Sitosterol,
Heptaethylcycloheptasiloxane (Table 7.2), with altered RT and reduced peak (Fig.b).
This indicated the biotransformation and removal of several organic compounds due to
phytoremediation process by Cannabis sativa. The disappearance of some compounds
revealed the degradation by rhizospheric microbial activities which facilitated for plant
growth and accumulation of these pollutants as nutrient. While, most of the detected
peaks at various RT were disappeared in the distillery sludge sample chromatogram of
same site where the Cannabis sativa was growing (Fig.c). This result showed direct
correlation of plant growth by using these organic compounds as nutrient (Sophia, and

Shetty; 2020).

Table 7.2: Detection of comparative list of various organic compounds by GC-MS
extracted from distillery waste at various stages (a) Sludge from rhizosphere of

Parthenium hysterophorus (b) Sludge from rhizosphere of Cannabis sativa

S.No. Retention Initial (Fresh) Sludge from rhizosphere of  Sludge from rhizosphere of
Time (RT) Parthenium hysterophorus Cannabis sativa

1. 6.21 - Thiazolo[4,5-f]quinoline, -
2,7,9-trimethyl-

2. 7.90 - - Hexanoic acid

3. 7.93 - 2-Methyl-1-methyl -
(tetramethylene)silyloxypropa
ne

4. 7.94 Diacetone alcohol - -

5. 10.57 Pentasiloxane - Pentasiloxane

6. 13.00 Erythritol Tartronic acid -

7. 13.01 - - Erythritol

8. 18.57 2,6-Bis(tert- - -

butyl)phenol

Q. 19.19 - Heptanoic acid -

10. 19.22 - - Undecanoic acid

11. 21.59 3-Chloropropionic 4-Heptanol -

acid,
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21.61 - - Dodecyl acrylate
24.64 - Phthalic acid, -
25.17 - - 2-Fluoro-6-(4-
thiomorpholinyl)benzonitrile
26.16 2-Pyrrolidinone - -
27.44 - Silane -
27.88 Cyclic octaatomic - -
sulphur
27.96 - - Spiro(androstan-17,5'-furan-
2'-0ne)
29.70 Cyclohexane -
30.34 - - Bifenox
30.45 - 1-Triethylsilyloxyheptadecane -
33.12 1,3,5-Benzetriol - -
33.97 - Cannabinol -
34.93 - - Ethanone
37.56 Lupan-3-ol, acetate - 4-Normethyl-9
38.71 2,4- - -
Dihydroxybenzoic
acid
41.03 1-Octacosanol - -
41.77 24-Ethyl-€(22)- - -
coprostenol
42.67 - - 4'-

(Salicylideneamino)acetanili
de
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Fig. 7.2. Chromatogram of organic compounds extracted from distillery sludge (a) Fresh sludge
without plant growth (b) Sludge from rhizosphere of Parthenium hysterophorus (c) Sludge
from rhizosphere of Cannabis sativa
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7.3.3. DNA isolation and 16s rRNA amplicon-based Illumina Library preparation

The DNA was isolated from soil samples using DNeasy PowerSoil kit (Qiagen, USA)
and 2% CTAB conventional DNA extraction method for shoot and root samples as per
the described protocol. The DNA concentration was estimated using Qubit Fluorimeter
(V.3.0). The V3-V4 region of 16S rRNA was amplified using specific V3 Forward
primer CCTACGGGNBGCASCAG and V4 Reverse primer
GACTACNVGGGTATCTAATCC. The amplified product was checked on 2%
agarose gel and gel purification was done to remove non-specific amplifications.5ng of
amplified product was used for library preparation using NEBNext Ultra DNA library
preparation kit. The library quantification and quality estimation were done in Agilent
2200 TapeStation. The prepared library was sequenced in Illumina HiSeq 2500 with

2*250 cycles chemistry. The library preparation steps are illustrated in Figure 7.2.

16S rRNA Gene
[ fvi vz va va [vs V6 vy [v8 v9 |

B Conserved region

| Hyper-variable region
PCR amplification of 16S V3-V4 region

Adaptor A

PrimerF

16srDNA
V3.V4 Regian

Adaptor B

V3-V4 PCR Amplicon library
- S
- N —
250%2 cycle paired-end sequencing
Fig. 7.3. Graphical representation of 16S rRNA V3-V4 library preparation and

sequencing

7.3.4. GC distribution

The average GC content distribution of the sequenced read of the samples is shown in
the figure below. The x-axis represents average GC content in the sequence and y-axis
represents percentage of sequences. We observed that the reads have GC content in the
range 30-60% (Auti et al., 2019).
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Fig. 7.4. GC distribution of samples (a) CS (b) PR

7.3.5. ldentification of V3-V4 region from paired-end reads

Following steps were performed to extract V3-V4 region from Illumina paired-end

sequences.

a) Trimming of sequencing primers

The forward V3 specific primer and reverse V4 specific primers were trimmed

using In-house PERL script. The properly paired end reads with Phred score quality

(Q>20) were considered for V3-V4 consensus generation.

b)

Building consensus V3-V4 region from trimmed paired-end reads

The primer trimmed, high quality paired-end reads were pair-wisely allowed to

merge/stitch to get the VV3-V4 amplicon consensus FASTA sequences. The reads

were merged using FLASH program (version 1.2.11) with minimum overlap of

10bp to maximum overlap of 240bp with Zero mismatches. While making

consensus V3-V4 sequence all consensus reads formed with an average contig

length of 350 to 450bp (Mohsen et al., 2019). A summary of trimmed consensus

reads is shown in

Table 7.3.

Table:7.3 Trimmed and Consensus Read Summary

Sample Name Total Paired end- | Passed Reads with | Total Consensus
Reads Primers Sequences

CS 230166 230166 195067

PR 277515 277515 235642
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7.3.6. Pre-processing of reads: chimera filter

We have performed the following pre-processing steps before we start the analysis.
Chimeras were removed using the de-novo chimera removal method UCHIME (version
11) implemented in the tool VSEARCH (Rognes et al., 2016). A detailed table of

chimera filter based on individual sample is given in Table 2.

Table 7.4: Pre-processing reads statistics

Sample Name Consensus Chimeric Pre-processed Consensus
Sequences Sequences Sequences
CS 195067 63230 131837
PR 235642 62474 173168

7.3.7. Picking OTUs and Taxonomy classification

The Operational Taxonomic Units (OTU) picking and taxonomy classification were
performed using the pre-processed consensus V3-V4 sequences. Pre-processed reads
from all samples were pooled and clustered into OTUs based on their sequence
similarity using Uclust program (similarity cuto. = 0.97) available in QIIME software.
A total of 37418 OTUs were identified from 305005 reads. From 37418 total OTUs,
31822 OTUs with less than 5 reads were removed and 5596 OTUs were selected for
further analysis (Yadav et al., 2019) (Table 7.5).

Table 7.5: Summary of OTUs

Total Pre-processed Consensus 305005
Total OTUs Picked 37418
Total Filtered OTUs(<5 reads) 31822
Total Filtered OTUs(after filtering <5 reads) 5596

7.3.8. Bacterial communities’ analysis

Microbial community at class level in CS and PR were represented as, Actinobacteria,
Alphaproteobacteria, Planctomycetacia, Deltaproteobacteria, Subgroup-6,
Gammaproteobacteria, Bacteroidia, Anaerolineae , Gemmatimonadetes and others.
Further, at the genus level in CS and PR most abundant genus were candidatus-
solibacter, uncultures soil bacterium, Bacillus, Flavobacteriaum, Bdellovibrio,
uncultured bacterium, Sphingomonas, uncultured- chloroflexi bacterium (Delgado-
Baquerizo et al., 2017). The relative abundance plot at class and genus level based on

OTU is shown in the below figure 7.5.
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7.3.9 Taxonomic classification of bacterial communities in rhizosphere of Cannabis
sativa and Parthenium hysterophorus at Class and Genus level through heat map.

Heat map facilitated relative abundance of bacterial communities of Cannabis sativa
and Parthenium hysterophorus at genus and species level . The top bacterial
communities at species level of Cannabis sativa and Parthenium hysterophorus were
uncultured-Planctomycetaceae-bacterium, uncultured-Gemmatimonadales-bacterium,
uncultured-Bacteroidetes-bacterium, uncultured- Acidobacterium-sp., uncultured
planctomycete, Flavobacterium-sp.-L1152, uncultured- archaeon, uncultured-soil
bacterium, uncultured-gamma- proteobacterium, uncultured-  Gemmatimonadetes
bacterium, uncultured delta- proteobacterium, uncultured- prokaryote,  uncultured

bacterium, uncultured Actinomycetales- bacterium, uncultured- Rhizobiales-
bacterium, uncultured-Chloroflexi- bacterium, uncultured- actinobacterium,
uncultured- Acidobacteria-bacterium, Flavobacterium- daejeonense, uncultured-
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Acidimicrobidae- bacterium, uncultured- Gemmatimonas-sp., uncultured- bacterium,
uncultured- Desulfuromonadales-bacterium, Unknown, uncultured-marine-bacterium.

The top bacterial communities at genus level of Cannabis sativa and
Parthenium hysterophorus were Hydrogenophaga, Cellvibrio, Nocardioides,
uncultured, Geobacter, Candidatus- Solibacter, uncultured- soil- bacterium,
Flavobacterium, Others Bdellovibrio, Ohtaekwangia, Nitrospira, Gemmatimonas,
uncultured-bacterium,  Mycobacterium,  Sphingomonas, uncultured-Chloroflexi-
bacterium, Pedobacter, Azoarcus, Flavisolibacter, Haliangium, Terrimonas, Bacillus,
Unknown, Pseudomonas, Luteolibacter (Hu et al., 2020)
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Figure 7.6: Heat map showing taxonomic classification of bacterial communities in
rhizosphere of Cannabis sativa and Parthenium hysterophorus at (a) species level (b)
Genus level
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Conclusion

The present chapter aims to explore the rhizospheric bacterial communities associated
with Parthenium hysterophorus and Cannabis sativa grown on organometallic
pollutants-rich hazardous distillery sludge. The sequence analysis of 16S rRNA V3-V4
hypervariable region with Illumina MiSeq platform showed 230166 and 277515 OTUs
derived from rhizospheric distillery sludge samples out of 305005 sequences read,
respectively. The major genus detected in rhizospheric sludge sample were uncultured-
chloroflexi (0.8%), Candidatus-solibacter (1.4%), Bacillus (1.4%), Flavobacterium
(1.4%), others (26.2%), Bdellovibrio (0.6%) and unknown (42.0%). Our results
suggested that rhizospheric bacterial communities associated with Parthenium
hysterophorus and Cannabis sativa were substantially different in richness, diversity,
and relative abundance of taxa compared to rhizospheric sludge. Further, the
comparative organic pollutant analysis from non-rhizospheric and rhizospheric sludge
samples through GC-MS analysis revealed the disappearance of several compounds
and generation of some compounds as new metabolic products by the activity of
rhizospheric bacterial communities. The results of this study will be helpful in
understanding the role of rhizospheric bacterial communities responsible for
degradation and detoxification of complex organometallic waste and, thus, can help in

designing appropriate phytoremediation studies for eco-restoration of polluted sites.
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Chapter-8
Characterization of rhizospheric bacterial communities of
Typha aungustifolia during rhizofilteration of distillery

effluent in constructed wetland treatment system

8.1. Introduction

Rhizospheric bacteria play a very vital role in the plant growth. While due to their
specific property of plant they also play very crucial and specific contribution for
bioremediation of hazardous pollutants from soil and wetland ecosystem (Mani and
Kumar, 2014). Some wetland plants have been reported for important role for
hyperaccumulation and rhizofilteration of various toxic and recalcitrant compounds.
The Phragmites australis, Phalaris arundinacea, Typha domingensis, Typha latifolia,
Cyperus rotundus, Phragmites karka, Juncus pallidus, Empodisma minus, etc. have
been reported as potential wetland plant for rhizofilteration of various pollutants from
contaminated sites (Galal et al., 2018). Due to their unique property of their root
morphology and potentiality to thrive in contaminated sites, they have been used in
constructed wetland treatment system for the treatment of sewage and industrial waste
both for safe disposal (Brix, 2020). The unique properties of wetland plant for
rhizofilteration is due to presence of specific rhizospheric bacterial communities
where they play an important role not only for plant growth but also prevent pathogen
and they solubilise the nutrient for plant accumulation (Nihorimbere et al., 2011).
However, these bacterial communities and plant are specific in particular
environment.

A total dissolved solid (TDS) is one of the major factor for the growth of bacteria
and degradation of pollutants in any aquatic environment. TDS are generally
comprised of inorganic salts (such as chloride, calcium, magnesium, potassium,
sodium, bicarbonates, and sulfates) and organic matters dissolved in water (Peng,
2020). This excess TDS can be toxic to many aquatic life such as fish, insects,
amphibians, and macro-invertebrates. For example, TDS level above 250 mg/L can
affect salmonid fertilization (Brix et al., 2010); increasing TDS from 270 to 1,170
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mg/L can eliminate almost all coontail (Ceratophyllus demersum) from the
ecosystem. TDS-related acute toxicity was also reported to the water flea
Ceriodaphnia dubia and the fish Pimephales promelas, and as a matter of fact, these
two aquatic animals have been used as test organism for TDS-related toxicity.
Various methods such as physical adsorption, reverse osmosis (RO), distillation,
precipitation, membrane filtration, and bacteria-based bioremediation have been
developed to reduce/remove TDS from water streams. Most of those methods,
however, are not cost-effective and/ or environmental friendly. For example, physical
adsorption can only remove ions from water at certain capacity before the adsorbent
reaches saturation and needs to be regenerated (Bilal et al., 2021). RO is not
economical and requires high energy with the issue of filter fouling and brine
disposal. Distillation produces low conductivity water but the process is very energy-
intensive due to a large amount of latent heat required (Kesieme et al., 2013).
Biological absorption avoids the addition of chemicals but the process is often limited
by the low rate of absorption by microbial cells. Additionally some specific
coagulants are also used reduce TDS ferric sulfate, polyaluminium chloride,
aluminum sulfate, sodium aluminate, ferric chloride, ferric sulphate, classed as
aluminum or iron salts, are common coagulants for water treatment (Sahu and
Chaudhari, 2013).

The biological treatment system along with advanced oxidation and ozonation
process has been reported as a potential, simple, low-cost wastewater tertiary
treatment technique (Ribeiro et al., 2019). But the drawback is that these studies are
reported with low organic load containing effluent in temperate region and different
climate zone. These techniques are not reported with sugarcane molasses-based
distillery effluent. The conventional treatment technology i.e., physical, chemical
(filtration, coagulation) and activated sludge process is effective up to some extent but
expensive and energy consuming at large scale (Rajasulochana and Preethy, 2016).
Thus, constructed wetland systems planted with potential wetland plant have been
optimized as an effective device at pilot scale. Combination of wetland treatment
process with bacterial degradation at reduced total dissolve solid (TDS) of PMDE
offers an excellent system for removal of colour from PMDE and further reduction of
BOD, COD for safe disposal (Ahmed et al., 2017). The increased microbial
population has been indicated for the degradation of organic chemical contaminated
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soil. Hence, the combined application of bacteria and wetland plants would show
maximum decolorization and degradation of all organic matters as a sequential
bioreactor process (Kushwaha, 2015). Recently the biostimulation and
bioaugmentation process has been reported for the detoxification and degradation of
various residual organic pollutants present in industrial wastewater at tertiary stage
treatment (Tripathi et al., 2021). The complexity of PMDE showed that high TDS as a
key factor of effluent toxicity due to dissolved organic content in high concentration
(Yadav and Chandra, 2019).

Therefore, to understand the mechanism of rhizospheric bacterial for the
detoxification of Post Methanated Distillery Effluent (PMDE) in the designed
constructed wetland treatment system is important to scale-up these unique properties
of plant associated bacterial community for the treatment of various industrial
wastewaters (Chowdhary and Bharagava, 2018). Since, this chapter has been focused
on the integration of biodegradation of distillery waste by potential bacterial
consortium with designed constructed wetland plant treatment system. Therefore, the
dominant rhizospheric bacterial community has been identified. Moreover, the
distillery effluent has very high TDS which do not support the bacterial growth in its
original concentration (Tripathi et al., 2021). Therefore, the reductions of TDS by
adequate method have to be optimized for the degradation of distillery effluent and

bacterial growth in its original concentration for feasible and economical technology.

8.2. Materials and method
8.2.1. Physico-chemical analysis of PMDE

Electrical conductivity (EC) and pH values of distillery effluent samples were
measured using Orion conductivity meter (Model-A322, Thermo Scientific, FL, USA)
and Orion pH meter (Model-960, Thermo Scientific, FL, USA), respectively. For pH
measurement sludge and distilled water was mixed in a ratio of 1:2.5 (weight:
volume) (Chandra and Kumar 2017a). Cation exchange capacity (CEC) was
quantified using the method as described by Gillman and Sumpter (1986). Total
Kjeldahl nitrogen (TKN) and total ammoniacal nitrogen (NH4+-N) were measured by
the methods reported by Ju et al. (2007). Total phosphorus (TP) was measured by the

colorimetric method (Jackson 1973). Organic matter content was determined using
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the Walkley and Black procedure (Nelson and Sommers 1982). Total oxygen and
hydrogen was estimated by elemental analyzer (EuroVector EA 3000, University of
AL-al-Bayt, Jordan). Concentration of Cl—, Na+, PO—43 , and SO—42 were estimated
according to the method described by Kalra and Maynard (1991). Total phenol
concentration in the sludge samples was determined using 4-aminoantipyrine reaction
method as described by Ettinger et al. (1951). As outlined, the phenolic material was
mixed with 4-aminoantipyrine in the presence of alkaline oxidizing agent, preferable
potassium ferricyanide, at high pH, to yield a red chromogenic compound. The
absorption of this red solution was measured at 500 nm by UV-Vis
spectrophotometer. For heavy metal analyses, distillery sludge samples were first
digested with nitric acid-hydrogen persoxide digestion method (3050B) (U.S.
Environmental Protection Agency; USEPA 1996). Briefly, 1-g dried sludge sample
was placed into a Teflon reaction vessel and digested with 10 mL of the HNO3 (1:1,
v/w) at 95 °C for 15 min. After cooling, 5 mL of concentrated HNO3 was added into
vessel and reflux at 95 °C until the solution becomes transparent. After cooling the
solution, 2 mL of water and 3 mL of 30% H202 were added into Teflon vessel. The
solution was allowed to evaporate by raising the temperature to 105 °C until the
samples were digested and the solution becomes transparent. The acid—peroxide
digestate was continually heating at 95 °C without boiling for 2 h. The volume of
these samples was reduced to 5 mL by evaporating the acid—peroxide mixture.
Thereafter, the samples were allowed to cool to room temperature before the vessel
content was filtered with Whatman filter paper and diluted with double deionized
water up to 100 mL. Three replicates of every sample were digested, together with the
corresponding blanks. Subsequently, the total concentrations of different heavy metals
(i.e., Fe, Zn, Cu, Ni, and Mn) in the digested solution were determined by inductively
coupled plasma-mass spectrometry (ICP-MS; Agilent 7500Cx, USA). The instrument
settings and operational conditions were done in accordance with the manufacturers

‘specifications.

