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Abstract

The present study reports the isolation and identification of a y-proteobacterium which is
capable of degrading maneb and its photolytic product ethylene thiourea. The strain SDS18
was isolated from the surface of the most common weed Parthenium hysterophorus growing
in agricultural field. Based on molecular systematics the strain SDS18 was identified as
Pseudomonas psychrotolerans. Our study first time revealed that a single bacterial strain is
capable of metabolising the toxic fungicide maneb and its carcinogenic photolytic product
ethylenethiourea. We found that the strain SDS18 can tolerate upto 150ppm of maneb and 200
ppm of ethylene thiourea and ethylene urea as sole carbon sources. The optimum conditions
for degradation were in the presence of ammonium sulphate as nitrogen source at 30°C at pH
7.0. Interestingly, the strain SDSI18 exhibited activities like phosphate solubilisation,
production and assimilation of ammonia, ACC deaminase activity, production of indole acetic
acid and siderophores which are plant growth promoting activities and antifungal activities for
Alternaria citri and Cladosporium cladosporioides indicating it could be beneficial for plant
growth and maturation. The isolated strain can be used for bioremediation of maneb and its
photolytic products.
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1. Introduction: Fungicides are important
agrochemicals of present-day agriculture
which are employed to kill, destroy, repel
or mitigate fungi and fungal spores [1,2].
Dithiocarbamates (DTCs) based fungicides
are widely used organosulfur molecules.
DTCs are represented by a common
structure (R1R2N)-(C=S) - SX, where R can
be replaced with an alkyl, alkylene, aryl or
related other groups and X is generally a
metal ion [3,4]. World Health Organisation
(WHO) estimates that approximately
25,000 to 30,000 metric tonnes of DTCs
annually [5]. Ethylene
bisdithiocarbamtes (EBDCs) are
extensively used DTCs based fungicides
because of their wide range of antifungal
activity [4,6]. EBDCs are complexes of
dithiocarbamates in which the R group of
two DTC molecules form an ethylene
bridge [7]. Most commonly used EBDCs
are mancozeb, maneb, metiram and nabam.
They are effective in preventing fungal
diseases of crop and ornamental plants [8].
Manganese ethylene bisdithiocarbamate
(MANEB) is Mn containing EBDCs[9].
Approximately 2.5 million pounds of
maneb are annually used on potatoes,
almonds, walnuts, lettuce and peppers to
inhibit fungal diseases [10]. Maneb is most
effective against different species of
Fusarium and Alternaria , the causal
organism of early and late blight of potato
and tomato [11]. Extensive agricultural
application of maneb is a cause of concern
as it is known to induce the production of
nitric oxide, lipid peroxidation and
Parkinson like disorder in mice [12]. There
are reports for the increase in the incidence
of Parkinson disease by 75 % when the
agricultural workers of California were
exposed to both maneb and paraquat [13].

are used
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Toxicity of maneb is primarily due to
inhibition of mitochondrial complex III
[14] ; as a result of which Reactive Oxygen
Species (ROS) and Reactive Nitrogen
species (RNS) are formed which lead to
mitochondrial DNA damage and retarded
ATP synthesis [15]."Among Mn containing
organic and inorganic compounds, maneb
exhibits greater cytotoxicity (about eight
times more) due to the presence of
manganese ions and dithiocarbamte moiety
[16]. Maneb was ranked as the most
hazardous pesticide for overall persistent
health effects in research conducted at

Yuma County, Arizona [17]. Under
environmental conditions maneb
undergoes photolytic degradation into
Ethylene thiourea (ETU) [18]. ETU is

known to cause thyroid disorder by
impairing thyroid hormone synthesis and
liver damage [19].

The bacteria which facilitate plant growth
directly or indirectly are termed as “Plant
growth promoting bacteria (PGPB)”. The
use of PGPB in the agricultural field can
lead to an increase in the productivity in an

environment friendly manner. It is
envisioned that in the near future PGPB can
replace the chemical pesticides and

fertilizers and can also be used for
environmental cleanup practice [20].
Therefore, if a bacterial strain/consortium
exhibits bioremediation and PGP potential,
it could be a potential boon in agriculture.
The present study explored the feasibility
of isolating maneb and ETU degrading
bacteria for developing biological means of
eliminating their environmental toxicity.
To the best of our knowledge there are no
reports utilisation,
biodegradation of maneb and ethylene
thiourea; PGPR and antifungal activities by
a single bacterial strain.

available for



2. Materials and Methods

2.1. Chemicals and media

The chemicals, maneb and potential
degradation intermediates were purchased
from Sigma- Aldrich, Co. USA and other
chemicals, microbiological growth media
were procured from Hi Media, India.
Mineral salt media(MSM)(pH=7+0.5) used
in the present study was composed of
NaxHPOu(4g/); KH2PO4 (2g/);
(NH4)2SO4 (1g/1); MgSO4 (0.8g/1); trace
element solution consisting of
Al(OH)3(0.1g/l); SnCl> (0.05g/1); KI
(0.05g/1); LiCl (0.05g/1); MnSO4.4H>O

(0.08¢g/); H3;BO03(0.05g/1);
ZnS04.7H20(0.1g/1); CoCl2.6H20(0.1g/1);
NiSO4.6H20(0.1g/1); BaCl>  (0.05g/1);
(NH4)sM07024.4H20  (0.05g/1); FeSOg4

(0.001g/1). The media was autoclaved at
121°C temperature and 15lbs pressure.
After autoclave, the was
supplemented with 50-200 parts per
million (ppm) concentrations of maneb,
ethylene thiourea and ethylene urea as
mentioned in the text.

media

2.2. Sampling Site

Aerial parts of Parthenium hysterophorus
plants were collected from agricultural
fields located on outskirts of Chandigarh,
India. The samples were collected at the
end of month of June
immediately transported to laboratory for
analysis.

and were

2.3. Isolation and selection of maneb and
ethylenethiourea utilising bacteria

The plant parts were dipped in 5 ml of
sterile normal saline for overnight and the
saline was serially diluted and spread plated
on mineral salt media (MSM) containing 50
ppm of maneb, ethylene thiourea and
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ethylene urea respectively as sole carbon
sources. The plates were kept at 30°C for
further observation for the growth of
bacterial colonies. The isolated colonies on
these plates were further screened for
utilisation of maneb as a Carbon source in
MSM broth.