8.2.2. Experimental setup and TDS reduction optimization

The TDS reduction experiments were carried out in a jar test apparatus (OSK-Japan)
using coagulants. The wastewater after adding coagulants well mixing was allowed to

settle for 3h and the supernatant was transferred to a clean container. The main
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physico-chemical characteristics of the TDs reduced sample are shown in Table 8.1.
Precise doses of coagulants including Aly(SO4)3, FeSO4, FeCl3and PACL, and
coagulant aids including CaO, Na2CO3, CaCOzand Na2SiO3, were added to 800-mL
jars containing 200mL of settled wastewater with specified pH values. A series of jar
tests were carried out as follows: first rapid mixing stage carried out on jars at 100rpm
for 2min and then slow mixing stage carried out at 30rpm for 20min and finally the
solutions were settled in 250-mL graduated cylinders for 30min. The produced
supernatants were used for the measurement of remained physico-chemical analysis
(Thamaraiselvi et al., 2019).

8.2.3. Bacterial growth in TDS reduced sample
Bacterial grown samples incubated at 6 and 12 days in the TDS reduction process

were centrifuged at 6,500 x g for 20min. To remove the medium contents, the pellets
were then washed three times with distilled water. The cells were then fixed in 0.1M
phosphate buffer (pH 7.2) containing 1% glutaraldehyde for 2 h and washed twice
with distilled water. The fixed cells were dehydrated using a series of acetone
solutions (15, 30, 60, 90, and 100%) for 20min, as per the standard method described
by Sangeeta et al. (2011). The dehydration process was carried out twice. The dried
cells were then fixed on metal stubs, coated under vacuum with approximately 25 nm
of high purity carbon, and examined by scanning electron microscopy (SEM;
QUANTA FEG 450, FEI, Netherlands) (Akyon et al., 2015).

8.2.4. Optimize the reduction of TDS for bacterial growth of PMDE.

The TDS reduction experiments were carried out in a jar test apparatus (OSK-Japan)
using coagulants. The wastewater after adding coagulants well mixing was allowed to
settle for 3h and the supernatant was transferred to a clean container. The main
physico-chemical characteristics of the TDs reduced sample are shown in Fig. Precise
doses of coagulants including Al2(SO4)3, FeS04, FeCl3and PACL, and coagulant
aids including CaO, Na2C03, CaCO3and Na2SiO3, were added to 800-mL jars
containing 200mL of settled wastewater with specified pH values. A series of jar tests
were carried out as follows: first rapid mixing stage carried out on jars at 100rpm for
2min and then slow mixing stage carried out at 30rpm for 20min and finally the

solutions were settled in 250-mL graduated cylinders for 30min. The produced
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supernatants were used for the measurement of remained physico-chemical analysis
and bacterial growth (Chandra et al., 2008).

8.2.5. Bacterial growth using nutrient for detoxification

In presence of 1% glucose as additional carbon source 0.5% peptone as additional
nitrogen source at 120 rpm to maintain oxygen concentration in the effluent medium
at pH 8.0+0.5 for 96 hrs. incubation based on activated sludge process Same
experimental were carried out at different temperatures (25-50 °C), pH (4-12), and
shaking speeds (100-220 rpm) to see how different environmental parameters affected
before and after TDS reduced sample for degradation and decolorization. Various
other nutrient source are nitrogen sources, such as ammonium chloride, beef extract,
sodium sulfate, yeast extract, peptone, and urea, were applied as trace element at a
concentration of 0.5 percent (w/v) to determine the good condition for before and
after TDS reduction process (Maiti et al., 2017).

8.2.6. Rhizofiltration through wetland plant.

The constructed wetland channel was in zigzag manner to maximize the retention
time in minimum area having three vertical layers of gravel and concrete from upper
to deeper side for each layer. The dimension of constructed wetland treatment system
was 60x72x1000 cm (width x depth x length) having 0.88 % slopes. Retention time of
wetland treatment was 10 days. Subsequently, the biomass was separated and
supernatant was injected (passed through) with constructed wetland treatment system,
upstream flow rate 2 L min-1 versus 1.5 L min-1 downstream having mixed

vegetation of Typha angustata (Woraharn et al., 2021).

8.3. Result and discussion

8.3.1. Physico-chemical analysis before and after TDS reduction

The physico-chemical properties of the control (distillery wastewater), and TDS
reduction samples are shown in Table 8.1. The control samples showed higher pH,
TDS, BOD, COD, and EC values. The elevated pH of the control sample may be
attributed to the binding with melanoidin with the distillery wastewater of high levels
of soluble products and heavy metals. TDS reduced sample showed that after
autoclave some chemical characteristics had been altered but the extend was not

significant except for the chloride content. McGuire and Judd (2020) demonstrated
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there were significant positive relationship between organic matter and Cl- retention,
it was likely as a result of the thermal treatment chloride was released from the bound
organic matter. Significant reduction in the pollution criteria in the wastewater was
observed at the end of the bioaugmentation period (Table 8.1). The elevated values of
COD and BOD of the untreated wastewater (control) indicated the existence of
greater amounts of organic and inorganic compounds. Metals may be released during
the fermentation and distillation processes of fermented sugarcane molasses in
distilleries, resulting in post-methanation distillery effluent (PMDE) with an alkaline
pH that is eventually discharged. TDS reduction sample, huge reduction in metal
content was observed, probably as a result of passive adsorption due to the removed
after the centrifugation and filtration process. In comparison, after TDS reduction of
incubation, the treated showed a significant reduction in all of different pollution
parameter except for Cl-. This suggested that the coagulants were actively
biotransforming various organic and inorganic contents. The pH of the medium was
initially reduced to 7.79 during melanoidin degradation, but after TDS reduction, the
pH steadily decreased. The development of organic acids such as phosphoric acid,
acetic acid, octadecanoic acid, and ethanedioic acid, can caused a reduction in pH
during the early stages of bacterial growth. However, examination of BOD and COD
values at different periods indicated a steady decline in BOD and COD values as the

percentage of decolorization increased.

Table 8.1: Physico-chemical analysis before and after TDS reduction

S.No. Parameters Fresh PMDE After TDS % change Permissible
reduction limit (USEPA)
1. Colour 139861 59641 57.35 -
2. Ph 85 7.8 8.23 55-9.0
3. T.D.S. 15748.0 mgl/lit. 4456.0 71.70 2100
4. T.S.S. 12154.0 mg/lit. 3368.0 72.28 100
5. Sulphate 12651.7 mg/lit. 2987.65 76.38 1000
6. T.Nitrogen 774.0 mg/lit. 198.75 74.32 100
7. Phenol 330 mg/lit. 54.24 83.56 1.0
8. C.0.D 47896 4364 90.88 250
9. B.O.D. 24986 3456 86.16 30
10. Phosphate 577.85 105.96 81.66 5.0
11. Chloride 7.125 5.246 26.37 1000
12. Metal
Cd 7.241 4.925 31.98 2.0
Cu 4.610 3.127 32.16 3.0
Fe 52.87 31.35 40.70 2.0
Mn 14.52 9.75 32.85 0.20
Ni 4.397 3.87 20.17 3.0
Zn 8.658 6.89 20.42 5.0
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8.3.2. Optimized conditions for TDS reduction and bacterial growth

To optimize the condition for TDS reduction different pH and coagulants were
optimized. It can be seen from the figure that FeCl; has more efficiency than the other
coagulants, and increasing the coagulant dose increases TDS removal which may be
due to an increasing in sweep coagulation shown in fig. The optimum pH for TDS
removal was obtained at pH 10. Also, Na,SiO3; was found as the best coagulant aid
type with 300 ppm as the best dose for TDS removal. The optimization of conditions
for the removal of turbidity was done using residual turbidity as treatment goal. FeCl;
was the best coagulant aid to remove the turbidity and the best levels for coagulant
dose and coagulant aid dose were 800 and 600ppm, respectively (Hlordzi et al.,
2020).

8.3.3. Optimization of bacterial growth after reduction of TDS

The bacterial consortium of four identified bacteria mention in the chapter 5 was
inoculated in reduced TDS after extended aeration in presence of 1% glucose as
additional carbon source and 0.5% peptone as nitrogen in 250ml flask at pH 8.0+0.5,
150+2 rpm and 35+2°C temp. This showed = 65% bacterial decolorization along with
reduction of various pollution parameters (BOD, COD, TS, TDS, sulphate and heavy
metals) up to 70-80% (Rane et al., 2018).
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b. PMDE in laboratory for
further analysis
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Fig. 8.1. Sample collection and reduction of TDS (a) Sample collection of PMDE (b)
processing of sample in laboratory (c) Optimized condition of PMDE with coagulants
(d) Optimized condition of PMDE with various coagulants at various pH.
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8.3.4. T. angustifolia Optimization and rhizofilteration in constructed wetland

T. angustifolia growing in the distillery effluent contaminated site as potential wetland
plant was collected and uprooted with associated sludge samples and carried in pre
sterilized polythene bags (Chandra and Kumar, 2017). The uprooted plant with
associated sludge was acclimatized in the square box pot with metal solution, sand
layer and gravel for one month. The acclimatized plant was uprooted along with the
complete root network and transferred to the constructed wetland system. The
constructed wetland channel is in zigzag manner to maximize the retention time in
minimum area having three vertical layers of gravel and concrete from upper to
deeper side for each layer. The dimension of constructed wetland treatment system is
60x72x1000 cm (width x depth x length) having 0.88 % slopes. Retention time of
wetland treatment is 10 days. The reduction of BOD and COD is observed up to 97
and 98%. While the color is reduced up to 98-99%, sulphate and heavy metals is also
reduced up to 95% (Malyan et al., 2021).

8.3.5. Identification of bacteria from the rhizosphere of T. angustifolia

The method for bacterial identification was followed by as mention in chapter 5 and
6. The rhizospheric bacterial strains i.e TRCK1, TRCK2, TRCK3, TRCK4 16S
rRNA sequencing data, the isolated strains KS20 showed nearest relationships with
Pseudomonas thivervalensis, Bacillus pumilus, Acinetobacter junii, Salmonella
enterica. The nucleotide sequences of these potentially diverse rhizospheric bacteria
were deposited in the National Center for Biotechnology Information (NCBI)
database under accession numbers OP093759, OP093755, OP093756 and, OP093758
respectively. Using the MEGA 11 software, a phylogenetic tree was generated that
illustrated the relationships between bacterial species and the most closely related
genera deduced from sequences of the 16S rRNA gene (Fig.8.3) (Kumar and
Chandra, 2018).
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Characterization of rhizospheric bacterial communities of Typha aungustifolia during

rhizofilteration of distillery effluent in constructed wetland treatment system

Table 8.2: Physico-chemical analysis after bacterial decolorization and constructed
wetland treatment

S.No. Parameters After bacterial After % change Permissible
decolorization constructed limit
wetland (CPCB)
treatment
1. Colour 24321 13287 45.36 -
2. pH 75 7.4 1.33 55-9.0
3. T.D.S. 3235 1974 62.29 2100
4. T.S.S. 1639 427 73.94 100
5. Sulphate 2976.8 949.3 68.11 1000
6. T.Nitrogen 107.67 89.38 16.98 100
7. Phenol 39 23 27.77 1.0
8. C.0oD 935 233 301.0 250
9. B.O.D. 2563 903 103.0 30
10. Phosphate 103.56 84.29 18.60 5.0
11. Chloride 5.597 3.665 34.51 1000
12. Metal
Cd 3.42 1.91 44.15 2.0
Cu 2.50 1.70 32.00 3.0
Fe 22.05 8.24 62.63 2.0
Mn 4.18 3.95 31.66 0.20
Ni 2.87 2.01 29.96 3.0
Zn 6.21 4,71 24.15 5.0
Table 8.3: Overall physico-chemical analysis from fresh PMDE to constructed
wetland treatment
S.No. Parameters Fresh PMDE After TDS After bacterial After % Permissible
reduction decolorization constructed reduction limit
wetland (USEPA)
treatment
1. Colour 139861 59641 24321 13287 90.49 -
2. Ph 8.5 7.8 75 7.4 12.94 55-9.0
3. T.D.S. 15748.0 mg/lit.  4456.0 3235 1974 87.46 2100
4, T.S.S. 12154.0 mg/lit.  3368.0 1639 427 96.48 100
5. Sulphate 12651.7 mg/lit.  2987.65 2976.8 949.3 92.49 1000
6. T.Nitrogen 774.0 mg/lit. 198.75 107.67 89.38 88.45 100
7. Phenol 330 mg/lit. 54.24 39 23 93.03 1.0
8. C.0.D 47896 4364 935 301 99.37 250
9. B.O.D. 24986 3456 2563 903 96.38 30
10. Phosphate 577.85 105.96 103.56 84.29 85.41 5.0
11. Chloride 7.125 5.246 5.597 3.665 48.56 1000
12. Metal
Cd 7.241 4.925 3.42 1.91 73.63 2.0
Cu 4,610 3.127 2.50 1.70 63.12 3.0
Fe 52.87 31.35 22.05 8.24 84.41 2.0
Mn 14.52 9.75 4.18 3.95 72.79 0.20
Ni 4.397 3,51 2.87 2.01 54.28 3.0
Zn 8.658 6.89 6.21 4,71 45.81 5.0
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9. Conclusion

Post-methanated distillery effluent (PMDE) was found dark brown with very high BOD,
COD, TDS and metallic content beyond its permissible limit. Hence, due to high TDS
bacterial growth was not possible. Therefore, the TDS reduction was optimised for
bacterial growth at variable range of pH and concentration. The optimum reduction of
TDS was obtained with application of ferric chloride (0.34%) within 6-8hrs of incubation.
The value of TDS and other pollution parameters are shown in table (Table 8.1 and 8.3).
71.70% decolorization was observed. The efficiency of decolorization and TDS reduction
of PMDE was evaluated with rapid mixing along with the variable pH. The optimum TDS
reduction resulted 80% supernatant and 20% precipitation of colloidal material. Further,
the PMDE supernatant is assessed for bacterial growth in presence of variable nitrogen
(0.5%, 1.0%, 1.5% & 2.0%) and carbon (0.5%, 1.0%, 1.5% & 2.0%) source to evaluate the
bacterial growth for reduction of color from supernatant of PMDE. 79.45% decolorization
was further observed. Subsequently, the biomass was separated and supernatant was
passed through the constructed wetland treatment system with plantation of Typha
angustata. The reduction of TDS was observed 87.46%, BOD 96.38% and COD 99.37%.
While the color was reduced up to 90.49%, and the others physicochemical parameters
also reduced up to 95%.

Therefore, the current chapter shows Biological decolourisation of post-
methanated distillery effluent (PMDE) in biphasic bacterial and wetland plant treatment

system for environmental safety and identification of potential bacteria.
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Chapter-9

Summary

Rhizospheric bacterial community has been reported primarily for the enhancement of
plant growth and maintenance of soil fertility. The roles of plant growth promoting
rhizobacteria (PGPR) are particularly revealed in agriculture sector for the crop
production. Generally PGPR can be divided into two basic groups based upon their
relation with plants. It may be symbiotic or free living bacteria. The PGPR influences to
associated plant by three mode of action: (a) Releasing specific compounds required for
plant growth (b) fascilitating the uptake of certain nutrients from the complex environment
(c) inhibiting to pathogenic bacteria and preventing to the plant from diseases.
Simultaneously, plant also releases the various root exudates i.e. organic acids, amino
acids, amides, carbohydrates, enzymes and, phenolics, which work as a basic nutrient to
the associated microbial communities. In response to the root exudates the associated
microbial community contributes for solubilization of various micro and macronutrient for
the bioavailability to the plant. Besides, the growing microbial community within the
vicinity of the rhizosphere also releases out some specific chemicals which act as
inhibitory effect upon pathogenic population in the rhizospheric zone. This mechanism of
the PGPR is to protect the plant from the disease in field condition. Thus, this properties of
PGPR in association to the plant root is a basic character for the adaptation and sustainable
growth of plant communities and bacteria both in variable environment. However, the soil
characteristic and geographical altitude also determines the growth of plant communities

place to place.

But, the global rapid industrialization and deforestation created adverse effect on
environment. This caused the environmental imbalance and immerged out as climate
change and global warming. In India various agrobased industries i.e. distilleries, pulp
paper industries, tanneries, textile etc. are major source of industrial waste discharge for
environmental pollution. The conventional methods of wastewater treatment do not meet
out the required standard of environment for waste disposal. Therefore, researcher has
attempted from past few decades to develop the novel technologies for removal of

hazardous and complex pollutants from discharge of industrial waste. But, yet the suitable

Kshitij Singh/Ph.D. ThesissDEM/BBAU/2022 153



Chapter-9 Summary

technologies are still warranted. However, In order to adapt the microbial population and
plant communities in the environment, some potential plant species have been reported for
phytoremediation of the polluted environment for the eco-restoration due to their
specialized cellular structure and physiological adaptation. Keeping in view these
pollutant characteristics phytoremediation has been reported as a green economical,
feasible and novel technology for the eco-restoration of polluted site. Since the distillery
waste is a complex and cumbersome waste with a mixture of organo-metallic compounds.
Due to these properties, organo-metallic complex compounds of distillery waste persist for
several years in environment and causes toxicity to flora and fauna. Moreover, the recent
findings have revealed that the pollutants present in distillery waste have androgenic and
mutagenic properties also (Chandra and Kumar, 2017). Since the phytoremediation
potential plant is regulated by the specific bacterial community present in the rhizospheric
zone. But, the detail nature of bacterial community growing around the root zone of plant

at polluted site is not much known so far.

Hence, the present study has focused on the role of rhizospheric bacterial
community during the phytoremediation of distillery waste. In this study, the potential
non-edible plants have been evaluated for their phytoextraction potential of heavy metals
from the complex sludge and effluent. These properties of bacterial communities with
specific plants may be utilized for removal and detoxification of distillery waste for eco-
restoration of polluted environment. The present thesis is divided into eleven chapters. The
first chapter is Introduction of the topic. This chapter has imbibed the background
information and rational of title of thesis, this information has been described in detail in
this chapter. In the second chapter global and national states of art of the problems have
been reviewed to understand the problem for development of new technologies. The
chapter has also highlighted to understand the problem of distillery waste i.e. organic
pollutants, heavy metals, Post Methanated distillery effluent (PMDE), and their
environmental impact. Some bacterial species and consortium also have been reported for
their capability to degrade the various pollutants present in the distillery waste. The dark
brown colourant in the distillery wastewater is basically caramelized sugar which is
known as melanoidins. The decolourizsation abilities of various bacteria have been
reported in this chapter. The roles of some wetland plant for phytoremediation potential in
different conditions are also mentioned. Though, the various attempts have been reported

for decolourization and degradation of distillery wastewater at laboratory stages by using
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different bacterial consortium but all these studies have been reported at very low
concentration of effluent. Therefore, this restrict for pilot-scale up-gradation of
technology. Therefore, in the present study, the study has been focused for decolourisation
and degradation of distillery wastewater at high concentration for feasibility of
technology. Moreover, the hyperaccumulator herbaceous plants are also screened out for
heavy metal phytoextraction potential from complex organo-metallic distillery sludge for

eco-restoration of polluted site.

Further, chapter three has focused on five objectives as per topic of thesis. Chapter
four has focused on characterization of organic pollutants and heavy metals from Post-
Methanated Distillery Effluent (PMDE) and their environmental effect. The study has
focused on the characterization of organic pollutants by using GC-MS technique and
heavy metals through Inductively Coupled Plasma (ICP) from Post-
Methanated Distillery Effluent (PMDE) and their environmental effect. Various unknown
complex recalcitrant organometallic complexes with EDC properties which are a major
source of environmental pollutants and health hazards are identified. The absorption
maxima of PMDE were noted between 200—-350 nm in the UV—Vis spectral analysis also
indicated polymerized-form of Maillard product. Hexadecanoic acid, butyl ester,
octadecanoic acid, monopalmitin 2 TMS, effusanin E, 1-(benzyl) -2-fluoro-2-phenyl-3-(p-
toluene’s sulfonyl) propane, and 24-hydroxy-3,4-secolanost-4,(28),8- died-3-nitrile were
prominent organic compounds in the category of mutagenic and androgenic compounds
characteristics, detected in PMDE. In addition, the presence of various activity in
germinating Zea mays seeds and gel imaging at different concentrations of PMDE heavy
metals also indicated the contribution of toxic property of PMDE, as resulting in
phototoxic effect on seed germination with Zea mays and Heteropneustes fossilis with the
degradation of lamellae in gill. Thus, this affirmed the source of various unknown

mutagenic, carcinogenic, and EDCs compounds with organometallic complexes.

The fifth chapter summarizes the characterization of rhizospheric bacterial
communities from hyperaccumulator plant growing on organometallic sludge during
phytoextraction for ecorestoration. The findings of study revealed that P. hysterophorus is
as hyperaccumulator for various heavy metals from complex organometallic wastes during
its growth on the disposed distillery sludge. The analysis of organic compounds showed
degradation of pollutants present in sludge after growth of P. hysterophorus. Further, the

histological observations of root by transmission electron microscopy (TEM) confirmed
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the deposition of metal granules in their tissue after accumulation by plant from distillery
sludge. Besides, identified rhizospheric bacteria i.e. Alcaligenes faecalis (ON024323),
Cytobacillus firmus (ON024324), Bacillus subtilis (ON024325) and, Niallia circulans
(ON024326), also showed potential for plant growth promoting rhizobacteria activities
which has supported the bacterial assisted phytoextraction potential of heavy metals from
complex organometallic sludge of distillery from polluted site. This plant may be used as
biotechnological tools for eco-restoration of polluted site by industrial waste as a green
technology.

The sixth chapter showed the comparative assessment of phosphate, zinc and
potassium solubilization by rhizospheric bacterial communities in Phragmites communis
and Typha spp. Phragmites communis and Typha spp. is a naturally robust and vigorous
primary species in many wetland environments worldwide. This plant has characteristic
capacity to grow in different environmental conditions and can uptake, translocate, and
accumulate a wide range of pollutants in both belowground and aboveground tissue. The
ability of the plant to develop and grow in the polluted ecosystems allowed for the use of
Phragmites communis in many types of sewage treatment plants also. To increase the
efficiency of phytoremediation of a polluted natural or artificial aquatic ecosystem and to
estimate the required purification time and accelerate the rate of its reclamation, the
interaction processes between common Phragmites communis and soil microbes, metal
accumulation, and ionic homeostasis in the hydrophyte purification systems should be
further tested. The research carried out by interdisciplinary teams (plant physiologist,
biochemist, geochemist, microbiologist, and agriculture and genetic engineer) in a short

time can advance the efficiency of removing both metals and organic impurities.

Furthermore, the seventh chapter correlates bacterial community and
organometallic pollutants during in-situ phytoremediation by Parthenium hysterophorus
and Cannabis sativa growing on organometallic pollutants-rich hazardous distillery
sludge. The sequence analysis of 16S rRNA V3-V4 hypervariable region with Illumina
MiSeq platform showed 230166 and 277515 OTUs derived from rhizospheric distillery
sludge samples out of 305005 sequences read, respectively. The major genus detected in
rhizospheric sludge sample were uncultured- chloroflexi (0.8%), Candidatus-solibacter
(1.4%), Bacillus (1.4%), Flavobacterium (1.4%), others (26.2%), Bdellovibrio (0.6%) and
unknown (42.0%). Our results suggested that rhizospheric bacterial communities

associated with Parthenium hysterophorus and Cannabis sativa were substantially
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different in richness, diversity, and relative abundance of taxa compared to rhizospheric
sludge. Further, the comparative organic pollutant analysis from non-rhizospheric and
rhizospheric sludge samples through GC-MS analysis revealed the disappearance of
several compounds and generation of some compounds as new metabolic products by the
activity of rhizospheric bacterial communities. The results of this study will be helpful in
understanding the role of rhizospheric bacterial communities responsible for degradation
and detoxification of complex organometallic waste and, thus, can help in designing
appropriate phytoremediation studies for eco-restoration of polluted sites.

The eighth chapter has focused on characterization of rhizospheric bacterial
communities of Typha aungustifolia during rhizofilteration of distillery effluent in
constructed wetland treatment system by integrating bacterial degraded PMDE with
constructed wetland treatment at pilot scale to evaluate the feasibility of technology based
on the promising result. Post-methanated distillery effluent (PMDE) was found dark
brown with very high BOD, COD, TDS and metallic content beyond its permissible limit.
Hence, due to high TDS bacterial growth was not possible. Therefore, the TDS reduction
was optimised for bacterial growth at variable range of pH and concentration. The
optimum reduction of TDS was obtained with application of ferric chloride (0.34%)
within 6-8hrs of incubation. The detail value of TDS and other pollution parameters are
shown in table (Table 8.1 and 8.3). 71.70% decolorization was observed. The efficiency of
decolorization and TDS reduction of PMDE was evaluated with rapid mixing along with
the variable pH. The optimum TDS reduction resulted 80% supernatant and 20%
precipitation of colloidal material. Further, the PMDE supernatant is assessed for bacterial
growth in presence of variable nitrogen (0.5%, 1.0%, 1.5% & 2.0%) and carbon (0.5%,
1.0%, 1.5% & 2.0%) source to evaluate the bacterial growth for reduction of color from
supernatant of PMDE. 79.45% decolorization was further observed. Subsequently, the
biomass was separated and supernatant was passed through the constructed wetland
treatment system with plantation of Typha angustata. The reduction of TDS was observed
87.46%, BOD 96.38% and COD 99.37%. While the color was reduced up to 90.49%, and
the others physicochemical parameters also reduced up to 95%. Therefore, the current
chapter showed Biological decolourisation of post-methanated distillery effluent (PMDE)
in biphasic bacterial and wetland plant treatment system for environmental safety and

identification of potential bacteria.
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The chapter nine has summarized the whole thesis work and findings with research
output in a systematic manner. The chapter ten has compiled the all cited references of
thesis which are relevant to the topic and they are cited in each chapter. Each chapter has
cited the recent references based on methodology and results. The available references are
cited on synthesis of melanoidin, physico-chemical properties of distillery wastewater,
impact of post methanated distillery wastewater and plant growth promoting rhizobacteria

reported at polluted sites. The complete thesis has 200 cited references.

The last chapter has listed all the scientific output based on the thesis work. There
is two original research paper published in peer reviewed journal of international repute
with high impact factor. Two review paper are also published based on topic of thesis have
been published in the international journal and three book chapter as invited chapter
published CRC press. A certificate of participation and best oral presentation award has
been provided in international conferences. One international patent also has been granted

based on the work of thesis in credit of candidate.
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ABSTRACT
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Signaling among rhizobacteria and other soil microorganisms is an important mechanism to ensure a successful
symbiotic relationship with their phytobionts. Quorum-sensing involves signaling molecules that provide
essential networks for communication in the rhizosphere. These signaling molecules relay inter-and-intra-species
information that coordinates and controls behavior in mixed communities, and the expression of these signaling
molecules changes in response to the chemical cues. The diverse signaling molecules released in the rhizospheric
zone affect the structural and physical heterogeneity of the soil and the quantity and identity of rhizobacteria. In
general, rhizospheric signaling mechanisms can be categorized into three major types (i) plant to microorganisms
signaling through low molecular weight molecules secreted by plants; (ii) interspecies and intraspecies microbial
signaling, chiefly through quorum-sensing molecules; and (iii) microorganisms to plant signaling by microbially
produced compounds. This review presents knowledge on the signaling molecules of the rhizosphere based on
the above three mechanisms. The chemical nature of root exudates and their roles in attracting metabolically
active rhizobacteria; the chemical properties of autoinducers secreted by rhizobacteria and their functions in
intra- and inter-species interactions, including biofilm formation in the rhizosphere; and influence of quorum
sensing on the root architecture, plant defense and biotic and abiotic stress responses, and gene expression are
examined. The review provides a thorough understanding of rhizobacteria signaling and will help to develop
novel strategies for agriculture, such as the novel use of plant growth-promoting rhizobacteria to enhance crops
growth and quorum quenching technique to fight against plant pathogens.

1. Introduction

Thus, these root-derived materials play an important role in shaping and
establishing a mutualistic association between the symbiotic partners as

The rhizosphere is a narrow yet highly complex and dynamic zone
consisting of nutrient-rich soil. It is influenced by plant roots and its
diverse microbial community, such as plant growth-promoting rhizo-
bacteria (PGPR), plant growth-promoting fungi (PGPF), nematodes,
mycorrhizal fungi, mycoparasitic fungi, and protozoa. Through their
diverse communications as symbionts, these microorganisms have ac-
quired an evolutionary relationship with their phytobionts (Venturi and
Keel, 2016; Mondal and Baksi, 2019; Mathesius and Costa, 2021). Plants
roots exude a variety of primary metabolites (sugars, nucleic acids,
amino acids, carbohydrates, lipids, and organic acids) and secondary
metabolites (phenolics, alkaloids, sterols, steroids, terpenoids, lignin,
and essential oils). The release of these metabolites in the rhizosphere
constitutes a significant amount of nitrogen and reduced carbon that
benefits the plant by attracting and encouraging the growth of beneficial
microbes while inhibiting pathogenic ones (Olanrewaju et al., 2019).

* Corresponding author.
E-mail address: prof.chandrabbau@gmail.com (R. Chandra).
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well as inducing plant defense mechanisms (Canarini et al., 2019).
The rhizospheric signaling mechanisms can be categorized into three
major types (i) plant to microorganisms signaling through low molec-
ular weight molecules secreted by plants, which are involved in
numerous complex plant-microbes interactions; (ii) interspecies and
intraspecies microbial signaling, which takes place chiefly through
quorum-sensing (QS) molecules permitting microorganisms to shape
and contemporize their behavior; and (iii) microorganisms to plant
signaling by microbially produced compounds that influence the root
architecture, plant defense and biotic and abiotic stress responses, and
gene expression (Altaf et al., 2017; Venturi and Keel, 2016). The
communication of rhizobacteria with the host plant is a dynamic and
interdependent relationship that involves both interacting partners and
biotic-abiotic factors of the rhizosphere (Hassan et al., 2019). However,
the abiotic factors, particularly environmental factors that modulate
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rhizospheric structure, are relatively unclear. It has beenhypothesized
that various abiotic elements may play a crucial role in modulating soil
microbes’ variability, including those colonizing in the rhizosphere
(Santoyo et al,, 2017).Indeed, in several cases, the soil or rhizosphere
microbiome is affected by two or more abiotic factors, thereby compli-
cating the analysis of the specific effects of single factors. Some abiotic
modulating factors are pH, type of soil, soil moisture, soil water content,
dissolved organic matter, temperature, atmospheric CO,, ete. (Santoyo
et al,, 2017).

A diverse variety of QS networks have been identified among soil
bacterial species involving a number of signaling molecules, including
acylated homoserine lactones (AHLs), diketopiperazines (DKPs),
diffusible signaling factor (DSF), secondary metabolites, phytohormone-
like molecules, and other small organic compounds (Venturi, and Keel
2016; Mondal and Baksi, 2019). Among the signaling molecules, AHLs
are the most extensively studied in bacteria (Ostroumova et al., 2015a,
b), cyclodipepetides and tehir derivative diketopiperazines have also
been shown to modulates auxin signaling inplants (Ortiz-Castro et al,,
2011). In general, to recognize its rhizospheric associated microbes,
plants use pattern recognition receptors (PRRs) which are
membrane-associated receptor-like kinases or receptor-like proteins,
reflecting the prevalence of apoplastic colonization of plant-infecting
microbes. In addition, there are various precise microbe-associated
molecular patterns (MAMPs) which are molecular signatures that are
highly conserved in whole classes of microbes, butthey are yet to be fully
characterized (Rashid et al,, 2017). The signaling molecules also play a
vital role in signal transduction both in inter- and intra-species in-
teractions. They evoke a range of effects on different plant growth
phases and other local and systemic immune responses, namely induced
systemic resistance (ISR) and systemic acquired resistance (SAR)
(Mhlongo et al., 2018; Shrestha et al., 2020).QS is also involved in the
production of biofilm in the rhizosphere that facilitates colonization of
the plant roots (Noirot-Gros et al., 2018; Zboralski and Filion, 2020).
While several rhizobacteria can develop biofilms as multicellular com-
munities, some develop into distinet morphotypes (Olanrewaju et al,,
2017; Backer et al.,, 2018). These synchronized developmental dynamics
are often controlled by cell-to-cell contact mediated by QS signals, as
various strains isolated from the rhizosphere have been reported to
produce andsecrete small molecules that act as autoinducers (Als). For
example, N-acyl homoserine lactones (AHLs) are used as Als by
Gram-negative bacteria, although AHLs are not exclusive to
Gram-negative bacteria (Schikora et al,, 2016).

QS plays an essential role in maintaining and improving crop pro-
duction in agriculture. Several commercial products, such as Sudoz-P,
Early green Pseudomonas fluorescens, Abtec, ROM, PMCS, Pangoo Plant
grower, Green dual, Panther-PF, etc. are marketed as biofertilizer
inocula, consisting chiefly of Serratia spp. or Pseudomonas, Bacillus, and
other specialized fertility enhancer bacteria that are responsiblefor
enhancing nitrogen fixation, colonization, and the tansmission of
phytopathogenic response (Jnawali et al., 2015). However, recently it
has been realized that some microorganisms used as biofertilizers
behave as opportunistic pathogens and belong to the biosafety level 2
(BSL-2) classification. Evidence presented in various scientific forums is
increasingly favoring the merits of using BSL-2 microorganisms as bio-
fertilizers (Keswani et al., 2019).

This review provides updated knowledge on the chemical nature and
significance of the signaling compounds involved in plant-microbe in-
teractions; it will help to develop further understanding of rhizobacteria
communications and their applications in agricultural practices.

2. Plant to microorganisms: root exudates chemical
compositions and influence of soil physico-chemical properties

The ability of plants to select specific bacteria may ensue directly
from its chemical signals and their effects on its colonizing rhizobacteria
(Doornbos et al., 2012). Root exudates secreted by plant roots serve as
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chemical attractants for numerous metabolically active microbial com-
munities (Wang et al., 2021; Massalha et al,, 2017). Several researchers
found that plants establish a favorable environment by recruiting spe-
cific thizospheric bacteria via root exudates (Dermis et al, 2010;
Rudrappa et al., 2008; Loyola-Vargas et al., 2007; Fang et al., 2013). The
stability of colonization is greater for specific regions of the root, pre-
sumably because these sites release abundant root exudates (Scharf
et al., 2016). The rhizospheric bacterial community residing within the
root vicinity use these soluble materials to mediate positive or neg-
ativeinteractions between plants and microbes. These signaling mole-
cules can act as substrates for rhizobacteria, as plant pheromones to
stimulate or antagonise other microorganisms. Once the rhizobacteria
sense the signaling molecules, communication and interaction
commence (Bhattacharya et al., 2010). The constituents of root exudates
can modify microbial dynamics, favoring PGPR growth and preventing
microbe growth considered hazardous to the associated plant (Dutta
et al,, 2013; De Coninck et al,, 2015). Root exudates can also mediate
tripartite signaling in the rhizosphere, among the host plant, pathogens,
and the beneficial rhizobacteria (Liu et al., 2014),

2.1. Chemical composition of root exudates

Root exudates are rich in carbon and nitrogen sources, and therefore,
are highly complex and difficult to classify. Although several constitu-
ents of root exudates have been identified and characterized (Ahmad
et al, 2018; Scharf et al,, 2016), but still a large proportion of root ex-
udates are unidentified till date. The structural compositions of these
oot exudates (Table 1) alter soil physico-chemical properties to favor
the colonization of rhizospheric bacteria (Godheja et al., 2017; Kumar
et al, 2006; Dakora and Phillips, 2002). The compositions of the root
exudates depend upon the physiological status of microorganisms,
plants and soil (Hassan et al,, 2019). For example, alterations in plant
exudation of amino acids are regulated by microbial metabolites such as
zearalenone, 2,4-diacetylphloroglucinol (DAPG, 5), and phenazine
(Phillips et al., 2004).

Basically, root exudates can be categorized into low and high mo-
lecular weight signaling molecules. Low-molecular-weight exudates
comprise various signaling molecules, i.e, sugars, organic acids, phe-
nolics, amino acids, and other secondary metabolites. High molecular
weight signaling molecules primarily include proteins and mucilages (as
mucopolysaccharides). They are not diverse, but they constitute a sub-
stantial proportion of root exudates (Chapparo et al., 2014). Several
compound types are exuded by plant roots, particularly amino acids and
carbohydrates; they serve as general pheromones for various microbes,
while others connect to more specific interactions (More et al,, 2019), In
non-pathogenic, i.e., a mutualistic or commensal interaction, the host is
likely to distinguish analogous non-self, non-cultivar-dependent de-
terminants known as SAMPs (Symbiont Associated Molecular Patterns).
Hosts in commensal and mutualistic relationships are just as likely to
recognize non-self as are hosts in pathogenic/parasitic interactions
(McFall-Ngai, 2002).

Protein molecules released as root exudates are essential for antag-
onism against and rapport with bacteria (Pascale et al,, 2020). Lectins
are the most studied protein because of their role in biological recog-
nition; they assist in both defense and symbiosis responses (Rey-
es-Montafio and Vega-Castro, 2018). Plants also exude several protein
molecules with consistent enzymatic defense activities (Prasannath,
2017). Many mucopolysaccharides released into the thizosphere from
the plant’s root apex contain arabinogalactans that interact between
plantroots and therhizospheric microbes, attracting PGPR and repelling
pathogens (Nguema-Ona et al., 2013; Cannesan et al., 2012; Xie et al,,
2012).