2.4. Identification of the isolated
bacterial strain

The selected bacterial isolate strain SDS18,
positive for utilisation of maneb as a
Carbon source was identified by polyphasic
taxonomy  [21]. DNA  extraction,
amplification and sequencing were
performed by methods as described by
Mayilraj et al [22]. Using EZ Biocloud 16S
database, 16SrRNA sequences of the
species closely related to SDS18 were
obtained and a phylogenetic tree was

prepared using Mega 7.1 software [23].

2.5. Growth profile of strain SDS18 in
presence of maneb and its intermediates
Growth profile of strain SDS 18 was
studied in MSM containing maneb,
ethylene thiourea (ETU) and ethylene urea
(EU) as the sole sources of carbon
respectively. The concentration of these
compounds ranged from 50 ppm to 220
ppm. The strain was inoculated in Y4 diluted
nutrient broth. After 24 hours, the cell
suspension was pellet down and the cells
were suspended in autoclaved double
distilled water. For growth and degradation
studies, 2% of the strain’s inoculum was
used for inoculating the MSM media and
the flasks were maintained at 30°C at 180
rpm. The growth of the strain was
monitored by measuring optical density of
the culture broth in Spectrophotometer
(UV 1800, Shimadzu) at a wavelength of
600 nm at different time intervals. The
flasks without inoculums served as blank



or control.

2.6. Plant growth promoting activities of
strain SDS18

The strain SDS18 was examined for
several activities contributing to plant
growth. The strain was checked for
activities including catalase, ammonia,
phosphate  solubilisation,  4-amino-1-
cyclopropane carboxylate (ACC)
deaminase, siderophore, and for production
of hormones like auxin. The methodology
used for determination of activities was
performed as methods described by Singh
et al (24). Antifungal activity of SDS18
was checked against Alternaria citri
(MTCC 4875), Cladosporium
cladosporioides (ATCC 16022), Fusarium
oxysporum (MTCC 7229) and Alternaria
alternata (MTCC 2724). The bacterial
strains Pseudomonas aeruginosa (MTCC
7903 and MTCC 4682) reported for
antifungal activities were obtained from
Microbial Type Culture Collection and
Gene Bank (MTCC), Chandigarh, India.
These strains and SDS18 were inoculated
in Tryptic Soy Broth (TSB) for 48 hours.

ImM 0.5M EDTA was added in the culture
broth and the cells were lysed by sonication
in ultrasonics (Sonics Vibracell, VCX750)
for 30 minutes at a pulse rate of 10 seconds
on and 10 seconds off. The cell suspension
was centrifuged at 9000 rpm for 5 minutes.
The supernatant was made to concentrate
in speed vacuum concentrator (Eppendorf
AG,22331) for 4 hours till 2 ml of the
solution remained. 100ul of fungal spore
suspension (10°-10°) was spread plated on
PDA plates (20ml). Wells were cut by use
of micro tips. Approximately 150pl of the
concentrated supernatant was added into
each well. The plates were kept at 28- 30°C
to observe the presence of zone of
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inhibition around the wells.

2.7. Extraction of putative intermediates
of maneb degradation

For degradation studies, nine amber
colored flasks with 100 ml MSM
(pH7+0.5) with 100 ppm maneb as Carbon
source were prepared. The strain SDS18
was inoculated at 2% inoculums density as
described above in all the flasks. The flasks
were kept in rotary shaker (Innova44,
Brunswick) at 180 rpm at 30°C. At a
regular interval of 24 hours, 3 flasks were
removed from shaker and the culture broth
was combined and centrifuged at 10,000
rpm at 4°C (6K 16, Sigma).The supernatant
was extracted thrice with 100ml ethyl
acetate in a separatory funnel. The layer of
organic solvent was collected each time.
The pH of the supernatant was made acidic
(pH 2.0) and alkaline (pH10.0) by the
addition of concentrated 10N HCI and 10N
NaOH respectively. The supernatants were
extracted three times with ethyl acetate.
The organic layer was collected after every
extraction. The collected ethyl acetate
layers of different pH were mixed and
concentrated in the rotary shaker
(Nutronics, 1263) at 35°C. The
concentrated residue was suspended in 1ml
ethyl acetate and kept at 4°C for analysis.
Heat killed cells and uninoculated media
were taken as control.

2.8. Analytical techniques

2.8.1. Fourier Transform Infrared
Spectroscopy (FTIR)

The intermediate extracted in the ethyl
acetate was mixed with 100 mg of dried
potassium bromide (KBr) powder and a
thin pellet was formed. The pellet was
subjected to FTIR analysis in the
spectrometer Bruker Optik GmbH, Model



Vertex 70. The spectra were recorded in the
transmittance mode within the range 400-
4000 cm!. The spectrum was processed
with the Opus 6.5 software. The resolution
of the measurement was 4 cm™. The
identity of the extracted intermediate was
confirmed by comparison with the
spectrum of the procured standards.