The exact mechanisms utilized by plants to form/regulate their
microbiome are still not fully understood. However, hormones involved
in provoking immunity within plants, especially salicylic acid, are
believed toplay a role in shaping the rhizospheric microbiome (Lebeis
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Table 1

Various root exudates released by plants in rhizosphere and their functions.
Root Exudates Compounds Functions
Enzymes Amylase, proteases, invertase, catalysts for P release from

Organic acids

Phenolic acid and
coumarin

Amino acids

Vitamins

Polysaccharides
and sugars

Lignin derivatives
Nucleosides

(purines)
Growth factors

Fatty acids

Sterols

Flavonoids and
flavond s

peroxidase, phenol ase, acid
phosphatases, al kaline
phosphatase,
polygalacturonase, lectins,
hydrol ases, lipase

Acetic, succinic, laspartic, |-
glutamic, salicylic, shikimic,
isocitric, chorismic, sinapic, p-
hydroxybenzoic, gallic,
tartaric, protocatacheuic, p-
coumaric, mugineic, oxalic,
citric, piscidicaconitic,
ascorbic, butyric, caffeic,
citric, p-coumatic, ferulic,
fumaric, gl utaric, glycolic,
glyoxilic, malic, malonic,
oxalacetic, oxalic, p-hydroxy-
benzoic, propionic, succinin,
syringic, tartaric, valeric,
vanillic

Caffeic acid, benzoic acid,
cinnamic acid, coumarin,
ferulic acid, salycilic acid,
syringic acid, vanillic acid
o-Alanine, |-hydroxyproline,
homoserine, mugineic acid
p-alanine,y-aminobutyric,
arginine, aspartic, citrulline,
cystathionine, cysteine,
cystine, deoxymugineic, 3-epi-
hydroxymugineic,
aminobutyricacid, glutamine,
glutamic, glycine, homoserine,
isoleucine, leucine, lysine,
methionine, mugineic,
ornithine, phenylal anine,
proline, serine, threonine,
tryptophane, tyrosine, valine
and all proteinogenic amino
acids

Thiamine, riboflavin, niacin,
pantothenate, biotin

sucrose, pentose, arabinose,
fructose, gal actose, glucose,
mal tose, mucilages of various
compositions,
oligosaccharides, raffinose,
rhamnose, ribose, sucrose,
xylose, mannitol

Catechd, nicotinic acid,
benzoic acid, phlorogl ucinol
Adenine, guanine, cytidine,
uridine

p-Amino benzoic acid, biotin,
choline, N-methyl nicotinic
acid, niacin, pantothenic,
vitamins B1 (thiamine), B2
(riboflavin) and B6
(pyridoxine)

Linoleic, palmitic, stearic,
linolenic, deic

sitosterol, stigmasterol,
Campesterol, cholesterol

Kaempferol, quercetin, rutin,
naringenin, myricetin,
strigolactone, genistein

organic mol ecules,
biocatalysts for organic
matter transformation in
soil

nutrient source,
chemoattractant signals to
mictobes, chelators of
poorly soluble mineral
nutrients, acidifiers of soil,
detoxifiers of Al, nod gene
inducers

act as defense elements,
antioxidant properties

nutrient source, nutrient
acquisition from the
thizosphere

promoters of plant and
microbial growth nutrient
source

Enhance root colonization

Increases thizosphetic soil
fertility
nutrient source

coenzyme in metabolic
pathways and central
metabolism

transport activities across
the plasma membrane
regulate the fluidity and
the permeability of
phosphdlipid bilayers
inhibit root pathogens,
stimul ate mycorrhizal
spore germination and
hyphal branching, mediate
alelopathic interactions
between plants, affect
quorum sensing, and
chelate soil nutrients,
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Table 1 (continied)

Root Exudates Compounds Functions

helps in symbiotic
nitrogen fixation
influences many of the

Inorganicions and  H¥, OH 5, HCO; 7, CO, Hy,

Volatile chemical and biological
molecules activities of soil
Mescellaneous Auxins, scopoletin, responsible for several

hydrocyanic acid, glucosides,
unidentified ninhydrin-
positive compounds,
unidentified soluble proteins,
reducing compounds, ethanol,
glycinebetaine, inositol and
myo-inositol-like compounds,
Al-induced polypeptides,
dihydroquinone, sotgoleone

functions like regulating
growth and development
of plant while some act as
negatively for both plant
and soil biota.

Compiled from Godheja et al. (2017); Kumar et al., 2006; Dakora and Phillips
(2002).

etal., 2015). Similarly, when the plant’s jasmonic acid defense pathway
is induced, the rhizospheric bacterial community leading to enrichment
in microbes enhances plant defense mechanisms (Carvalhais et al.,
2013). Phytochemical secretion occurred through active and passive
processes by utilizing various transport mechanisms in plants (Loy-
ola-Vargas et al, 2007). Passive exudation generally releases
low-molecular-weight signaling molecules. Direct passive diffusion de-
pends upon multiple factors such as permeability of the membrane, pH
of the cytosol, and compound polarity (Badri and Vivanco, 2009), Other
root exudates, such as secondary metabolites, proteins, and mucopoly-
saccharides, are exuded by active mechanisms that involve proteins
embedded in a membrane (Huang et al, 2014). For instance,
ATP-binding cassette transporters (ABC transporters) are linked with
several ansport mechanisms in plants, including root exudation
(Wilkens, 2015; Hwang et al,, 2016; Kang et al, 2011). The major
facilitator superfamily (MFS) and the multidrug and toxic compound
extrusion family (MATE) export several compounds across the plant cell
membranes (Reddy et al, 2012). Moreover, proteins from the
aluminum-activated malate transporter family (ALMT) have also been
reported to act as key molecular actors in GABA (y-aminobutyric acid)
signaling that functions as a signal transducer in plants (Palmer et al.,
2016).

Chemotaxis is a crucial mechanism for recruiting soil bacteria to the
thizospheric zone; it establishes the bacterial association with the
plant’sroot (Parales and Ditty, 2018; Feng et al., 2021). The amount and
concentrations of root exudates are dependent on the microbial activ-
ities in the rhizosphere which affect the root distribution/pattern and
the availability of nutrients for uptake by the plant. The exudates that
adhere to root surfaces induce chemotactic responses via
methyl-accepting chemotaxis proteins (MCP), for example, McpA,
MepB, McpC, TlpA, TlpB, TlpC, HemAT, YfmS, YvaQ, and YoaH (Feng
etal,, 2018). The MCP are bound to chemoreceptors (e.g., Tat, Tst, Tap,
Trg, and Aer in E. coli; Sourjik, 2004)in response to concentration gra-
dients of amino acids, dipeptides, and sugars. The chemoreceptors are
composed of a methyl-accepting (MA) domain, a cytosolic signaling
domain, a HAMP (histidine kinase, adenyl cyclase, methyl-accepting
chemotaxis protein [MCP] and phosphatase) linker (Aravind and Pont-
ing 1999), and a ligand-binding domain (LBD), which is frequently
located in the extracytoplasmic space and isresponsible for extracellular
binding compounds (Baker et al., 2006). The binding of the ligand to the
LBD modulates the autophosphorylation of the histidine kinase CheA,
which in turn transfers the phosphoryl groups to the response regulator
CheY. The resulting CheY-Pinteracts with the flagellar motor to control
cell swimming or tumbling that ultimately responsible for chemotaxis
(Sourjik and Wingreen 2012).
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2.2. Effect of soil physiological status on rhizobacteria and root exudates

Root exudate includes primary and secondary metabolites, enzymes,
water, free oxygen, polysaccharides, and ions (Hayat et al., 2017). The
nature and composition of root exudates are determined by various
factors, including other micro-biota in plant roots, environmental fac-
tors, plant species, and their developmental stage (Doombos etal,, 2012;
Hassan et al,, 2019). Biotic factors, such asthe uptake of root exudate by
the microbes, influence the soil’s physiological status. Plant roots are
constantly exposed to an array of microbes and must interact and defend
according to the type of biotic stress.It has also been demonstrated that
plants release host-specific flavonoids in response to compatible
rhizobia strains. Research evidence showed that microbes can modulate
plant root exudation of proteins (De-la-Pena and Loyola-Vargas, 2014).
The study of De-la-Pena and Loyola-Vargas (2014)establishedthe com-
positions of proteins present in the root exudates varieddepanding on its
microbial neighbor, and that the exudation of proteins by a given bac-
terium is modulated by the presence of a specific plant neighbor. The
signaling between soil bacteria and plant roots is frequently based on
root exudates eliciting variable responses from specific receptors.
Chemical constituents of signaling molecules may reduce levels of one
type of microorganism while attracting another. In fact, biological
processes and nutrient availability to rhizobacteria are strongly affected
by changes in soil chemistry. This could be a direct effect of signaling
molecules, which for instance, could lead to resource competition
(McNear, 2013). Competition among the subtypes in response to vari-
ation in chemotaxis to signaling molecules has been an essential factor in
the colonization of roots. Rhizosphere acidification also plays a crucial
role in determining the microbial environment. Bacteria are among the
single-celled organisms most able to adapt to and thrive under harsh
environmental pH conditions. The most sensitive component of the cell
to pH changes is the protein (Hyyrylainen et al., 2001), Acidic soils are
dominated by Acidobacteria and Aphaproteobacteria (Shen et al., 2019),
while Actinobacteria abundance increases toward alkalinity (Jeanbille
et al., 2016). Low rhizosphere pH increases phosphorus as well as those
of micronutrients such as zine, iron, and manganeseavailability in
calcareous soils (Lei et al,, 2015; Rengel, 2015). These alterations in
nutrient content and the physical condition of the rhizosphere influence
the habitat of PGPR.

3. Microorg; to microorg hemical properties of
quorum sensing signaling molecules in rhizobacteria and their
functions

3.1. Chemical properties of QS signaling molecules

Quorum sensing provides a significant competitive benefit to bac-
teria, increasing their probability of surviving while exploring difficult
habitats. In bacterial communication, QS is related to the generation and
release of signaling molecules into its rhizosphere, referred to as auto-
inducers (Als). There are many QS network types; regulatory mecha-
nisms result in the synthesis and expression of several signaling
molecules, and their gene expressions have been reported by various
workers (Papenfort and Bassler 2016; Rosier et al,, 2018). The homo-
serine lactones signaling molecules range from those with short (C4-,
C6-, and C8-) carbohydrate side chains to long (C12-, C14-, or even
longer) side chains and can contain un-substituted groups in addition to
OH- and oxo-C3-replaced compounds. Although AHLs are the ubiqui-
tous Als for Gram-negative bacteria, arrangements like AI-2 (furanosyl
borate diester; alternative autoinducer), AI3, and quinolones (PQS) and
a range of additional small compounds are recognized as signaling
molecules (Effmert et al., 2012). A new group of Gram-negative bacteria
signals (e.g., dialkylresorcinols and pyrones) that are mediatedby LuxR
proteins werefound to be closely linked to the AHL-responsive LuxR
family (Brameyer et al., 2015); however, it is not clear whether rhizo-
bacteria release these signaling molecules.
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Several bacteria identified from the rhizosphere are known to secrete
QS signal molecules and interact withvolatile organic compounds
(VOGs). For example, species of Sinorhizobium, Pseudomonas, Bur-
kholderia, and Rhizobium are shown in Table 2, and the effect of QS on
plant-microbe interactions is shown in Fig. 1. VOCs are presumed to play
an important role in long-distance interaction within microbial pop-
ulations, microbe-microbe, and plant-microbe associations within the
rhizosphere (Bitas et al., 2013), VOCs have also been known to function
as inter-and intra-species signals by affecting microbial function such as
biofilm formation, stress tolerance, virulence, and gene expression
(Audrain et al., 2015).

Thediffusible signal factor (DSF) family (cis-2unsaturated fatty
acids) is a group of QS signals in Gram-negative rhizobacterial species
such as Stenotrophomonasmaltophilia and Burkholderia spp. (Ryan et al.,
2015). Interestingly, rhizobacterial DSF signaling molecules have also
been shown to generate innate immunity in plants, thereby acting as
inter-kingdom signal molecules (Kakkar et al., 2015). Furthermore, cy-
clic compounds such as diketopiperazines (DKZ) and 2-heptyl-3-hydrox-
y-4-quinolone (PQS) also have been reported as QS signaling molecules
of pseudomonads (McKnight et al., 2000).

Various Gram-positive rhizobacterial root colonizers use peptides as
QS signaling molecules; possibly, these molecules take part in in-
teractions regulating inter- and intra-species functions (Monnet et al.,
2016). Lipid compounds, namely 3-hydroxy-palmitate methyl ester
(30H-PAME) and cis-11-methyl- 2-dodecenoic acid (also referred to as
diffusible signal factor or DSF), have been detected as QS-mediating
molecules (Achari and Ramesh 2015). In Gram-positive bacteria,
several incomplete cyclic peptides, butyrolactone, and AI-2, control
various cellular activities and functions by perceiving the cell quantity.
AlI-2 was anticipated to be a “ubiquitous” QS signal in bacteria, but it
might just be an exuded product of a common metabolic network of
signaling (Winzer et al., 2002; Lyon and Novick 2004).

3.2. Functions and effect of bacterial signaling compounds in the
rhizosphere

QS signaling molecules help rhizobacteria colonize plant-root sur-
faces or rhizospheric associated regions via QS-mediated gene expres-
sion (Rutherford et al, 2012; Nazzaro et al., 2013). The bacterial
subfamily proteins LuxRs interact with small compounds and molecules
but not with QS. The response of LuxRs to various plant signals involves
a complex communal signaling mechanism (Venturi and Fuqua 2013;
Gonzalez and Venturi 2013).

The interactions take place both outside and inside the plants (van
der Burgh and Joosten, 2019), Quorum-imitating AHLs are synthesized
and released in the vicinity by various plant species ranging from
seedlings to mature plants (Teplitski et al,, 2011). Based on differential
proteome analysis, Mathesius et al. (2003) found that protein-related
defense, stress, flavonoid metabolism, hormones, and several regulato-
1y proteins were differentially expressed in plants treated with AHLs,
indicating that AHLs modulate plant physiology. A recent study suggests
that plants have the enzymatic machinery to degrade AHLs (Aziz and
Chapman, 2020; Billot et al., 2020).

Researchers have reported the genes responsible for upregulation of
auxin and downregulation of cytokinin and the ratio of auxin and
cytokinin in a model plant inoculated with C6-homoserine lactone (Cé-
HSL) (von Rad et al., 2008); several workers have proposed the dual
functions of AHL signaling molecules in Arabidopsisthaliana (Hartmann
and Schikora, 2012; Schenk et al.,, 2012), The first study reporting the
impact of AHLs on root biology was published ten years ago (Ortiz--
Castro et al.2008). Short acyl chain AHLs, such as C4 or C6, was
demonstrated to enhance plant growth rate, primarily in elongating the
roots (Bai et al,, 2012; Schenk et al., 2012), in contrast to signaling
molecules with longer acyl chains (e.g, C12 or C14). Hartmanm et al.
(2014) examined the effect of AHLs on plant growth and found it was
more complicated as the interactions may be very specific. For example,
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Table 2

PGPR and its signaling molecules.

References

PGPR Signaling molecul es
S. meliloti Rm1021 Cl14-HSL
3-0x0-C14-HSL
€16:1-9 cis-(L)-HSL
C18-HSL
C12-HSL
S. meliloti AK 631 C10-HSL
S. meliloti Rm41 C8-HSL
3-0x0-C8-HSL
C16-HSL
Agrobacterum vitis C14:1-9-cis-(L)-HSL
Agrobacterium vitis 3-0%0-C16:1-11cis- (L)-HSL,
long-chain AHLs
Pseudomonas C4-HSL
aeruginosa
P. aeruginosa 3-0x0-C12-HSL
Sinorhizobium melilofi  C6-HSL
AK 631
Qchrobactrum sp. 30-C7-HSL; 30HC7-HSL
Pv272
Burkholderia cepacia C8HSL
Burkholderia C8HSL, C10HSL, OHC8HSL,
pseudomallel OHC10HSL,30C14HSL,
C8HSL, 30HC8HSL,
30HC10HSL
Sinorhizobium meliloti  C14HSL to C18HSL
Rhizobium OHC6HSL, 30C6HSL, C7HSL,
leguminosarum 30HC14HSL
Erwinia carotovora 30C6HSL
Bacillus cereus Peptide PapR
aphylococcus aureus  Autoinducing peptide
Burkholderia sp. cis-11-Methyl-2-dodecenoic
acid diffusible signal factor
(DSF); N-acyl-L-HSL; N-(3-
oxoacyl)-LHSL; N-(3-
hydroxyacyl)-L-HSL
Mesorhizobium C8-HSL
Huakuii
Stenotrophomonas ¢is-11-Methyl-2-dodecenoic
Maltophilia acid diffusible signal factor
(DSF)
Bacillus subtilis Peptides
Qchrobactrum sp. 30-C7-HSL; 30HC7-HSL
Pv272
Pseudomonas N-(3-Oxododecanoyl)-
aeruginosa homoserine lactone (OdDHL);
N-butyrylhomoserine lactone
(BHL); 2-heptyl-3-hydroxy-4-
quinolone (PQS); 2-(2-
hydroxyphenyl)-thiazole-4-
carbaldehyde (IQS)
Pantoea agglomerans N-3-Oxooctanoyl-L-
YS19 homoserine lactone

Pseudomonas sp.

Acinetobacter sp.

Pseudomonas
fliorescens

Rhodopseudomonas
sp.

Rhizobium sp.

Bradyrhizobium sp.