2.8.2. Electrospray Ionisation Mass
Spectroscopy (ESI-MS)

For determining the mass of the extracted
intermediates of maneb degradation, the
extracted intermediates were subjected to
mass spectrometer (Waters, QTOF
Micromass) in both positive and negative
modes. The spectra were recorded in both
positive and negative mode in the mass to
charge (m/z) range of 50-500.

2.8.3. 'H Nuclear Magnetic Resonance
(NMR)

The extracted intermediate dissolved in
ethyl acetate was evaporated to dryness in
the concentrator (Eppendorf AG, 22331).
The concentrated residue was dissolved in
600 pl deuterated chloroform (CDCls) and
subjected to Jeol ECX 300MHz NMR
Spectrometer at 25°C. The results were
processed with Delta 4.3.6 software.

2.84. High Performance Liquid
Chromatography (HPLC)

In order to confirm the structure of
extracted intermediates/metabolites, HPLC
analysis was performed with an Ultimate
HPLC System (Thermo Fisher, USA)
connected with a UV detector (Thermo
Fisher, USA). The column used was
Thermo Acclaim C18 (5u, 4.6x250 mm)
while mobile phase was acetonitrile and
water at a ratio of 10:90 (v/v) at a flow rate
of Iml/minute. The injection of samples at
a volume of 20 pl were done manually
(Rheodyne) and detected at 232nm.
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Identification of compounds was revealed
by comparing the retention times with the
external calibration curves prepared with
authentic standard solutions between 62.5
ppb to 1 ppm.

2.8.5. Genome mining of strain SDS18
Genomic DNA of the strain was isolated by
fungal/ bacterial DNA isolation kit (Zymo
research, USA) by using manufacturers’
instructions. The isolated DNA of strain
SDS18 was dispatched for sequencing at
Genotypic Pvt Ltd (Bengaluru, India,).
Following  quality = check, library
preparation and further processes were
carried out as methods described by [25].
Sequencing was done using the Illumina
Miseq paired-end technology (2x300) and
the obtained raw data was used for genome
assembly with MaSuRCA [26] genome
assembler version 2.3.2 The genome of the
strain formed a total of 7,369,198 reads.
The data was processed to trim and
eliminate low quality sequences using CLC
Bio Workbench v7.0.5 (CLC Bio, Aarhus,
Denmark). A total of 7,368,052 high
quality, vector filtered reads (~568 times
coverage) were used for assembly (at word
size of 45 and bubble size of 98). The
sequence was deposited to NCBI. The final
draft genome was used for genome
annotation employing RAST server and
RNAmmer 1.2server [27].

3. Results and Discussion

3.1. Isolation of maneb and ethylene
thiourea utilizing bacterial isolates

The MSM plates were observed after 5
days of incubation. Based on morphology
and pigmentation 10 different colonies
were observed. The results of phylogenetic
analysis of the isolates suggested that these
fall into

isolates two major groups
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Firmicutes and Proteobacteria (Figure 3.2. Identification of the isolated
S1). The isolated strains were further bacterial strain
screened for growth and degradation of

74r Pseudomonas toyotomiensis JCM15604T (AB453701)
SN Pseudomonas chengduensis DSM26382" (EU307111)
Pseudomonas alcalophila JICM10630T (AB030583)
Pseudomonas mendocina DSM50017T (D84016)
Pseudomonas stutzeri ATCC 175887 (AF094748)
Pseudomonas zhaodongensis DSM27559T (JQ762275)
[ Pseudomonas alcaligenes ICM10630" (AB030583)
78 _.|__Pseudomonas otitidis DSM17224T (AY953147)
] 9 Pseudomonas aeruginosa DSM 500717 (HE978271)
7 Pseudomonas flavescens DSM 120717 (U01916)
Pseudomonas punonensis LMT03T (JQ344321)
Pseudomonas benzenivorans DSM 8628T (FM208263)
Pseudomonas oryzihabitans DSM6835T (BBIT01000012)
77 Pseudomonas guariconensis LMG27394T (HF674459)
19r Pseudomonas luteola IAM 130007 (D84002)
Pseudomonas zeshuii ACCC05688T (TN411093)
Pseudomonas psychrotolerans SDS18 (KX886827)
107 Pseudomonas psychrotolerans DSM15758T (AI575816)
Pseudomonas oleovorans DSM1045T (D84018)
zotobacter chroococcum DSM2286" (AB175653)
75 Serpens flexibilis ATCC 29606T (GU269546)
100° Pseudomonas tuomuerensis ICM14085T (DQ868767)
Acinetobacter calcoaceticus DSM30006T (AJ888983)

R
0.01

Figure 1. Phylogenetic neighbour-joining tree based on 16S rRNA gene sequences showing the relationship
between strain SDS18 and other closely related members of the genus Pseudomonas. Acinetobacter calcoaceticus
DSM30006T (AJ888983) was used as an outgroup. Bootsrap values (expressed as percentages of 1000
replications) greater than 70% are given at nodes. Filled circles corresponding to the nodes were recovered in the
tree generated with maximum parsimony and maximum likelihood algorithms. Bar, 0.01% sequence variation.
Gen Bank accession numbers are given in parentheses

maneb. For screening, MSM broth
supplemented with the maneb as sole
Carbon source was used. The strain(s)
showing growth in the presence of maneb

Microscopic studies suggested the bacteria
to be Gram-stain negative, non-spore
forming, motile and rod shaped.
Biochemical and physiological tests
indicated that the bacterium belongs to the
genus Pseudomonas. Further, 16S rRNA
gene sequence analysis  (~1500bp)
indicated the closest hit to be Pseudomonas
psychrotolerans DSM 15758 with 99.93%
similarity followed by Pseudomonas

were screened for utilisation of ethylene
thiourea and ethylene urea as a Carbon
source. One strain designated as SDS18
was able to utilise maneb, ethylene thiourea
and ethylene urea respectively as Carbon
sources. The strain SDS18 was used for
further studies.

808
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oryzihabitans NBRC 1021997, various biological activities including the
Pseudomonas oleovorans 1AM 15087, utilisation of several agrochemicals [28,
£ maneb
0.9
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Figure 2. Growth curve of strain SDS18 on maneb, ETU and EU. The values represent an average value of

three independent experiments

Pseudomonas  stutzeri ATCC 175887,
Pseudmonas HT-3T
Pseudomonas chengduensis MBR'. The
16S rRNA gene sequence was submitted to
the GenBank database under accession
number KX886827. The draft genome
sequence of strain SDS18 is deposited to
the NCBI database with accession number
MTLN 00000000.

The combined  phylogenetic  tree
constructed by Neighbor joining (NIJ),
Maximum parsimony (MP) and Maximum
likelihood (ML) algorithms (Figure 1)
shows that the strain SDS18 forms a
with  Pseudomonas
psychrotolerans  (DSM  15758T)  and
Pseudomonas oleovorans (DSM 10457).

The genus Pseudomonas is known for

toyotomiensis and

distinct clade

809

29]. However, there are no reports for

degradation of ethylene
bisdithiocarbamates by the  genus
Pseudomonas.

3.3. Growth profile of strain SDS18 on
maneb and ethylenethiourea

The growth of a bacterial strain is measured
by the increase in the turbidity and the
optical density of the inoculated liquid
broth [30]. Growth was absent in
uninoculated controls. The increase in the
optical density of MSM indicated the
growth of strain SDS18 in MSM with the
utilisation of maneb, EU and ETU as sole
sources of Carbon. The growth curve
revealed that the strain SDS18 utilises 50
ppm to 150 ppm concentration of maneb



and 50 ppm to 200 ppm concentration of
EU and ETU (Figure 2).In case of maneb
the lag phase was seen at (10-25hours); log
phase(28-40hours) and stationary phase at
40-60 hours. In case of EU and ETU the
strain showed lag phase at 10 hours
followed by log phase at 12-35 hours and
stationary phase at 35-40 hours. The
possible reason for a long lag phase in case
of maneb could be due to the toxic and
recalcitrant nature of the compound.
Maneb can inhibit microbial growth,
activity and proliferation. Hence, the
strain(s) requires comparatively longer
duration to adapt and overcome its toxic
effects before they can actively grow and
reproduce. This observation correlates with
the previous reports of pesticide
degradation [31]. Growth in the presence of
such toxic compounds as sole Carbon
source indicates transformation of the
molecules to simpler ones via metabolism.
In case of maneb, OD reached a value of
0.945 in 62 hours at 100 ppm concentration
while in case of ETU and EU, maximum
OD (1.446) was attained in 48 hours at 50
ppm concentration. However, the strain
does not show much variation in the growth
curve at different concentrations of maneb,
ETU and EU. No significant change in pH
of media was observed because the
concentration of NaHPO4 was quite high
which acted as a buffer in the MSM.

3.4. Plant growth promoting activities of
strain SDS18

There are some studies suggesting the
isolation of bacteria conferring both
pesticide degradation and plant growth
promoting characteristics [32, 33]. The
strains of Pseudomonas psychrotolerans
are reported for plant growth promoting
traits [34, 35]. The isolate SDS18 was
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checked for plant growth promoting
activities namely production of HCN,
catalase, ammonia, siderophore, auxin,
ACC deaminase activity and phosphorus
solubilisation. The strain SDSI8 was
positive for all, except HCN production.

In plants, catalase helps to get rid of H20»,
which is generated under oxidative stresses
like salinity, high or low temperature,
strong light, drought and various chemicals
including particulate matter of air causing
air pollution and herbicides [36]. Microbial
strains exhibiting catalase activity are
resistant to different types of stress [37].
The strain SDS18 produced effervescence
upon addition of H>O; indicating it to be
positive for catalase production.

HCN is a gaseous secondary metabolite
inducing negative effect on root growth
and root metabolism. Thus, HCN
producing bacteria are termed as
‘deleterious rhizobacteria’. These are non-
parasitic plant pathogens with the ability to
secrete phytohormones and phytotoxins
affecting the metabolism of plants
negatively [38]. The strain SDS18 did not
produce HCN even after4 days of growth
as colour of filter paper remained similar to
the control. The unchanged colour of the
filter paper indicates that the strain did not
produced HCN, conferring plant growth
promoting feature to the strain.

N is required to synthesise bio molecules
like proteins and nucleic acids. Since
atmospheric N is inaccessible to plants
[39], PGPB converts N to ammonia
(assimilable by plants) known as biological
N fixation [40]. Ammonia production also
hampers the growth of phyto pathogens
[41,42] reported ammonia production in
rhizospheric isolates belonging to Bacillus



(95%) followed by Pseudomonas (94.2%).
In fact, the endophytic strain Pseudomonas
psychrotolerans PRS08-11306 possess
‘turnerbactin’ a biosynthetic gene cluster
for nitrogen fixation [43]. In the present
study, the strain SDS18 was able to
produce ammonia in peptone water, as
addition of Nessler’s Reagent changed
colour to brownish yellow.