Sinorhizobium
Meliloti

N-Acyl-L-HSL; N-(3-oxoacyl)-
LHSL; N-(3 hydroxyacyl) - L-
HSL; 2-heptyl-3-hydroxy-4-
quinolone (PQS)
N-Acyl-L-HSL; N-(3-oxoacyl)-
LHSL; N-(3-hydroxyacyl )-L-
HSL

3-OH-C6-HSL; 3-OH-C7-HSL;
3-OH-C8-HSL; 3-OH-C10-HSL,
C 6-HSL, C8-HS
N-(p-Coumaroyl)-HSL; R =
OH (pC-HSL)

N-Acyl-L-HSL; N-(3-oxoacyl)-
LHSL; N-(3-hydroxyacyl )-L-
HSL

N-(p-Coumaroyl )-HSL; R =
OH (pC-HSL)

C14HSL to C18HSL, 3-Oxo-
Cl6

C8-HSL

Chen et al., 2003
Teplitski et al., 200
Matketon et al., 20
Marketon et al. 2
Marketon et al., 2002
Teplitski et al., 2003
Marketon et al., 2002
Teplitski et al., 2003
Teplitski et al., 2003
Li etal,, 2005

Hao and Burr, 2006

Pearson et al., 1995

Pearson et al., 1994
Teplitski et al., 2003

Imran et al. (2014)

Antunes et al. (2010)
Antunes et al. (2010)

Marketon et al. (2002)
Antunes et al. (2010)

Antunes et al. (2010)
Van Delden et al. (1998)
Grenha et al. (2013)
Schmid et al. (2012),
Chapalain et al. (2013),
Suppiger et al. (2013),
and Ryan et al., (2015)

Wang et al. (2004) and
Braeken et al. (2008)
Alavi et al. (2013); Ryan
etal. (2015)

Duanis-Assaf et al. (2016)
Imran et al. (2014)

Lee and Zhang (2015)

Jiang et al. (2015)

Williams and Cémara
(2009) and Hartmann
and Schikora (2012)

Atkinson and Williams
(2009)

Khan et al. (2005)

Atkinson and Williams
{2009)
Sanchez-Contreras et al.
(2007)

Sanchez-Contreras et al.
(2007)

Marketon et al. (2002);
Mathesius et al., (2003)
and Hartmann et al.
(2014)
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Table 2 (continied)

PGPR Signaling mol ecules References
Mesorhizobium Wang et al. (2004) and
huakuii Braeken et al. (2008)

Bacillus subtilis Peptides Duanis-Assaf et al. (2016)

Pantoea agglomerans N-3-Oxooctanoyl-L- Jiang et al. (2015)
Y519 homoserine lactone

Serratia plymuthica 3-0x0-C6 Pang et al. (2009)
HRO-C48

Ghiconacetobacter C6-, C8-, C10-, C12-, C14-HSL;  Mieto-Penal ver et al.
diazotrophicus 3-0x0-C10-, C12-, C14-HSL (2012)
PALS

Prevotella intermedia Al-2 Frias et al. (2001)

Pseudamonas OdDHLg Wilder et al. (2009)
aeruginosa

Vibrio campbellii Al-2, OH-BHLg, CAI-1 Defoirdt et al., 2008

Vibrio harveyi CAL1, Al-2, OH-BHIg Defoirdt et al., 2008

Vibrio salmonicida AHL Bruhn et al. (2005)

Vibrio vulnificus Al-2 Kim et al. (2003)

Poiphyromonas Al-2 Prias et al. (2001)
gingivalis

Photobacterium OH-OHLg Flodgaard et al., 2005
Phosphoreum

Fusobacterium Al-2 Prias et al. (2001)
Nucleatum

Erwinia amylovora Al-2 Mohammadi and Geider

(2007)

Burkholderia HHIg Poonguzhali et al. (2007)
vietnamiensis

Aeromonas BHL and HHLg Bruhn et al. (2005)
salmonicida

root nodulation in Medicago truncatula was increased by the production
of long-chain 3-ox0-C14-HSL by Sinorhizobium meliloti (Veliz-Vallejos
et al., 2020). Interestingly, the increased nodule number occurred only
after a treatment with 3-oxo-C14-HSL, which is the main AHL compo-
nent of S. meliloti. but when treated with other AHLS, there was no effect.
Whereas, in Vigna radiate only 3-0x0-C10-HSL induced adventitious
roots but not the unsubstituted C10-HSL or C12-HSL (Bai et al., 2012).

Several plant genes were upregulated, related to secondary meta-
bolism (e.g., phenols), which resulted in a pathogen challenge. Conse-
quently, those plants amass phenolic and callose compounds (Schenk
and Schikora 2015), indicating the effect of QS molecules of the AHL
group on plant physiology and its importance in developing stress
tolerance regulations in plants against stressors (Fig. 1).

3.3. Inter- and intra-species signaling and signal interference

Upon identifying the signaling molecules at a particular concentra-
tion, transcription of specified genes directed by this mechanism is
stimulated in the rhizobacteria. Several rhizobacterial mechanisms are
controlled by the QS signals, which involve DNA transferase by side-
rophore production, biofilm formation, bioluminescence, conjugation,
and stimulating potential of some rhizobacteria, often known as
“swarming” (Barriuso et al., 2008b; Bramhachari, 2019). These signals
can also be engineered in plants on trans-kingdom level in order to
control gene expression in rhizospheric bacteria (Geddes et al., 2019),

The production of AHLs by diazotrophs such as Rhizobium legumi-
nosarum suggests QS promotes signaling in the mature nodule (Daniels
et al., 2002). Moreover, it is hypothesized that QS also affects rhizo-
bacterial flow linked with host plants. For example, flavonoids produced
by legumes enhance synthetic AHL gene’ expression in rhizobia
(Pérez-Montafio et al,, 2011). As anticipated, signaling among various
microbes also occurs and certainly has consequences for plant-microbe
interactions. During interspecies interaction, Als secreted by any spe-
cies can alter the behavior of its competitors. AHLs are also reported to
act as interkingdom signaling molecules that affect plant gene expres-
sion, initiate systemic plant resistance, and influence plant growth
(Venturi and Fuqua 2013) (Fig. 2).

The process of hindrance in QS signaling is termed quorum
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Fig. 1. Role of quorum sensing in plant-microbe interaction: Their impact and importance in developing stress tolerance in plants against stressors.

quenching (QQ) (Lareen et al,, 2016a,b). Plants can use several ap-
proaches to avert bacterial QS signaling, including the inhibition of AI
biosynthesis and/or secretion, enzymatic degradation of these mole-
cules, and disruption of their binding, receptors, and regulator site (Koh
et al.,, 2013) (Fig. 2). For instance, plants produce cytokinins and IAA
that affect QS. Beneficial bacteria can also protect plants by interfering
with QS that disrupts pathogen signaling and plant colonization.For
instance, microbes may utilize enzymes like acylase and lactonase,
which degrade AHLs or release VOCs that impede bacterial AHL pro-
duction (Hong et al., 2012; Aziz and Chapman, 2020).

3.4. Biofilm formation through signaling by rhizobacteria

Biofilm formation under various stress conditions is an effective
technique used by bacterial strains to ensure their survival in the plant
rhizosphere. Rhizospheric biofilms can be both beneficial and patho-
genic. The natural QS-driven beneficial biofilms that occur in rhizo-
sphere suppress the plant pathogens and can be used as biocontrol
agents, an alternative to chemicals (Harjai and Sabharwal, 2017).
Pérez-Montario et al. (2014) examined the bacterial surface components,
especially mucopolysaccharides, and revealed that the formation of
biofilm allows rhizobacteria to colonize their vicinity and remain vital
under ecological stresses such as nutrient limitation and drought. This
condition is often crucial for regular existence in bacteria of the genera
Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium. For
example, biofilm production makes the conditions more favorable for
root inhabitation and symbiosis among Glycine max cv Osumi and
Sinorhizobium fredii SMH12. In S. fredii, nod gene-stimulating flavonoids
and the NodD1 protein are responsible for developing the biofilm
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configuration from monolayer to microcolony. The expression of the
NodD1gene has been linked to flavonoids production, which induced
specific QS regulations of the symbiotic biofilm (Pérez-Montano et al.,
2014). Paungfoo-Lonhienne et al. (2016) established the function of QS
in the inhabitation and formation of biofilm by Burkholderia Q208, a
PGPR of Australian sugarcane; it was found to have an extremely
conserved QS regulation, designated Bral/R, programmed by three
genes (bral, rsal and braR) for synthesis of, and reaction to, N-AHLs. In
the biofilm formation by Burkholderia, rsaL and braR are downregulated
while braf is upregulated (twofold).

4. Microorganisms to plants signaling: quorum sensing in plant
growth-promoting rhizobacteria

AHLs have been reported to contribute as signaling molecules in
inter-species communication among rhizobacteria (Bukhat et al., 2020).
Nevertheless, there is a dearth of knowledge regarding inter-species
communication in the natural habitat of microbes. Recent studies also
found that these bacteria produce the -cyclodipeptides cyclo
(L-Pro-LVal), cyclo (L-Pro-L-Phe), and cyclo (L-Pro-L-Tyr), which mod-
ulates auxin-responsive gene expression in roots (Ortiz-Castro et al,
2020), Mathesius et al. (2003) reported the root exudates of Medicago
truncatulacontained substances that mimic a AHL function that regulate
AHL-regulated response in bacteria. The chemical constituent of such
active QS-acting signaling molecules is not yet characterized and re-
quires further study (Chen et al,, 2002; Podile et al., 2013). A recent
hypothesis reveals that alkamides andN-acylethanolamines (NAEs) are
excellent candidates to act as AHL mimics, regarding their structural,
chemical identity (Aziz and Chapman, 2020). Expression of QS appeared
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to be based not only on signaling molecules but also on the bacterial
population density (Papenfort and Bassler, 2016).

As QS is used in the communication between a plant with its rhizo-
bacteria, only a low concentration of the primary inoculum of PGPR is
needed to promote plant growth (Persello-Cartieaux et al., 2003). The
most effective PGPR inoculation was expected in organic and mineral
poor soils or stressed soils, when development of the resident microflora
was inhibited. This reseacrth was evaluated by using mathematical
modeling and computer-based simulations (Strigul and Kravchenko
et al., 2006). Particularly under field conditions, inoculation is not al-
ways successful due to the low survival rate of the inoculum. The
balancing mechanism of QS and Als may permit endophytic isolates to
communicate with other linked endophytes and plant hosts, thus pro-
tecting mutualistic associations and habitat inside the plant tissues.
PGPR can respond to QS-similar signaling molecules released by plants
and other rhizospheric bacteria and even inactivate the QS signaling
molecules released by other rhizobacterial species (Dong et al., 2002),
For example, Bacillus releases various enzymes to inactivate or cleave
the AHL produced by other Gram-negative bacteria. The AHL-cleaving
enzyme, aiiA, allows Bacillus strains to break the lactone bond of AHLs
through hydrolysis, expressing a procedure for an autoinducer-cleaving
activity that permits these bacteria to co-exist with other Gram-negative
bacteria (Lee et al,, 2002). Therefore, the rhizobacteria’s role can be
directly or indirectly altered by plants and other microbial community
members via QS signaling molecules (Podile et al., 2013).

4.1. QS and its role in regulating plant response

Besides regulating microbial functions, the QS molecules secreted by
PGPR also evoke plant responsesthatarebeneficial to those host plants
(Kusari et al,, 2015). For instance, plants may respond more adeptly to
biotic alterations when exposed to QS molecules (Lareen et al., 2016a,b;
Schenk and Schikora et al,, 2016). AHLs can alter plant physiology;
when treated with N-(butanoyl)-L-homoserine lactone (C4-HSL) and
N-(hexanoyl)-L-homoserine lactone (C6-HSL), the auxin/cytokinin ratio
in Arabidopsis thalianawas altered which affected the root growth (von
Rad et al,, 2008).The dual function of AHLs in Arabidopsis thaliana has
been examined; the short acyl chain AHLs enhance the growth rate and
primary root elongation, whereas the long acyl chain AHLSs, such as
N-(tetradecanoyl)- L-homoserine lactone (C14-HSL) or N-(dodeca-
noyl)-L-homoserine lactone (C12-HSL) stimulate pathogen resistance
(Palmer et al, 2014). This process is called the AHL-priming or
AHL-induced resistance method (Fig. 2). Additionally, the effect of AHLs
may vary among plant species. The response of plants to AHLs depends
on AHL structures, the amount released and plant species. As already
indicated, AHLs can stimulate plant pathogen resistance, and jasmonic
acid/salicylic acid-dependent pathways were suggested as part of this
response (Schenk and Schikora, 2015). Inaddition to causing changes in
plant’s physiological and stimulation of pathogen resistance, QS bacte-
rial compounds also evoke the formation and secretion of compounds
that imitate bacterial QS molecules in their effects on plants (Fig. 2)
(Teplitski et al., 2000; Corral-Lugo et al., 2016; Hartmann et al,, 2014;
Pérez-Montarno et al,, 2013). AHL imitates and regulates QS at several
levels, particularly inducing or repressing the AHL receptor of bacteria
involved in symbiotic or pathogenic associations with their host plants
(Rasmussen and Givskov, 2006). A study also concluded that a plant
secreted rosmarinic acid when infected by Pseudomonas aeruginosa. The
natural ligand of the bacterial QS activator RhIR induces QS-mediated
biofilm formation and secretion of virulence factors. Thus, rosmarinic
acid was released as a plant defense mechanism to impede QS by
P. aeruginosa and thus reduced its pathogenicity (Corral-Lugo et al.,
2016). In addition, D-(+)-catechin impedes the recognition of C4-HSL
negatively via RhIR of P. aeruginosq, leading to a reduction in the
secretion of QS signals and virulence factors (Vandeputte et al.,, 2010).
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4.2. Examples of QS in endophytes

Endophytes are often documented in enhancing plant defense
mechanisms by quorum-averting methods. Intriguingly, endophytes are
frequently observed to have a QS mechanism that facilitates their
colonization of host plants and thwartsplant pathogens (Khare et al,
2018). For example, Burkholderia phytofirmansstrain PsJNT is reported
to enhance endophytic association with various plants and promote a
favorable plant-rooting structure with enhanced vascular arrangements,
an improved quantity of phytohormones and chlorophyll, and provides
resistance to phytopathogens. It was documented to exude a quorum
autoinducer, i.e, 3-hydroxy-C8-homoserine lactone (Sessitsch et al,
2005). Serratia plymuthica, with extensive biological control ability, was
reported as retaining copious amounts of homoserine lactone (HSL),
videlicet, C4-HSL, C5-HSL, C6-HSL, C7-HSL, C8-HSL, and 3-hydroxy
derivatives (3-hydroxy-C6-HSL, 3-hydroxy-C8- HSL), and 3-oxo de-
rivatives (3-0xo-C6-HSL, 3-0x0-C7-HSL, 3-0xo-C8 HSL) (Liu et al,
2011). Pantoea agglomerans, the olive plant epiphyte, and an endophyte
(Erwinia toletana) associated with olive knot infection were found to
secret signals similar to AHLs. This study is an example of tripartite
associations among plants and associated microbes (Hosni et al., 2011).
The genome sequencing of endophytic Gluconacetobacter diazotrophicus
PALS5 associated with Saccharum officinarum showed the mechanism of
QS and recognition of five AHLs, namely C6, C8, C10, C12 and C14-HSL
(Nieto-Penalver et al., 2012). Dourado et al. (2013) described the misuse
of quorum signaling molecules for Methylobacterium interaction with
plants. A gene sequence was modified in plants and Methylobacterium,
simultaneously initiating symbiotic interaction and colonization,
showing the mutualistic association on QS mechanisms.

5. The role of quorum sensing signaling molecules in agriculture

The growing demand for food and the concernrelated to food quality
are leading to the demand for novel and effective sustainable agricul-
tural practices. PGPR is one of the most promising tools used in the
agricultural industry. These beneficial microorganisms can act as bio-
fertilizers to promote plant growth and stress tolerance, as well as
combat plant pathogens. They boost plant resistance to infections via
ISR and SAR. PGPR are an effective, sustainable, and environmentally
friendly alternative to chemical fertilizersto be used in agriculture.For
example, the use of nitrogen-fixing rhizobia (e.g., Sinorhizobium meli-
loti), with enhanced release of specific AHLs, might increase bacterial
benefits and improve plant species effects not linked with specific strains
(Zarkani et al., 2013; Hernandez-Reyes et al. 2014).

During the infection period, QS molecules direct the bacterial po-
tential to produce biofilms and other density-regulated traits. Those
molecules participate in the crucial role of QS among plant and bacterial
cells. Several researchers have reported the role of QS molecules in
controlling plant disease and the ransmission of phytopathogens. Bar
riuso et al, (2008a) documented AHLs QS signaling compounds’ fune-
tions in promoting plant growth and enhancing defense against salt
stress. Johnson and Waleott (2013) documented that Acidovorax citrulli
transformed from saprobic to pathogenic growth, causing bacterial fruit
blotch (BFB) from seed-to-seedling in cucurbits; they concluded that QS
was involved in the regulation of this transition. The role of QS in
regulating genes was involved in the transmission of BFB to seedlings.
Alavi et al. (2013) documented the DSF QS system’s function in regu-
lating the progressive impact of Stenotrophomonas maltophilia on plants.
Oilseed rape seeds modified with the wild-type strain showed a signif-
jcant improvement in growth rate compared to those coated with the
mutant that lacks the gene mpfF for the regulation of DSF. They
concluded that the QS molecule DSF is responsible for directing phe-
notypes in pathogenic Stenotrophomonas.Z(niga et al. (2013) reported
the importance of AHLs in mediating QS in well-organized colonization
of Arabidopsis thaliana and the coordination of beneficial interactions
using suitable mutant strains of Burkholderia phytofirmans PsJN. These
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researchers also concluded that rhizobacterial reduction of the auxin
indole-3-acetic acid (IAA) participates in promoting plant growth
characters and is important for successful root inhabitation. A recent
study supports that the critical role of auxin degradation by enzymes
encoded in bacterial operons to modulate the behavior of synthetic
bacterial communities and affect root growth have been examined
(Finkel et al., 2020). Moreover, Jiménez-Vazquez (2020) demonstrated
thatan Achromobacter strain drives discrete root movements interfering
with auxin transport and gravitropism.In addition, the interruption of
QS via quorum quenching offers an interesting strategy to combat bac-
terial pathogens in agriculture. The use of enzymatic degradation of AHL
have been reported to reduce the virulence of several plant pathogens
(Rodriguez et al., 2020; Helman and Chernin, 2015; Faure and Dessaux,
2007).

6. Conclusions

Significant advances in understanding chemical signaling associated
with plant-microbe interactions have contributed to clarifying the
mechanisms involved in their associations. In this review, we have
summarized the chemical signaling in the rhizosphere, the role of QS
molecules in plant-microbe and microbe-microbe interactions, and their
potentialapplications in agriculture. Investigation of symbiotic re-
lationships provided valuable knowledge for the understanding of plant
and microbe chemical signaling. However, in order to provide fune-
tional knowledge regarding the role of plant-microbe interaction, mo-
lecular entities involved in both plant and microbe signals must be
interconnected. Moreover, each biological system’s distinctiveness
needs to be examined in depth as the interactions between specific
signaling molecule and their targets are highly complex and difficult to
generalize. There isknowledgegap in rhizospheric signaling that require
further research and scientific attention. A better understanding in the
metagenomic of the rhizosphere would provide further insight into the
interactions of thizobacteria and the host plants. Currently, only a small
percentage of the genomes of rhizobacteria have been sequenced.A
better understanding of QS molecules and the QQ process would also-
help to develop novel strategies for agriculture in future.
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ARTICLE INFO ABSTRACT

Article history: This study aimed to assess the heavy metals accumulation patterns by some native
Received 6 January 2021 plants such as Achyranthus aspera L., Amaranthus viridis, Basella alba L., Sesbania bispinosa,
Received in revised form 10 February 2021 Pedatiym murex L., and Momordica doica, which have been traditionally employed for
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Avalable online 16 February 2021 medicinal and food purposes. The plants were grown on complex distillery waste

containing a mixture of organometallic compounds. Results revealed bioaccumulation

Keywords: of Mn, Cd, Fe, Cr, Cu, As, Se, Mo, and Co in their roots, shoots, and leaves in levels
Medicinal plants higher than the surrounding sludge. A aspera was noted as root accumulator for Mn
Heavy metals (16.95 mg ke™!), Zn (30.12 mg ke™"), Fe (240.40 mg kg™'), Co (3.19 mg kg™!), while
Androgenic waste Se (407 mg kg™, Mo (4.36 mg kg~1), was accumulated selectively in the shoot of the
Phytofeme_diaﬁ*m plant. Similarly, S. bispinose, P. murex, and M. doica were found as root accumulators
Detoxification for Mn, Fe, and Ni. A. viridis accumulated Cd, Zn, and Cu in the shoot and leaves of the

plant. The high bioconcentration factors (BCF) and translocation factors (TF) observed in
these native plants (>1) suggested their tendency to hyperaccumulate heavy metals. The
findings highlighted that these plants as a potential metal accumulator may pose health
hazards and deteriorate the medicinal property if grown on such wastes.