Siderophores are small molecules having
high affinity for iron which aid in
scavenging iron by formation of soluble
Fe*" complexes which can be easily taken
up by the mechanism of active transport
[44]. CAS shuttle assay indicated that
strain SDS18 was able to produce
siderophores within 24 hours of growth.
The percentage of siderophore production
was found out to be 60.98%. Literature
suggests the production of siderophores by
Pseudomonas spp. Amongst the species of
Pseudomonas, Pseudomonas fluorescens
and Pseudomonas aeruginosa produce
pyoverdins which are fully characterized,
while Pseudomonas stutzeri is known to
produce ferrioxamine E, also called
nocardamine [45,46]. Importance of
siderophores  producing bacteria in
phytoremediation has been mentioned in
numerous studies [47,48].

Phosphate solubilisation is one of the most
important criterions for PGPB [49]. PGPB
possess the ability of solubilising the
inorganic phosphorus (P) such as calcium
phosphate [Ca3(POa)2], ferric phosphate
[FePO4] and aluminium phosphate [AIPO4]
of soil and make it available to the plants
by secreting organic acids
phosphatases [50]. Members of genus
Bacillus and Pseudomonas are reported as
the most efficient phosphate solubilising
bacteria [51].The phosphate solubilising
activity of strain SDS18 was checked by

and acid
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growing the strain in Pikovaskaya’s broth
for 4 days and the amount of soluble
phosphate was calculated (Figure 3a) as
described by [52]. We found that the
concentration of phosphate increased from
1.36mM to 3.682mM after 4 days of
incubation, whereas in the
concentration remained unchanged.

Ethylene is the only gaseous phytohormone
regulating the processes of plant growth,
development and senescence. Under stress
causing conditions like flooding, drought,
action of heavy metals, phytopathogens,
and high salt, the production of the
hormone increases and negatively affects
the development of a plant [53]. One of the
mechanisms involving the regulation of
ethylene production is the activity of an
enzyme ‘1- aminocyclopropane-1-
carboxylate (ACC) deaminase’ found in
bacteria. The enzyme ACC deaminase
converts ACC which is the direct precursor
of ethylene to a-ketobutyrate and ammonia
helping in the growth of plants [54]. The
PGPB exhibiting ACC deaminase activity
stimulates growth, mainly in
unfavourable conditions [54]. When the
strain SDS18 was cultured in the DF MSM
medium with ACC as the sole N source, the
strain was able to use ACC as sole nitrogen
source implying its ACC deaminase
activity. The activity was 8.625+1.25 uM
of a-ketobutyrate/h/mg protein. Literature
reports the existence of ACC activity in

control

plant

Pseudomonas spp [55]. Phytohormones are
chemical compounds enacting as messengers
and coordinating the cellular functions of
plants. In plants, five major phytohormones
namely auxin, gibberellins, cytokinin, ethylene
and abscisic acid are present. The most
abundant occurring auxin is indole-3-acetic
acid (IAA). It is a major signaling molecule
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Figure 3. Plant growth promoting traits of strain SDS18: (a) Phosphate solubilisation activity. The
values represent an average value of three independent experiments. (b) IAA production, the values
represent an average value of three independent experiments. (c) Antifungal activity of SDS18 on
Cladosporium cladosporioides and Alternaria citri; MTCC4682-Pseudomonas aeruginosa 1C230;
ATCC16022- Cladosporium cladosporioides; MTCC 4875- Alternaria citri; MTCC7903-Pseudomonas
aeruginosa PfD]1.
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since it regulates the process of plant
development together with organogenesis
and cellular responses like cell division,
cell expansion, differentiation and gene
regulation [56]. Interaction between [IAA
producing organisms and plants results in
positive effects on the plant side, ranging
from phytostimulation to pathogenesis.
IAA producing bacteria use this hormone
to interact with plants as a part of their
colonization approach. L tryptophan is
considered as the precursor of IAA
synthesis in bacteria [57]. The strain
SDS18 produced IAA in the presence of
tryptophan (Figure 3b). The
presented in Figure 3b indicates that the
concentration of auxin increased from
0.089mM to 0.682mM after 72 hours of
growth in case of flasks inoculated with the
strain SDS18, whereas the concentration of
auxin remains unchanged in uninoculated
control.

results

Several bacteria have been recognized as
prospective biological control agent of
fungal phyto pathogens due to their ability
to guard plants against various important
agronomical fungal diseases like black rot
of tobacco, pea and wheat, damping off
sugar beet. Pseudomonas secretes a variety

of antibiotics like pyrrolnitrin, 2,4-
diacetylphloroglucinol(2,4-DAPG)  and
Pyoluteorin [58]. Antifungal activity

experiments confirmed that the strain
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SDS18 was capable of inhibiting the
growth of Cladosporium cladosporioides
and Alternaria citri (Figure 3c). The zone
of inhibition in case of Alternaria citri was
26 mm comparable with the positive
control Pseudomonas aeruginosa 1C230.
The strain SDS18 showed 28 mm zone of
inhibition 1in case of Cladosporium
cladosporioides; while the positive control

Pseudomonas aeruginosa showed 33 mm.

3.5. Comparative genomic analysis of the
PGPR genes

In silico studies of plant growth promoting
bacteria suggested the presence of genes in
the selected bacterial strains conferring
plant growth promoting traits [59]. The
genome mining of the strain SDSI8
revealed the presence of genes related to
plant growth and development. Further to
confirm the plant growth promoting ability
of the strain SDS18, comparative genomic
analysis between the vy-Proteobacteria
strains reported for plant growth promoting
traits was done. For analysis, recently
reported plant growth promoting strains
Pseudomonas fluorescens PS006 [60],
Klebsiella sp. D5A [61] and Pseudomonas
putida S11 [62] were The
comparison (Table 1) shows that the strain
SDS18 contains the necessary genes
attributed for plant growth promoting
characteristics.

chosen.
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Table 1. Comparative plant growth promoting genomic features of Pseudomonas psychrotolerans SDS138,
Pseudomonas fluorescens PS006, Klebsiellasp.D5SA, Pseudomonas putida S11.

3.6. Comparative genomic analysis of the
stress response genes

Stress response is stimulated in bacteria
the

unfavourable conditions in the immediate

when bacterial cell encounters
environment. In order to cope with the
stress, certain genes are activated which
controls molecular pathways [63]. Maneb
and ETU are toxic compounds. The

compounds causes oxidative stress [64].

814

S.No Plant  growth|Pseudomonas |Pseudomona| Klebsiellasp.| Pseudomona| Genes with
[promotion psychrotolerals fluorescens DSA s putida S11 | Potential  for
traits ns SDS18 PS006 conferring

PGP traits

1. [Phosphate 'Yes Yes Yes Yes Glucose
solubilisation dehydrogenase,

pgqqdependent

2. [AA 'Yes Yes Yes Yes Indole-3-
production glycerol

phosphat
e
synthase

3.  [Siderophore |Yes Yes Yes No acsA, acsB,
production  |(Achromobac (Pyoverdine)| (Enterobactin acsC,

tin, , acs
Enterobactin) Aerobactin) D, acsE, acsF

4. |Catalase Yes Yes Yes Yes Catalase gene

homolog

5. |Acetoin & |Yes Yes Yes Yes Acetoin
butanediol dehydrogenase
synthesis cluster

6. [Peroxidases |Yes Yes Yes Yes

7.  |[Superoxide [Yes Yes Yes Yes
dismutase

8.  |Ammonia Yes Yes Yes Yes Glutamate
production/ synthase gene
assimilation cluster

Literature suggests that increase in

oxidative stress leads to Parkinson disease,
Alzheimer’s disease, heart failure, cancer,
and atherosclerosis. response  to
oxidative stress, cells are known to produce
enzymes like catalase,
superoxide dismutase, heme oxygenase-1
and  glutathione-S-transferases.  These
enzymes are known to protect the cells
against oxidative stress/damage [65].

In

antioxidant




Literature suggests some bacteria like
aeruginos [66],
Micrococcus sp. S2 [67] and Bacillus
subtilis [68] produce superoxide dismutase
especially manganese superoxide
dismutase which plays a significant role in
resistance towards oxidative stress.

Pseudomonas

The annotated genome of the bacterial
strain  Pseudomonas  psychrotolerans
SDS18 contains fifty six genes for
oxidative stress. Some of the important
genes are glutathione-S-transferase, NAD

dependent  glyceraldehyde-3-phosphate
dehydrogenase, ¥ NADPH  dependent
glyceraldehyde-3-phosphate

dehydrogenase, manganese superoxide

dismutase, superoxide dismutase [Cu-Zn]
precursor, catalase, hydrogen peroxide-
inducible genes activator, ferroxidase and
peroxidase. There are no reports for maneb
and ETU degrading genes apart from the
presence of cytochrome Paso.

3.7. Analytical techniques for
identification of putative intermediates
of maneb degradation

There are some reports which state the
transformation of maneb to ETU and EU
[9]. The sample extracts obtained at 24
hours indicated no formation of
metabolites. The sample extracts obtained
at 48 hours and 72 hours indicated
formation of ETU. Hence, the two sample
extracts were combined. Further work of
identification was carried out with this
sample extract. No growth was seen in case
of both the control flasks.

3.7.1. HPLC Analysis

The extracted intermediate was subjected
to HPLC in order to compare its retention
time with that of the authentic standard
ETU. The HPLC profile of the intermediate
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showed the retention time of 3.973 minutes
identical to that of the standard of 500 ppb
ETU (Figure 4a and Figure 4b). The HPLC
results suggest the extracted intermediate
as ETU.

3.7.2. FTIR Analysis

In order to determine the functional groups,
present in the extracted intermediate, FTIR
analysis was done. The similarities
revealed between the FTIR spectra of the
standard and extracted intermediate as
shown in supplementary figure 2a and 2b
indicates that the extracted intermediate is
ETU. The medium peak within the range
3250-3400 cm 'represents the N-H stretch
of ETU. C-N stretch is represented by the
variable peak within the range 2210-
2260cm™. A strong peak within the range
3000-3100cm™ represents the C-H stretch

o] (3)

501
|
L

— 1 -3.973

6001 (b)

400 ‘

200+

1-1.950
2.887
T 3-3200
'

-100 T T T T T T
0

Figure 4. HPLC for structure determination of the
extracted intermediate. (a) HPLC chromatogram of
500ppb ETU showing a peak at 3.973 minutes. (b)



of aromatic compounds [69]. The FTIR
results finally revealed the presence of ETU
in the extract.

3.7.3. "THNMRAnalysis: To find out the
position of protons, 'HNMR is a useful
technique. We performed and analysed the
proton NMR spectra for both the standard
and sample. The 'THNMR spectra indicated
that the compound ETU has one singlet at
0 4.86 due to the symmetrical environment
(Figure 5a). Similar NMR spectrum is
obtained for the extracted intermediate too
(Figure 5b). The 'NMR results revealed the
compound to be ETU.