©2021 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal pollution in soil, water, and food material is a major threat to human health. Industrial wastes and geo-
genic activities are the major sources of heavy metals in the environment (Annan et al., 2013; Shammi et al.,, 2016; Sharma
et al,, 2021b). In India, several industries like distilleries, tanneries, pulp paper industries, electroplating industries, steel,
and iron industries discharge a mixture of heavy metals along with various complex organic wastes into the environment.
Due to the complexity in the matrix and non-degradability of the heavy metals, such discharge poses significant challenges
for its remediation (Gupta and Sinha, 2007; Chandra et al., 2017; Kumar et al., 2013; Sushil and Batra, 2006). Heavy metals
tend to accumulate in the soil, water, and plants in the environment, which could contaminate the food chain subsequently
(Chandra et al., 2009; Sharma et al., 2020b; Sharma and Rath, 2020; Singh et al,, 2012). For example, Indian mustard grown
in distillery effluent irrigated soil showed significant accumulation of heavy metals (Cd, Cu, Fe, Mn, Ni, and Zn) in their
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edible parts (i.e. seeds and leaves) and could pose a health risk to humans (Bharagava et al.,, 2008). It is noteworthy that at
<10% (v/v), the effluent showed an inducible effect on the growth of the mustard plant; while at >10% (v{v), the effluent
showed an inhibitory effect on the various physiological parameters of the plants.

Various physicochemical methods i.e. filtration, flocculation, reverse osmosis, and chemical precipitation have been
used for remediation of heavy metals from the terrestrial and aquatic environment, but they are energy-intensive and
not cost-effective (Blocher et al., 2003; Dialynas and Diamadopoulos, 2009; Bratskaya et al., 2009). Phytoremediation has
emerged as a promising green technology for the decontamination of metals in polluted sites (Ghassemzadeh et al., 2008;
Singh et al., 2017; Sharma et al,, 2020a). Recent studies have highlighted the phytoextraction potential of some native
plants such as weeds and grasses from metal-contaminated sources and organometallic industrial sludge disposed sites
(Gupta and Sinha, 2007; Chandra et al., 2018; Franchi et al,, 2017; Sharma et al, 2021a). Among the potential metal
accumulators, several are known as food and medicinal plants (Shammi et al., 2016; Singh and Prasad, 2014). According
to the World Health Organization (WHO), more than 70% of the modern world’s population rely on medicines of herbal
origin for their health care (Jaison and Muthukumar, 2017; Annan et al., 2013). The herbal preparation is presumed to be
safe from all the contaminants, but studies have shown that they may be contaminated with various heavy metals like
cadmium, chromium, lead, mercury, zinc, copper, nickel and manganese, etc. Several metals are intentionally added to
the herbal preparation in the form of traditional medicine i.e. Ayurveda, and in many instances, they are artifacts of the
manufacturing process. Various leafy herbal plants are known for their applications in medicine and have the inherent
ability to bioaccumulate heavy metals, up to several folds higher than the surrounding soil. However, the capacity of
plants to accumulate heavy metal may vary within and among the plant species (Jaison and Muthukumar, 2017; Sharma
et al.,, 2020c). The heavy metal contamination in food and medicine could become health hazards and may also change the
chemical properties of medicine. Ignorance of heavy metal accumulation in the raw material used in herbal preparation
can lead to serious and long-term side effects (WHO, 1978).

Sugarcane molasses-based distilleries are sources of complex environmental pollutants due to the presence of various
heavy metal-containing organic pollutants. In India, there are more than 317 sugarcane molasses-based distilleries
in operation that generate on average 1500 tonnes of sludge per day during the anaerobic digestion of spent wash
(Kansal et al., 1998). This reflects the magnitude of environmental pollution caused by solid waste generated from the
distillery sector all over India. These sludges contained high iron (Fe), zinc (Zn), copper (Cu), chromium (Cr), cadmium
(Cd), manganese (Mn), nickel (Ni), and lead (Pb) content, all present in concentrations above the prescribed limit
in the environment recommended by US Environmental Protection Agency (USEPA). Recent studies highlighted that
distilleries sludge contains several persistent organic compounds e.g. dodecanoic acid, octadecanoic acid, n-pentadecanoic
acid, hexadecanoic acid, p-sitosterol, stigmasterol, f-sitosterol trimethyl ether, heptacosane, dotricontane, lanosta-8, 24-
dien-3-one, 1-methylene-3-methyl butanol, and 1-phenyl-1-propanol as androgenic and mutagenic compounds. These
compounds are listed by the USEPA as endocrine-disrupting chemicals (EDCs) (USEPA, 2012). Due to the complexation of
metals with organic compounds, these organometallic compounds restricted the bioavailability of metals to plants. Hence,
the generated sludge remains alkaline with a high pollution load of carcinogenic and mutagenic compounds that further
impede biodegradation and subsequently damaged the vegetation at the dumping site. Many common native medicinal
plants are found to grow well on disposed sludge of distillery waste, however, the accumulation of heavy metals by these
plants in the environment from the multi-metal contaminated site is not well studied (Jaison and Muthukumar, 2017;
Shammi et al., 2016). To understand the impact of complex industrial wastes in plants and explore their potential for
phytoremediation, there is a need to identify the mutagenic and carcinogenic constituents of the distillery sludge and the
metal-accumulation patterns in these native plants. Therefore, the main aim of this study is to assess the different metal
accumulation patterns by these native plants which are well known for their medicinal use. Recognizing the distribution
pattern of heavy metals in various parts or plant tissue will help to promote the correct usage of the plant materials and
prevent accidental intake of heavy metals. This study seeks to determine heavy metal accumulation by different leafy
medicinal plants from the sugarcane molasses-based distillery waste.

2. Material and methods
2.1. Sample collection and site description

The collection of plants and distillery sludge were carried out in month April to October (2019) from M{s Unnao
distillery and breweries, situated in Uttar Pradesh, Unnao, India (26°320™ N, 80°30°0"E). The distillery unit produces 9000
kilo litre alcohol and generates approx. 800 tonnes of sludge annually (AIDA, 2004). Freshly disposed dried distillery
sludges cakes (approx. 5.0 kg) were collected in clean pre-sterilized polythene bags from the sludge dumping site of the
distillery plant located inside the premises of the industry. It was treated as the control. Five healthy plants of each species
growing on the sludge were collected from the site intermittently with a gap of one month to investigate changes in their
properties. The abundant luxuriant growth of six plant species was identified as Achyranthus aspera L, Amaranthus viridis,
Basella alba L, Sesbania bispinosa, Pedalium murex L. and Momordica doica with a standard method according to Duthie
flora of Indo-Gangetic plain (Duthie et al., 1903).
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2.2. Physico-chemical analysis of sludge before and after plant growth

The physico-chemical parameters e.g. pH, electrical conductivity (EC), chloride (CI=), sodium (Na*), and nitrate (NO; )
of the distillery sludge was analyzed and estimated according to the method described by Chandra et al. (2018). The dried
sludge cake was treated as a control while fresh sludge samples from the poluuted site were used for metal accumulation
study. The phenol contents in sludge were determined as per standard methods described by the American Public Health
Association (APHA, 2012). The pH and EC values (sludge: water = 1:2.5 w/v) of sludge samples were measured using an
Orion pH meter (Model-960, Thermo Scientific, FL, USA) and Orion conductivity meter, respectively (Chandra et al., 2008).
The total content of Fe, Zn, Cu, Mn, Ni, and Pb was measured using atomic absorption spectrophotometry (AAS) (ZEEnit
700, Analytic Jena, Germany) after acid digestion (APHA, 2012). While the BOD, COD was measured in prepared leachate
from distillery sludge as described previously (Sharma et al., 2020c).

2.3. Scanning electron microscopy (SEM) and Fourier transform-infrared spectrophotometry (FTIR) analysis of sludge

One gram of distillery sludge was dried in a hot air oven (Evolution-201, Thermo Scientific, USA) at 50 °C overnight
till constant weight. The sample was crushed into powder form in a porcelain mortar (Evolution-201, Thermo Scientific,
USA) as previously described (Yadav and Chandra, 2018). Further, the sludge sample was treated in 2.5% glutaraldehyde
for 3-4 h and postfixed with 1% Osmium tetroxide for 2 h before sputter coated in a gold film and examined under
SEM and EDAX (SEM, QUANTA FEG 450, FEI, and the Netherlands) (Yadav and Chandra, 2018). The sample was further
analyzed using Fourier transform-infrared spectrophotometry (FTIR) using a spectrophotometer (Nexus-890, Thermo
Electron Co., Yokohama, Japan). For elemental analysis of the sludge sample, an area was selected, and the elements
in the sediment were examined by a high-resolution SEM equipped with an EDX system (SEM, QUANTA FEG 450, FEI, and
the Netherlands). Fourier transform-infrared spectrophotometry (FTIR) analysis of the sludge sample was also performed
using a spectrophotometer (Nexus-890, Thermo Electron Co., Yokohama, Japan). The sample was dispersed in spectral-
grade KBr (Merck, Darmstadt, Germany) and made into pellets by applying 5-6 tons cm=2 of pressure for 10 min using
hydraulic pressure (Specac, United Kingdom) instrument. The spectrum was generated in the range of 400 to 4000 cm ™2
with a resolution of 4 cm™" for all samples (fresh sludge, and a plant grown sample).

2.4. UV-Vis spectral and high-performance liquid chromatography (HPLC) analysis of leachate

The collected sludge samples were pooled, mixed, and then air-dried before ground with a pestle mortar to crush the
entire available particle; the crushed samples were sieved through a 63 pwm pore size sieve to get a homogeneous powder.
Further, the solvent (ethyl acetate) extraction was carried out to obtain 10% leachate from the sludge as described earlier
(Chandra et al., 2008). Briefly, 100 g of sludge was added to 1000 ml of ethyl acetate (w/v) and the mixture was shaken
continuously for 3-4 hr at room temperature (25 + 2 °C), and the suspension was filtered through a 0.22 pm syringe
filter. Furthermore, organic pollutants in the sludge sample were measured using a UV-Vis spectrophotometer (Thermo
Fisher Scientific Shanghai spectrophotometer Evolution 2001, China) at a wavelength between 200-700 nm at ambient
room temperature (25 °C) an HPLC equipped with a 2487 UV-Vis detector and using Millennium software (Waters 515).
The samples (20 pl) were injected at a rate of 1 ml min~' using an acetonitrile: water ratio of 70:30. To analyze the
compounds at 320 nm by HPLC, a reverse-phase C-18 column (250 x 4.6 mm, particle size 5 pwm) at 27 °C was used
(Chandra et al., 2018).

2.5. Extraction and characterization of residual organic pollutants through GC-MS analysis

2.5.1. Solid-liquid extraction

Various organic compounds from the distillery sludge were extracted using ethyl acetate as per the previously
mentioned method (Chandra and Kumar, 2017). The extraction was repeated three times. The organic solvent phase
was dried over anhydrous Na,SO4, and the solvent was evaporated to dryness using a stream of nitrogen gas at room
temperature. Dry organic filters were makeup in 1.5 ml ethyl acetate and filtered through 0.22 pm syringe filters
(Millipore Ltd, Bedford, Massachusetts, USA) and used for GC-MS analysis.

2.5.2. Characterization of organic pollutants

The extracted samples were derivatized with trimethylsilyl (TMS) as described earlier (Chandra and Kumar, 2017).
An aliquot (2.0 pl) of the derivatized sample was injected in a GC-MS instrument (Trace GC Ultra Gas Chromatograph;
Thermo Scientific, FI, USA) equipped with a TriPlus auto-sampler coupled to TSQ Quantum XIS triple quadrupole mass
spectrometer (Thermo Scientific, FL, USA). Separation of organic compounds occurred in a DB-5MS capillary column. The
temperature of the GC oven started from 65 °C (hold for 2.0 min), increased to 230 °C at a rate of 6 °C min~', and
finally reached 290 °C (hold for 20 min) at the rate of 10 °C min~". Helium was used as carrier gas at a flow rate of 1.1
ml min~". The mass spectrum (MS) was operated in the positive electron ionization (+EI) mode at 70 eV. The detected
organic compounds extracted from fresh and plant grown samples were identified by matching with the MS library NIST
version 1.0.0.12 available with the instrument.
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2.6. Digestion of plants for metals estimation

To estimate the metal content accumulated in the potential plant tissue of native plants, the uprooted plants were
washed thoroughly with deionized water to remove all the sludge particles from the roots, followed by rinsing with a
10 Mm solution of calcium chloride. Subsequently, the plant’s roots, shoots, and leaves were separated and chopped into
small pieces, and the resulting biomass was oven-dried at 70 °C for 5 days till constant weight. The dried plant parts
were washed in a muffle furnace at 460 °C for 6 h. The weighted ash from these samples was digested in 2% nitric acid
(HNO3) and filtered through a 0.45 pM glass fiber filter (AOAC, 2002). One gram (1.0 g) of dried and sieved sediments was
digested with 10 ml of HNO3. If brown fumes appeared, additional 5 ml of HNO3; was added and digestion continued till
no generation of brown fumes. The concentrations of Cr, Zn, Mn, Ni, Cu, Fe, Cd, and Pb were determined by AAS (Chandra
et al,, 2017).

2.7. Metals accumulation efficiency

To evaluate the metal accumulation efficiency in plants, the bioaccumulation coefficient factor (BCF) and translocation
factor (TF) were calculated. BCF is defined as the ratio of metal concentration in the root to the soil, and TF is the ratio
of metal concentration in the shoot to the root. BCF and TF were calculated according to the formulae below which have
also been reported earlier by Yoon et al. (20086).

BCF = Croot/Catudge (1
TF = cshont/ cmot (2)

Where, Croot = concentration of metal in plant root (mg kg ™), Cyuage = concentration of metal in distillery sludge (mg
kg1, and Cgoee=concentration of metal in mg kg=" as per the dry weight of plant shoot. Both BCF and TF have to be
considered for evaluating whether a plant is a metal hyperaccumulator.

2.8, Histological observations of root tissues by transmission electron microscopy

Root segments (2.0 mm in length) of selected plants were immersed in H,S saturated water as pre-treatment for 30
min at room temperature to precipitate trace elements. The root sample was washed with 0.1M SCB (sodium cacodylate
buffer, pH 7.2) and fixed in 2.5% glutaraldehyde (v{v) prepared in sodium cacodylate (Ladd Research Industries, Williston,
USA) buffer (pH 7.2) for 2 h at 4 °C. The root tissue was washed three times with 0.1M SCB with a 10 min interval between
each washing and postfixed in 1% 0sO4overnight. The fixed tissue was washed with SCB, dehydrated in graded acetone
series, and embedded in the Araldite-DDSA mixture (Ladd Research Industries, Williston, USA). After backing at 60 °C,
blocks were cut (60-80 nm thick) by an ultra-microtome (Cryo Leica EM UC7, Leica Microsystem, India), and the sections
were stained by urany! acetate and lead citrate. Analysis of the section was done under transmission electron microscopy
(TEM) (FEI Tecnai™ G2 Spirit Twin, Hillsboro, USA) at an accelerating voltage of 80 kV (Chandra et al., 2018).

2.9. Statistical data analysis

In-situ phytoremediation process and metal accumulation compared with the original distillery sludge (pre-treatment)
and Student’s t-test (p < 0.001) was carried out. To confirm the variability of data obtained and the validity of results, the
mean concentration of heavy metals in the root, shoot, and leaves were subjected for the ANOVA analyses (Ott, 1984). All
statistical analyses were carried out using the SPSS statistical software (version 17.0; SPSS Inc., Chicago, IL, USA).

3. Results and discussion
3.1. Physico-chemical characterization of fresh and after plant growth sample of sugarcane molasses sludge

All the physico-chemical parameters in leachate and sludge of the distillery waste were above the permissible limits as
shown in Table 1. The BOD/COD ratio indicated low degradability due to the presence of recalcitrant compounds (Kumar
et al,, 2010). Different metals (i.e. Mn, Cr, Zn, Cu, Fe, Pb, Cd, and Ni) were also found in concentrations higher than the
USEPA guideline (2012). The high content of heavy metals in distillery sludge might be due to the corrosive effect of
sugarcane juice in sugar manufacturing industries and the boiling of the juice during molasses separation, fermentation,
and distillation process of sugar cane molasses in the distilleries. In the subsequent step, the metals might be leached into
the spent wash from the drainage pipe due to high acidic conditions. The leaching of heavy metal in the acidic medium
in the industrial process is well documented in a previous study (Noor and Al-Moubaraki, 2008).

While after plant growth, various pollution parameters, phenol, and potassium, phosphate, nitrogen contents, and the
metal contents were significantly reduced from fresh sludge (Table 1). These data provided a strong indication of the
phytoextraction capability of heavy metals and the phytoremediation potential of organic pollutants of the native plants.
The repeated application of metal-containing industrial effluent in irrigation also showed the accumulation of toxic metals
in the edible parts of crop plants (Chandra et al., 2009). The high content of heavy metal in distillery sludge and their
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Table 1
Physico-chemical characteristics of discharged distillery fresh sludge before and after plant growth collected from M/s Unnao Distillery Pvt. Ltd,

Unnao, Uttar Pradesh, India,

Parameters Sludge before plant Sludge after plant Reduction % Permissible CPCB (2017)
growth growth limit (USEPA,
2012)
Color appearance Blackish Brown Brown - - -
Odor like molasses Like molasses - - -
pH 867 £ 0.16 7.95 + 0.22° 94,5% 8.00 £ 0.01 754 £ 001
Biological oxygen 416682 + 88.22 2500.11 + 86.60° 60.0% 40,00 47,00 £ 0,00
demand
(BOD) (mg I")
Chemical oxygen 1252718 + 182.22 6850.84 + 128.11° 54,68% 121.00 79.00 £ 0,01
demand
(COD) (mg I-1)
Electrical 1916.66 + 60.09 100333 £ 31,79 50% 1000 950
conductivity (EC)
Total Dissolve 1072078 + 260.44 552199 + 151.29* 51.3% 50-70 70 £+ 0.00
solid
(TDS) (mg I~1)
VS (mg i) 1214.34 + 36,01 515,84 + 14.60° 41,16% 20 £ 0.01
Chloride (mg I7!) 293533 £ 7095 119333 + 52,06 40,45% 750,00 11.82 £ 0.01
Total Nitrogen 22851 £ 878 141,81 + 5.87° 57.7% - 9,90 £+ 0.00
(TN) (mg 1)
Phenol (mg I1) 8015 + 73.99 270233 + 3589° 33.33% 050 -
Sulfate(mg 1-1) 15,616.95 + 606,47 8557,15 + 83,36 55,31% 750,00
Phosphate 48,04 £+ 1.52 2190 £ 0.92° 51,97% - 340 £+ 0.01
(mg I°1)
Heavy and alkali
metals
Mn (mg 1Y) 8.75 + 052 358 + 022" 40,98% 0.20 0.15
Cr (mg 1= 373 £ 038 1.06 + 0.12° 26.0% 0.05 001
Zn (mg 1) 1884 + 089 823 4 067 35.10% 200 128
Cu (mg 1) 391 + 021 050 + 008" 12.56% 050 0.19
Fe (mg 1) 42388 £ 733 186.44 + 8.89 41.46% 2,00 1.45
Pb (mg 1) 5.08 £ 0.27 186 £ 0.25¢ 32.81% 0.05 0,02
Cd (mg 1) BDL BDL BDL BDL BDL
Ni (mg 1) 878 £ 0.64 391 £ 0.58° 40,14% 0.10 0.04
Na (mg 1) 488,28 + 6.68 6325 £ 370 20.49% 0.04 001
K (mg 1) 24515 £ 1030 136,99 + 1.99 60.86% 0.09 0.02

All the values are Mean + SE. (n = 3); Unit of all parameters is in (mg 1=!) except pH, color (Co-Pt, Unit) and EC (umhos cm~'); Students ¢ test
(two tailed as compared to pre-treated sludge); BDL: below detection limit.