3.7.4. LC/Q-TOF-MS Analysis

For finding out the percentage of
transformation of maneb to ETU, LC/Q-
TOF-MS studies of the culture supernatant
were done at different time intervals. The
m/z peak for maneb is at 265.01 (Figure
6a). After75 hours the culture supernatant
showed a reduction in m/z peak at 265.01
(Figure 6b). Hence, 35.78% reduction of
maneb occurred.

The fungicide maneb is broken down to
ETU. ETU is a well-known metabolite
of  dithiocarbamate fungicides. The
molecular weight of ETU is 102.2. Since,
the strain is able to utilise ETU as Carbon
source, LC/Q-TOF-MS
performed to find out the percent reduction.
The LC-MS spectrum of 0 hour (Figure6c)
indicates the m/z peak of ETU at 103.03
while the spectrum of 75 hours (Figure 6d)
reveals the complete disappearance of the
peak of ETU. This suggests the
transformation of ETU to simple
molecules. There are reports suggesting the
transformation of ETU to CO,, H,O [70].
However, in our study we could not detect
the formation of small molecules formed as

studies were
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a result of ETU breakdown.

Further, identification of genes/enzymes
involved in the biodegradation of maneb

.
s

(a)

Figure 5. '"HNMR for structure determination of the
extracted intermediate. (a) "THNMR spectrum of 1
ppm ETU, (b) 'THNMRspectrum of the extract.

and ETU could lead to elucidation of the
complete pathway. Maneb degradation
ability and PGP traits of strain SDS18
suggest that bacteria can be used in field for
eliminating fungicide as well as support
growth of plants.

4. Conclusions

This study reports the characterization and
biodegradation potential of a plant
associated bacteria for maneb and its
photolytic product. The plant associated
bacteria mainly consisted of Firmicutes
and Proteobacteria. Of all the isolates, the
most promising strain SDSI18 was
characterized as Pseudomonas



psychrotolerans by polyphasic taxonomy.
The strain SDS18 was able to utilise upto
150 ppm of maneb and 200 ppm ethylene
thiourea as sole Carbon sources. The
isolate was unique in its attribute of
exhibiting all plant growth promoting
features possessing  antifungal
activities against Alternaria citri and

and

Cladosporium cladosporioides. In silico
studies of the strain SDS18 revealed that its
genome has  genes phosphate
solubilisation, ammonia production and
assimilation, IAA production, siderophore
production, acetoin and butanediol
synthesis, peroxidases and superoxide
dismutase which are also present in other
plant growth promoting bacteria. The
genes to combat stress response generated
due to the toxic maneb were also present.
In vitro biodegradation studies had shown
that the strain could degrade 35% maneb to
ETU. Further, ETU was completely
degraded. Hence, the plant growth
promoting strain SDS18 can prove to be a
potential candidate for maneb and ETU
degradation.

for

Acknowledgements

Bhawna Vyas thanks DST for fellowship.
We wish to acknowledge Mr. Satyanarayan
(CSIR- NIITR) for HPLC, Mr. Anurag
(CSIR-IMTECH) for FTIR, Mr. Senthil
(CSIR-IMTECH) for LC/Q-TOF MS and
Dr. Amarnath Sharma (CSIR-IMTECH)
for 'THNMR analysis. The authors thank
Director, CSIR-Institute of Microbial
Technology, Chandigarh for providing
facilities for this work.

Contflict of Interest
The authors declare that they have no

conflict of interest.

Current Natural Sciences & Engineering 2 (5) 2025

817

104+ Scan (063069 min, 9 Sans) 12 St

(o

R R EE Y N E R E R F XKD
Count s MasstoCrarge (mz)

0 +Scan (0624067 min, 7 Scans) 4 Sublact

b

..............................

Countsvs. MassoCharge (mz)

4103 [ S¢an{1.31-1.87 min, 119 Scans) ETV g Subiract

1

9896166

L o | ud |

% % M 01 12 103 1 105 06 107 108 19 0t 2 13 14 15
Counts vs, Mass-to-Charge (w2)

105 [*S¢an (150-181 min 56 Scans) 26 Subvact

|

12708709

1 143.08173
L] Aist ‘

93,0602 11006025 119.02759

@ % % 9B 100 102 104 106 108 10 12 114
Counts vs. Mass-o-Chargy

Figure 6. LC/QTOFMS studies showing reduction of
maneb and ETU. (a) LC-MS spectrum for 0 hour culture
supernatant showing the m/z peak of maneb at 265.01; (b)
LC-MS spectrum for 75 hours culture supernatant
showing the reduction (35.78%) in the m/z peak of maneb
at 265.01; (¢) LC-MS of 0 hour culture supernatant

12 124 126 128 130 132 134 136 138 M40 142 144
ma)



References

[1]. Dias MC. Phytotoxicity: An
Overview of the Physiological
Responses of Plants Exposed to

Fungicides. Journal of Botany, 1 (2012)
135479.

[2]. El-Baky NA, Amara A. Recent
Approaches towards Control of Fungal
Diseases in Plants: An Updated
Review. J Fungi (Basel), 7 (2021).

. Hogarth G, Onwudiwe DC. Copper
Dithiocarbamates: Coordination
Chemistry and Applications in
Materials Science, Biosciences and
Beyond. Inorganics, 9 (2021) 70.

. Campanale C, Triozzi M, Ragonese A,

Losacco D, Massarelli C.
Dithiocarbamates: Properties,
Methodological ~ Approaches and
Challenges to Their Control. Toxics, 11
(2023).

[5]. Kanchi S, Singh P, Bisetty K.

Dithiocarbamates as hazardous
remediation agent: A critical review on
progress in environmental chemistry
for inorganic species studies of 20th
century. Arabian Journal of Chemistry,
7 (2014) 11.