¢Highly significant at p < 0.001,

bSignificant at p < 0.01,

“Less significant at p < 0.05,

MSNon-significant at p> 0.05,

adverse effect on seed germination and growth parameter of green gram Phaseolus mungo L. were reported in a study by
Chandra et al. (2008). However, in the current study, the native medicinal plants did not appear to be affected negatively
by the elevated metal contents, further suggesting their tolerance to heavy metals. The high affinities of metallic ions
with organic pollutants are known to restrict the bioavailability of metals to plants (Migo et al., 1997). The ability of the
plants to accumulate heavy metals might be due to increased solubility and availability of metal resulting from the plant
microbe’s interaction (Rajkumar et al., 2012).

The increase of electric conductivity after plant growth on the distillery sludge indicated the function of ions
(cations/anions) present in sludge (Bose and Bhattacharyya, 2008; Sinha et al, 2007). The reduction of total nitrogen
suggested nitrogen was taken by the plant as a nutrient for growth; it could also be attributed to the conversion of
nitrate to ammonium with a mixed reaction of microbes and plants. This finding collaborated with previous observations
of plant growth on the sludge of distilleries (Chandra and Kumar, 2017). Similarly, the BOD, COD values in the sludge
leachate also reduced after plant growth. This result clearly showed phytoremediation along with the phytoextraction of
heavy metals from sludge.
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Fig. 1. A. Scanning Electron Microscopy analysis of distillery waste sludge sample; 1B: EDAX of distillery waste sludge sample; 1C: UV-Vis spectral
analysis of before and after phytoextraction at various time intervals; 1D: HPLC analysis of before and after phytoextraction,

3.2. Morphological view, element components, and functional groups analysis of sludge

The SEM image of sludge showed fine crystals in needle shape, Some scattered elongated crystals were noted as
well as the glomerated needle-shaped fine crystals as shown in Fig. 1A. The needle-like crystal properties have been
reported as organic polymers and metallic crystals (Liu et al., 2013). The elemental analysis in EDX showed the presence
of carbon, oxygen, sodium, potassium, calcium, and surface in different percentages as shown in Fig. 1B, The IR spectra
of the sludge pre-plant growth showed medium and strong bonds of the compounds with the different stretching group
at 3426.40 cm~! (N-H), 2967.1 (C-H), 2470.5 (0=C=0), 1644.3 (C=N), 1559.7 (N-0), 1446.4 (C-H), 1411.6 (S=0), 1196.1
(C-0), 1048.3 (CO-0-CO), 866.7 (C-H)(Fig.5;A& Table.SB). While the post-plant growth FTIR data showed maximum
strong bond stretching frequency of compounds 3415.5 (O-H), 2967.1 (C-H), 2188.4 (C=C), 1564.6(N-0), 1415.5 (S=0),
1211.0 (C-0), 1049.3(C0-0-C0), 1021.1(C=C), 654.4(C-Br). This suggested that the presence of various compound classes,
such as carbon dioxide, sulfonyl chloride, ester, and anhydride. After plant growth, most of the medium bonds of detected
compounds were broken; in contrast, compounds with strong bonds remained intact (Table S1.A& Fig.S1.B).

3.3. UV-Vis spectral and HPLC analysis of leachate

Analysis of the UV-Vis absorption spectra at wavelength 250-700 nm showed the presence of variable peaks
in the UV-range due to the dissolved organic compounds in the sugarcane molasses-based distilleries sludge before
phytoremediation; these peaks were diminished after plant growth as shown in Fig. 1C. The presence of soluble organic
matter in the UV-Vis range was noted. The sludge sample before plant growth showed various mixed peaks which
indicated a mixture of pollutants present in the leachate with absorption maxima at 320 nm. While after the plant growth,
many of the absorption peaks disappeared signifying the degradation of various organic pollutants. In this analysis, the
integrated UV absorption reflected the overall volume of aromatic or unsaturated compounds and their double bond
absorption i.e. C=C, C=0, and N=N. The spectra (Fig. 1C) were produced by calculating the absorption of monochromatic
radiation through a spectrum of wavelengths in the pre-and post-phytoextraction solution; it was one of the most
common techniques for monitoring pollutants from sludge (Chandra et al.,, 2018). The comparative chromatograms of
HPLC before and after phytoextraction were shown in Fig. 1D. The reduction in the major pollutant suggested the
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degradation of organic pollutants in the sludge and phytoextraction process by plants, which removes complex organic
compounds and most of the heavy metals that are toxic to the biota of the environment even at low concentrations. A
similar pattern on the phytoextraction process from distillery sludge has been shown by other plants in previous studies
(Chandra et al., 2018).

34 Identification of organic pollutants

The GC-MS analysis in ethyl acetate extract of distillery sludge of control sample (bulk sludge) and rhizospheric soil
after plant growth on sludge was analyzed to investigate the alteration of organic compounds.

341 Identification of organic pollutants (bulk sludge)

The major peaks of an extracted sample (bulk sample) were observed at RT 6.77, 13.17, 13.56, 19.12, 20.50, 23.99,
25.00, 27.28, 30.16, 31.18, 35.04, 48.22 as shown in Fig. S2 A. These compounds were characterized as acetamide,
2,2,2-trifluoro-N-methyl, benzene acetic acid, TMS ester, butanedioic acid, bis(TMS)ester, hexadecane, dodecanoic acid,
TMS ester, anthracene, dotricontane, ethanol, 2-(octadecycloxy), octadecanoic acid, TMS ester, hahnefett, nonacosane
as described by the NIST library available with the instrument. Moreover, other minor peaks were also noted at
RT values of 8.05, 17.20, 35.37, 36.69, 39.66, 40.52, 42.64, 49.02, and 51.12 as shown in Fig.S2. These compounds
were characterized as butane, 2,3-bis(TMS oxy), «-ketoglutamic acid, bis(TMS)ester, nonacosane, stigmata-5,22-dien-3-ol
(3B, 22E), stigmasterol, lanosta-8,24-dien-one, p-sitosterol, silane, [[(3f)-cholest-5-en-3-ylJoxy]TM, methylene bis (2,4,6-
triisopropyl phenyl phosphine). Most of the identified compounds were classified either under the category of plant
fatty acids or chemical reaction by-products of the distillation process (Chandra et al., 2018). The toxicities of detected
pollutants were reported in Table 2. The source of complex phenolic compounds in sludge might be from the extract of
sugarcane molasses after fermentation. Different forms of detected aromatic compounds could be the result of carbonyl
and amine group reaction at elevated temperature in the sugar industry, which remains as complex in cane molasses
known as melanoidin (Chandra et al, 2018). The presence of several fatty acids in the sludge might contribute to the
reduced rate of metal accumulation processes and biotransformation processes of complex organometallic compounds
in plants. When these organic pollutants reach the aquatic ecosystem, they can cause toxic effects on flora and fauna of
water bodies. Recently, some of the detected plant organic residues (phytosterols) such asstigmata-5, 22-dien-3-ol (36,
22E), stigmasterol, lanosta-8, 24-dien-one, B-sitosterol, and silane have been demonstrated to be toxic to the aquatic
ecosystem. Other organic acids like octadecanoic acid, dodecanoic acid, and butanedioic acid are also listed as endocrine
disruptors. The presence of EDCs compounds in distillery sludge has given strong evidence for the complex nature of
sludge with various toxic compounds. These compounds are either generated at the time of fermentation or during the
anaerobic treatment of distillery sludge at the disposed site (Chandra et al., 2018). Many of these detected compounds
caused adverse effects in environmental flora and fauna of soil as well as the aquatic ecosystem.

34.2. Identification of organic pollutants from distillery sludge after plant growth

Detection of organic compounds from phytoextracted distillery sludge was analyzed in detail (Table 2). The number of
organic compounds and peaks were reduced in the sludge after plant growth as compared to the control sludge sample.
The major peaks of the phytoextracted sample were noted at RT 8.66, 12.82, 13.78, 16.01, 20.99, 21.91, 22.18, 22.81, and
22.90 as shown in Fig. S2B. These compounds were characterized as 1,3-propanediol, TMS ether, 5-methyl-2-(1-methyl
ethyl) cyclohexanol, butanedioic acid, bis(TMS) ester, 2,3-butanediol, bis-O-(TMS), dodecanoic acid, TMS ester, butanedioic
acid, bis(TMS) ester, cyclooctene, 1,2-bis(TMS), tricarboxylic Acid TMS. Similarly, other minor peaks were also detected at
RT values of 9.88, 10.27, 11.54, 13.95, 14.98, 17.53, 17.72, 19.10, 20.08, 24.88, 25.96, 26.49 and 27.84. These compounds
were characterized as propanoic acid, 3-[(TMS) oxy, 1, 3 propanediol, TMS ether, pentanoic acid, malic acid (O-(TMS)-bis
(TMS ester), tert-butyl hydroquinone, bis (TMS), vanillin propionic acid, bis (TMS), tricarballylic acid 3 TMS, benzene acetic
acid according to the NIST library. The result showed that original organic compounds present in distillery sludge before
plant growth were either degraded or biotransformed into new compounds as shown in Table 2. This confirmed the
medicinal plants harvested from the contaminated were able to bioremediate the distillery sludge. The bioremediation
along with the phytoextraction of heavy metals by the other native weeds has shown similar observation and it was found
as potential metal accumulation from complex organometallic wastes (Chandra et al., 2018).

3.5, Accumulation of total heavy metals in selected plants

To assess the potential of using native plants for phytoremediation of distillery sludge, the effect of metal accumulation
by six native medicinal plants were further investigated. Six native medicinal plants (i.e. Achyranthus aspera L, Amaran-
thus viridis, Basella alba L., Sesbania bispinosa, Pedalium murex L., and Momordica doica) growing at the discharge site of
distillery sludge were analyzed for their accumulation of twelve heavy metals (Mn, Pb, Cd, Zn, Cr, Fe, Cu, Ni, As, Se, Mo,
and Co). The variable pattern of metal accumulation to the various parts of the plant species indicated different capacities
of metal uptake as shown in Table 3 and Fig. S3 and S4. A previous study showed that the metal contents along with
organic compounds in distillery sludge inhibited the development of the roots of various crops and stunted the growth
of their shoot (Mazumdar and Das, 2015; Gupta and Sinha, 2007). However, the luxuriant growth of plants along with
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Table 2
Detection of residual organic pollutants by GC-MS analysis from distillery sludge waste before and after phytoextraction,
*RT-retention time (in minutes), + present, — absent, (TMS) trimethylsilyl.

RT: Name of Compound before Molecular Abundance Nature of % similarity (NIST Toxicity
extraction Formula (%) compounds Library)
6.77 Acetamide, 2,2,2-trifluoro-N-methyl CgH1g0451 93 Organic Nature 75.95 Slight skin irritant, strong eye irritant,
7.10 2-(2-Hexyloxyethoxy)ethanol C13H3,0451 76 Sulfonic benzoic 90.23 vomiting and diarrhea
8.05 Butane, 2,3-bis(TMSoxy) C19Hyg0351 68 Alkane Nature 87.18 Gastrointestinal (Digestive), Hepatic (Liver)
11.85 Hexanoic acid, 2-[(TMS)oxy] C19Hy5045iy 70 Fatty acid 78.01 Hematological (Blood Forming),
1317 Benzene acetic acid, TMS ester C1oHyg0451 52 Sulfonic benzoic 93.11 Aquatic Toxicology
1356 Butanedioic acid, bis(TMS)ester Cy3H30055i3 45 Fatty acid 9312 Sore throat. Skin & Eye Redness.
15.49 Pentanedioic acid, bis(TMS)ester C14H940551y 61 Fatty acid 57.01 Skin, Eye, and Respiratory Irritations
1664 Decanoic acid, TMS ester CgHyp035iy 98 Fatty acid 98.23 Irritation when applied to human skin
17.20 a-Ketoglutamic acid, bis(TMS)ester CygHgp04S1 59 Metabolic product 90.02 Neurological brain disorder
1912 Hexadecane Cp1Hgq0,51 73 Alkane Nature 97.13 Dizziness, headache and vomiting
2050 Dodecanoic acid, TMS ester C1gH360551 68 Fatty acid 92.05 Ingestion, inhalation & skin absorption
2140 Querecitin 7,3'4™-Trimethoxy C10Hy408t 94 Saturated FA 7435 Chronic diseases
2399 Anthracene C11Hyg0,8i 93 Organic Nature 34.54 Melanoma, respiration hazard
2500  Dotricontane C19H3604Si5 30 Saturated FA 95.14 Sensitization, Skin
27.28 Ethanol, 2-(octadecycloxy) C19H37038i3 81 Organic Nature 71.23 Reproductive toxicity.
30.16 Octadecanoic acid, TMS ester Cy1Hyq0,51 Ell Fatty acid 65.00 Carcinogenicity
3201 Tetracosane Cy7H5g0451 54 Organic Nature 67.98 Aquatic environment, long-term hazard
3240  Eicosanoic acid, TMS ester C31Hsg0S1 68 Acyclic Nature 97.24 Headaches, drowsiness, confusion
3504  Hahnefett C3yHsg0S1 42 Alkane Nature 9311 Seizures, and life-threatening complications
3557 Nonacosane C37Hgg051 55 Alkane Nature 89.74 Breakdown of the hemoglobin
(RT) Name of Compound after Molecular Abundance Nature of % similarity (NIST Toxicity
extraction Formula %) compounds Library)
8,66 1,3-Propanediol, TMS ether CgH160,51 53 Acyclic 76.34 Chronic poisoning, weakness, muscle aches
9.88 Propanoic acid, 3-[(TMS)oxy CgHy7048iy 97 Fatty acid 96.03 Skin and nail symptoms
1027 1,3 Propanediol, TMS ether CgH160,51 78 Alkane Nature 89.02 Hyper pigmentation
1154 Pentanoic acid C19Hyg0351 76 Fatty acid 2422 Inflammation of sensory and motor nerve
1378 Butanedioic acid, bis(TMS) ester CyoHyp045i2 98 Fatty acid 75.74 Hemolysis, anemia, hypotension
1552 Resorcinol, 0-bis(TMS) C19Hy4045iy 76 Saturated FA 98.54 Low level of iron in the red blood cells
16.01 2,3-Butandiol, bis-0-( TMS) CyoHyg0451 68 Sulfonic benzoic 90.75 Low blood pressure
17.53 Malic) acid (O-( TMS)-bis(TMS Cy3H3005513 79 Saturated FA 98.23 Abdominal pain; fever; and diarrhea
ester
2191 Cyclooctene, 1,2-bis(TMS) C14H300,51 68 Acyclic Nature 95.64 Encephalopathy
22,18 Tricarballylic Acid TMS Cy5H34065i3 69 Organic Nature 78.35 Nerwe disease of the extremities
2354 Benzoic acid, C1gH3004Si3 79 Acyclic Nature 86.18 Loss or deficiency of the fatty coverings
2488  Tert-butyl hydroquinone, bis (TMS) C1gH30045iy 58 Sulfonic benzoic 7365 Stomach tumors and damage
26.49 Vanil propionic acid, bis (TMS) Cy7H37038iy 65 Fatty acid 95.12 Skin corrosion/irritation
2783 Tricarballylic acid 3 TMS Cy5H3406Si3 76 Fatty acid 93.16 Specific organ toxicity, Respiratory tract
irritation
3061 Benzene-acetic acid Cy5Hy6045iy 99 Saturated FA 99.00 Cough sore throat, Skin redness. Eyes pain

a well-developed root system indicated the inherent potential of the native plants due to their genetic property. As the
distillery sludge had a complex matrix, the presence of various organic compounds could reduce the bioavailability of the
multi-metals to the native plants.

The overall accumulation pattern of different metals in various plants was noted as below:

The accumulation of various heavy metals by A. aspera L. has been reported from a separate study (Saraf and Samant,
2013). Similarly, another study showed Fe and other metals accumulation in plants from the lignocellulosic waste
containing multi-metal complex (Chandra et al., 2017). Excess Fe was observed in this study in the root of the plants.
From a toxicological point of view, although Fe is an essential element, excess level could cause phytotoxicity, the ability
of A. viridis to accumulate up to 830 mg kg~" Fe indicated the presence of metal detoxifying mechanisms and the potential
of the plant as a phytoremediation candidate. A similar pattern for the accumulation of Mn and Fe has been reported in
the root of A aspera L. in a previous study (Saraf and Samant, 2013). The study highlighted the accumulation of high
content of Fe, Cu, Co, and Au from metal contaminated soil. S. Bispinosa was also reported to be able to accumulate a
high concentration of lead (Sahi et al., 2002). Overall, the six tested plant species showed a high concentration of metal
accumnulation as compared to the normal uptake of metal, this indicated that these plants were capable to grow at the
contaminated site of distillery sludge and could play a vital role in phyto-accumulation of heavy metals.

The accumulation of heavy metal depends upon the plant species, distribution, and variability of the microbial
community, the chemical property of organic pollutants, and the pH of a substrate (Laghlimi et al.,, 2015; Kumar et al.,
2013; Gupta and Sinha, 2006; Sharma et al,, 2020b). The disposed distillery sludge after anaerobic digestion hecame
slightly alkaline (pH 8.67 + 0.16) which could restrict metal availability to plant. But the metal accumulation by growing
plant on sludge showed the potentiality of plant and there was a gradual decrease of pH in the rhizospheric soil. This might
be due to the plant microbes’ interaction in the rhizospheric zone, there is an abundant release of acids from root hairs
like gluconate, 2-ketogluconate, oxalate, citrate, acetate, malate, and succinate (Ma et al., 2011). Our result indicated that
the distillery sludge as waste comprised various organic compounds and metals that formed organo-metallic complexes.
Most of the compounds in sludge were anionic which has a strong cationic metal-binding tendency (Migo et al.,, 1997).
Improved bioavailabilities of metals to plant by growing rhizospheric bacterial communities have also been reported
previously (Sessitsch et al., 2013; Rajkumar et al,, 2012).
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Table 4
BCF and TF of different Heavy metal accumulation (mg kg™ DW) by various hyperaccumulator plant of a different part in the root, shoot and leaves
on distillery sludge bed.

Native hyperaccumulator Bioconcentration factor
plants Mn Pb In o Fe u Ni As Se Mo Co
Achyranthus aspera L. 81.33 17.45 17.65 18.72 15.65 9434 1.698 1534 15,768 15.376 12,375
Amaranthus viridis 13.75 15.75 8.021 19.75 5,675 57,92 6.254 6.124 12.751 7.101 09,995
Basella alba L, 554 48.96 8,765 15.06 6,111 46,98 5121 9123 17.232 51,121 7.100
Sesbania bispinosa 47.76 38.10 5212 2410 4,989 2498 5.000 2457 7.369 12.355 11.846
Pedalium murex L. 14.96 1091 5.986 18.98 3,987 22,10 6.987 5139 9.246 7.615 10.041
Momordica dioica 21.05 18.04 11.05 2355 9,098 5520 8.989 7410 8,789 8355 3.356

Translocation factor

Mn Pb Zn Cr Fe Cu Ni As Se Mo Co
Achyranthus aspera L. 11,55 6.355 8.543 9871 15.64 37.15 0.009 333 3335 6.324 5435
Amaranthus viridis 3,908 3.432 8.654 7324 1499 42,55 1111 6.23 4463 7.369 7.765
Basella alba L, 3,999 9123 9,987 3776 14.90 28,39 1,123 398 7714 7.451 13.43
Sesbania bispinosa 5,001 8.798 5111 7.324 13.17 18.43 2,232 9.23 9.865 8.254 58.65
Pedalium murex L, 6,012 3.432 7.213 8,654 12.44 13.44 1,989 12,45 11.345 10.23 15.65
Momoerdica dioica 9.21 7.987 9111 9.266 19.23 20.45 0.009 723 14,665 9,654 16.87

3.6. Bioconcentration factor and translocation factor

The ability of heavy metals accumulation for plants can be evaluated through the BCF and TF (Yoon et al., 2006). The
BCF of the plants grown in distillery sludge indicated that all the plants had a high ability for phytoextraction of metals in
their root. In general, the bioavailability of heavy metals in sludge is very poor but all the tested plants shown very high
metal accumulation in their different parts which indicated the hyperaccumulation tendency of these plants (Table 4).

Metal concentration-dependent accumulation in plant parts has been reported by several studies in aquatic and
terrestrial soil (Yoon et al,, 2006; Bharagava et al., 2008). In this study, the metal accumulation pattern was in order
roots> shoots>leaves. This indicated the concentration-dependent mobility of metals in plant tissues (Gupta and Sinha,
20086). Achyranthus aspera L. exhibited high potential for the accumulation Cu (76.22 + 1.3 mg kg™'), Mn (9.80 + 0.6
mg kg1), Cr (25.9 & 1.3 mg kg~"), Pb (7.99 + 0.7 mg kg~), and Zn (67.33 + 0.6 mg kg~") with the highest BCF in five
out of eleven metals (Table 3). Amaranthus viridis displayed maximum BCF for Cu followed by Cr and Ph. Different heavy
metals accumulation potential of A. aspera L. had been reported from the soil with different characteristic properties
(Vijaya Kumar et al., 2009). These studies showed that A. aspera L. has a propensity to the accumulation of Fe, Cu,
Mn, Na, in higher amount. To our knowledge, this is the first report on the metal accumulation pattern of A. aspera L.
from organometallic sludge. Basella alba L. also showed a high accumulation of Fe, Cu, and As in root, but higher arsenic
concentration was noted in the shoot (50.01 mg kg~1). The higher accumulation tendency for Na, Cu, and Mn of B. afba
L. has been reported in other studies (Shammi et al., 2016). However, the metal accumulation pattern from industrial
sludge and its impact on medicinal quality is still not clear. The higher accumulation of Mn (40.76 4 0.8 mg kg™'), Zn
(77.06 + 1.6 mg kg™1), Fe (879.0 & 1.5 mg kg™"), As (31.81 & 1.3 mg kg~") and Mo (20.35 + 0.3 mg kg™") in root and
shoot of S. bispinosa. Pedalium murex L. showed high accumulation of all the tested metals in their root, shoot, and leaves
from sludge this indicated most potential plant for phytoextraction of metal from the organometallic complex shown in
Table 3. This might be due to root nodule forming bacteria of the plant which may be favorable for metal bioavailability
in sludge to plant.

High BCF and metal accumulation have been reported in the previous study from the metal-contaminated site (Saraf
and Samant, 2013). Basella atba L. showed a high BCF for Mn & Mo followed by Pb and Cu which indicated the potentiality
of the plant for metal accumulation from any contaminated site (Table 4) (Shammi et al., 2016). The deep and strong
growth of roots also supported the potentiality of the plant. A similar pattern was observed in S. bispinosa, P. murex
L, and M. doica. The maximum translocation factor of Cu and Co was found in Amaranthus and Sesbania, respectively.
The minimum TF was noted in Achyranthus and Momordica for a nickel. The TF >1 indicated the high physiological
and transpiration rate of the plant. Concomitantly, these plants have shown their adaptability to accumulate a higher
concentration of metals from distillery sludge. The accumulation of metals by plants from sludge to root depends on the
chemical nature of the element, pH, and other co-pollutants of sludge that inhibits the mobility of metals in plants (Gupta
and Sinha, 2008).

The high translocation and bioconcentration of metals in different parts of the medicinal plants is a health hazard as
metals accumulate in shoots and leaves that are traditionally harvested for medicinal purposes. When textile effluent was
reused as irrigation water, B. alba L. was found to pose a health risk due to the accumulation of high levels of heavy metals
(Shammi et al., 2016).

3.7. Observation of metal accumulation in root tissue of selected plants

The root tissue analysis of collected indigenous hyperaccumulator plants by transmission electron microscope shown
metal accumulation in vesicle near the cell wall and cytoplasm (Fig. 2A-F). The metal granules were deposited near the
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Fig. 2. Electron micrographs of transverse section of plants root after phytoextraction of heavy metals (A-F), V: Vacuole; PM: Plasma membrane; P:
Peroxisomes; CW: Cell wall; CM: Cell membrane; ML: Middle lamella; N: Nucleus; Arrow (—) indicated metals deposition; IS: Intercellular space.
PL:- Plasmalema.

nucleus in A. aspera L. and S. bispinosa; while big granules were observed in the cytoplasm and near the cell walls in
A. viridis, B. alba L. and M. doica (Fig. 2). The continuous deposition of fine metal granules at the cell wall regions was
noted in P. murex L. This study concluded that the mechanism of plant detoxification of heavy metals was based on
vacuole sequestration and cell wall deposition (Fig. 2). Basella alba L. and S. bispinosa root tissues showed the presence
of multi-nucleolus, multi-vacuoles, thickened in the center, and round the lamellae with metal accumulation on the cell
wall, cytoplasm, and middle lamella. The development and deposition of metal granules in cell walls indicated a plant
resistance mechanism for metal aggregation and detoxification with a larger volume of cellular tissues (Tong et al., 2004).

The phytoextraction potential of some native plants growing on distillery sludge reported in a previous study also
showed a close resemblance to the multi-vacuoles development and deposition of granules, as an adaptive mechanism of
the plants in the presence of organic pollutants and metal accumulation. But the pattern of a multi-metal accumulation
from industrial waste by medicinal plants has not been reported. The ultra-structural observation of root tissue of P. murex
L., M. doica at low and high magnification showed deposition of metal granules inside the cell walls, cell membranes,
cytoplasms, and nucleoplasm (Najeeb et al, 2011). The whole plant root also showed cell wall thickening. Increased
development of nucleolus and vacuoles at high heavy metal concentration increased the output of the ribosome and
mRNA, which finally increased the development of fresh proteins engaged in the tolerance of heavy metals in plants
(Najeeb et al,, 2011). In our research, all species of plants were noted with extravagant growth on disposed distillery sludge
without any biochemical deformities in their aerial parts. These plants showed good adaptability to survive and develop
in organo-metallic and EDCs containing distillery sludge and are suitable for in situ phytoremediation. They are good
candidates for the monitoring of heavy metals in intricate and dangerous industrial wastes and eco-restoration polluted
areas.

4. Conclusion

The analysis of sugarcane molasses-based distillery waste revealed the presence of various organic compounds as resid-
ual pollutants; many of them compounds were known as mutagenic and carcinogenic compounds. The presence of various
metals could increase the vulnerability of the flora due to the high binding tendency of metals with organic polymers. But
the luxuriant growth of the native plants indicated potentiality for metal accumulation and phytoremediation. The BCF
and TF analyses of these plants showed hyperaccumulation properties. Various heavy metals i.e. Pb, Cd, Ni, As, Cr, and
Mo, were accumulated in leaves and shoots of A. aspera L., B. alba L. and M. doica, which are well known diurnal plants.
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Further, the transmission electron microscopy (TEM) analysis of root tissues revealed the deposition of metal granules
in the root cytoplasm and cell wall of all the tested plants, which further confirmed their hyperaccumulation properties.
Despite their potential in phytoremediation of organometallic pollutants, arbitrary application and subsequent harvesting
of these plants are not recommended due to their functions as medicine or food crops. However, these plants can be used
for the eco-restoration of sites polluted by organometallic industrial waste.
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Melanoidins are the randomly polymerized condensed anionic, non-enzymatic product of maillard reaction
between amino and carbonyl group at elevated temperature. It occurs particularly during the food processing and
wastewater released from distilleries and various fermented industries. Their synthesis is influenced by several
factors because they alter the reaction path and change the product composition. Moreover, melanoidins have
been known to be beneficial at low concentrations in food products due to their several properties in a biological

system. But, when they are released into the environment at a high concentration from fermentation industries
they cause a serious threat to land and aquatic ecosystem. This review encompasses the detailed chemical re-
action of melanoidin synthesis and its functional properties to various substances present in nature with im-
plications to its impact on the environment and their role in maintaining the nutritional and flavoring properties

in food products.

1. Introduction

Melanoidins are nitrogenous, heterocyclic brown pigments polymer
generated during the chemical reaction between amino and carbonyl
compounds at elevated temperatures (James, 2019; Wang et al., 2011).
These compounds are synthesized by the reaction occurring between the
amino groups of amino acids, peptides, or proteins and the carbonyl
groups of reducing sugars. A previous study also has revealed in a
chemical reaction that carbohydrates and amino acids are the basic
skeleton of the melanoidin compound (Cammerer et al., 2002; Sharma
et al., 2021a, 2021b). The formation of melanoidin involves three sig-
nificant steps. The initial stage includes the condensation of sugar-
amine. In contrast, the second stage involves dehydration and frag-
mentation of sugar along with degradation of the amino acid via the
Strecker degradation mechanism, preferably at elevated temperatures.
At the final stage, highly brown color heterocyclic nitrogenous com-
pounds are produced through aldehyde-amine condensation with the
by-products formed in the second stage of maillard reaction. The com-
pounds formed in this stage are of high molecular weight and are known
as melanoidins (Liu et al., 2020). Most studies have been done on mel-
anoidin food products like bakery products, cooked meat, roasted coffee,
honey, sweet wine, etc. as an antioxidant at low concentration (Shaheen

* Corresponding author.

et al., 2021). Their formation occurs during the thermal processing of
food material in cooking, baking, roasting, and storage, due to reducing
sugar and free amino groups (Lund and Ray, 2017). However, mela-
noidin at high concentration in the environment has been reported as
pollutant by several researchers when it is discharged from industrial
activities and makes complexation with other environmental pollutants
along with heavy metals due to its anionic properties (Chandra et al.,
2017; Tripathi et al., 2021a, 2021b, 2021c, 2021d, 2021e). Various
researchers have reported melanoidin pollution when it enters into the
environment as a waste product. The major source of melanoidin in the
environment is the sugarcane molasses-based distilleries waste water,
where melanoidin makes complexation along with various mutagenic
and carcinogenic compounds (Chowdhary et al., 2018a, 2018b; Tripathi
et al., 2021a). The effect of melanoidin has been reported for severe
aquatic and soil pollution in the environment. Due to severe threats to
the environment, various attempts have been made globally by the re-
searchers using the chemical and biological method, for degradation and
decolorization of molasses-based melanoidin of distillery wastewater for
environmental protection and its safe disposal (Tripathi et al., 2021a,
2021b, 2021¢, 2021d, 2021e; Sharma et al., 2021a, 2021b). Therefore,
in the chemical analysis of distillery waste, there is a mixture of com-
pounds with a variable absorption peak has been noted in the absorption

E-mail addresses: rc microitre@yahoo.co.in, prof.chandrabbau@gmail.com (R. Chandra).
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Abstract

Anaerobically treated molasses-based distilleries spent wash is a major source of terrestrial and aquatic pollution due to the
mixture of the various unknown organometallic compounds in discharged waste. The nature of pollutants present in efflu-
ent has to be characterized prior to the evaluation of their fate in the environment at various tropic levels. The absorption
maxima (4,,,,) were obtained at 295 nm of pollutants present in spent wash which indicated that melanoidins are a major
colorant along with other organic compounds. Abundantly identified compounds with GC-MS in effluent were found:
1.2,4,5-tetrahydro-2-methyl-3H-2-benzazepine-3-one, 6-(trifluoromethyl)- |H-imidazole [4,5-c] pyridine, 4,6-di-t-butyl-
1H, 3H-thieno[3,4-c] thiophene, butanoic acid, trimethylsilyl ester, silane, (dodecyloxy)trimethylsilyl ester, 4-styryl [2,2]
paracyclophane, 4-(p-cumylphenoxy) phthalonitrile, hexadecanoic acid, trimethylsilyl ester, butyl ester, and squalene. Some
of these compounds are known with mutagenic and androgenic properties. The toxicity test of post-methanated distillery
effluent (PMDE) showed direct toxic effects on catfish (Heteropneustes fossilis) even at 1% (v/v) concentration and caused
degeneration of primary and secondary lamellae of the gill and the epithelial layer. Further, higher concentrations between
5 and 10% of PMDE showed loss of primary and secondary lamellae of gills, and liver catalase activity was also increased
dramatically in H. fossilis, indicating the generation of oxidative free radicals. Similarly, inhibition of a-amylase activities
in germinating Zea mays L. (Maize) seeds was also noted at 10% PMDE. This study confirmed the environmental toxicity
of effluent with freshwater fish and Zea mays seeds.

Keywords Distillery waste - Endocrine-disrupting chemicals - Fish toxicity - Heteropneustes fossilis - Organic compounds -
Seed germination

Introduction pollutants (Yadav and Chandra, 2019). The PMDE has pH

of 8.5, total suspended solids (21,000-40,700 mg L,

Discharged sugarcane molasses-based distillery effluent,
also known as post-methanated distillery effluent (PMDE),
is a dark-brown and highly complex chemically recalcitrant
organometallic compound as a source of environmental
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total dissolved solids (29,810 mg L"), biological oxy-
gen demand (8000-12,000 mg L"), chemical oxygen
demand (35,000-52,000 mg L"), nitrogenous compounds
(15,284-28,696 mg L"), and total sulfate (38754096 mg L™").
In addition, there are phosphate (1625 mg L™"), potassium at
537 mg L', and chloride (7842-7997 mg L") as salts and
phenolic compounds (6893-7202 mg L") (Bhargava and
Chandra, 2010a, b). The dark color of PMDE is reported due to
the thermal processing of various water-soluble compounds in
sugarcane juice, such as cane pigments, phenolics, and different
aminocarbonyl compounds, which are likely to form a complex
polymer known as melanoidin at elevated temperature (Yadav
and Chandra 2019). Melanoidin is a known nonenzymatic prod-
uct, separated with sugarcane molasses as a by-product during
the clarification of sugarcane juice (Chowdhary et al. 2018).
In various studies, the BOD/COD ratio has been described as
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ARTICLE INFO ABSTRACT

Article history: This study aimed to assess the heavy metals accumulation patterns by some native
Received 6 January 2021 plants such as Achyranthus aspera L., Amaranthus viridis, Basella alba L., Sesbania bispinosa,
Received in revised form 10 February 2021 Pedalium murex L., and Momordica doica, which have been traditionally employed for

Accepted 11 February 2021

medicinal and food purposes. The plants were grown on complex distillery waste
Available online 16 February 2021 PUIpo p & p ry

containing a mixture of organometallic compounds. Results revealed bioaccumulation

Keywords: of Mn, Cd, Fe, Cr, Cu, As, Se, Mo, and Co in their roots, shoots, and leaves in levels

Medicinal plants higher than the surrounding sludge. A. aspera was noted as root accumulator for Mn

Heavy metals (16.95 mg kg™'), Zn (30.12 mg kg~!), Fe (240.40 mg kg~'), Co (3.19 mg kg™'), while

Androgenic waste Se (4.07 mg kg™'), Mo (4.36 mg kg~'), was accumulated selectively in the shoot of the

Eh)t’wfgmi.diaﬁon plant. Similarly, S. bispinosa, P. murex, and M. doica were found as root accumulators
etoxification

for Mn, Fe, and Ni. A. viridis accumulated Cd, Zn, and Cu in the shoot and leaves of the
plant. The high bioconcentration factors (BCF) and translocation factors (TF) observed in
these native plants (>1) suggested their tendency to hyperaccumulate heavy metals. The
findings highlighted that these plants as a potential metal accumulator may pose health
hazards and deteriorate the medicinal property if grown on such wastes.

©2021 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal pollution in soil, water, and food material is a major threat to human health. Industrial wastes and geo-
genic activities are the major sources of heavy metals in the environment (Annan et al., 2013; Shammi et al,, 2016; Sharma
et al, 2021b). In India, several industries like distilleries, tanneries, pulp paper industries, electroplating industries, steel,
and iron industries discharge a mixture of heavy metals along with various complex organic wastes into the environment.
Due to the complexity in the matrix and non-degradability of the heavy metals, such discharge poses significant challenges
for its remediation (Gupta and Sinha, 2007; Chandra et al., 2017; Kumar et al., 2013; Sushil and Batra, 2006). Heavy metals
tend to accumulate in the soil, water, and plants in the environment, which could contaminate the food chain subsequently
(Chandra et al., 2009; Sharma et al., 2020b; Sharma and Rath, 2020; Singh et al., 2012). For example, Indian mustard grown
in distillery effluent irrigated soil showed significant accumulation of heavy metals (Cd, Cu, Fe, Mn, Ni, and Zn) in their

* Corresponding author.
E-mail address: prof.chandrabbau@gmail.com (R. Chandra).
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2.1 Introduction

Environmental problems posed by industrial and municipal wastes are well documented.
Worldwide, every day, enormous quantities of waste are generated; at present, these wastes
are in need of attention. Environmental waste management promotes the proper man-
agement and utilization of industrial waste, delivering in-depth, state-of-the-art informa-
tion on the phvsico-chemical properties, chemical composition, and environmental risks
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