. Hoffman L, Trombetta L, Hardej D.
Ethylene bisdithiocarbamate pesticides
Maneb and Mancozeb cause metal

colon cells.

overload in human

Environmental Toxicology and

Pharmacology, 41 (2016) 78.

Rath N, Rasaputra K, Liyanage R, Huff

G, Huff W. Dithiocarbamate Toxicity -

An Appraisal. (2011).

[8].Ben Naim Y, Cohen Y. Replacing
Mancozeb with Alternative Fungicides
for the Control of Late Blight in Potato.
J Fungi (Basel), 9 (2023).

[9].Kubens L, Truong K-N, Lehmann CW,

[7].

Current Natural Sciences & Engineering 2 (5) 2025

818

Liitzenkirchen-Hecht D, Bornhorst J,
Mohr F. The Structure of Maneb, An
Important Manganese-Containing
Bis(dithiocarbamate) Fungicide.
Chemistry — A European Journal, 29
(2023) €202301721.

[10]. Vyas B, Singh A, Cameotra S.
Sorption behaviour of maneb in the
agriculture soils and its correlation
with soil properties. International
Journal Of Engineering Research
and Science, 1 (2015) 47.

[11]. Hv D, Cd D, Ks R, Khaire P, Pr B.
Efficacy of different fungicides against
the Alternaria solani under in vitro

of
Pharmacognosy and Phytochemistry, 9
(2020) 1057.

[12]. Anderson CC, Marentette JO,
Rauniyar AK, Prutton KM, Khatri M,
Matheson C, Maneb alters central
carbon metabolism and thiol redox
status in a toxicant model of
Parkinson's disease. Free Radic Biol
Med, 162 (2021) 65.

[13]. Costello S, Cockburn M, Bronstein
J, Zhang X, Ritz B. Parkinson's disease
and residential exposure to maneb and
paraquat from agricultural applications
in the central valley of California. Am
J Epidemiol, 169 (2009) 919.

[14]. LiuC,LiuZ, FangY, Liao Z, Zhang
Z, Yuan X, Exposure to
dithiocarbamate fungicide maneb in
vitro and in vivo: Neuronal apoptosis
and underlying mechanisms.
Environment International, 171 (2023)
107696.

[15]. Baltazar MT, Dinis-Oliveira RJ, de
Lourdes Bastos M, Tsatsakis AM,
Duarte JA, Carvalho F, Pesticides
exposure as etiological factors of
Parkinson's  disease = and  other

conditions. Research Journal



neurodegenerative diseases--a
mechanistic approach. Toxicol Lett,
230 (2014) 85.

[16]. Kubens L, Weishaupt A-K,
Michaelis V, Rohn I, Mohr F,
Bornhorst J, Exposure to the
environmentally relevant fungicide
Maneb: Studying toxicity in the soil
nematode Caenorhabditis elegans.
Environment International, 183 (2024)
108372.

[17]. Sugeng AJ, Beamer PI, Lutz EA,
Rosales CB, Hazard-ranking of
agricultural pesticides
health effects in Yuma County,
Arizona. Sci Total Environ, 463-464
(2013) 35.

[18]. Lopez-Fernandez O, Yafiez R, Rial-
Otero R, Simal-Gandara J, Kinetic
modelling of mancozeb hydrolysis and
photolysis to ethylenethiourea and
other by-products in water. Water
Research, 102 (2016).

[19]. Leemans M, Couderq S, Demeneix
B, Fini JB, Pesticides With Potential
Thyroid Hormone-Disrupting Effects:
A Review of Recent Data. Front
Endocrinol (Lausanne),10 (2019) 743.

[20]. Chandrasekaran M, Paramasivan
M, Plant growth-promoting bacterial
(PGPB) mediated degradation of
hazardous pesticides: A

for chronic

review.
International  Biodeterioration &
Biodegradation, 190 (2024) 105769.
[21]. Vandamme P, Pot B, Gillis M, de
Vos P, Kersters K, Swings .
Polyphasic taxonomy, a consensus
approach to bacterial systematics.
Microbiol Rev, 60 (1996) 407.
[22]. Mayilraj S, Kroppenstedt
Suresh K, HS.
himachalensis sp. nov., an
actinobacterium isolated from the

RM,

Saini Kocuria

Current Natural Sciences & Engineering 2 (5) 2025

819

Indian Himalayas. Int J Syst Evol
Microbiol, 56 (2006) 1971.

[23]. Kumar S, Stecher G, Tamura K,
MEGA7: Molecular Evolutionary
Genetics Analysis Version 7.0 for
Bigger Datasets. Mol Biol Evol, 33
(2016) 1870.

[24]. Singh AK, Cameotra SS, Efficiency
of lipopeptide biosurfactants in
removal of petroleum hydrocarbons
and heavy metals from contaminated
soil. Environ Sci Pollut Res Int, 20
(2013) 7367.

[25]. Rameshan G, Kaur G, Genome
Mining and Comparative Genomic
Analysis of Five Coagulase- Negative
Staphylococci (CNS) Isolated from

Bladder.
Journal of Data Mining in Genomics &
Proteomics, 07 (2016).

[26]. Zimin AV, Margais G, Puiu D,
Roberts M, Salzberg SL, Yorke JA.
The MaSuRCA genome assembler.
Bioinformatics, 29 (2013) 2669.

[27]. Lagesen K, Hallin P, Redland EA,
Staerfeldt HH, Rognes T, Ussery DW,
RNAmmer: rapid
annotation of ribosomal RNA genes.
Nucleic Acids Res, 35 (2007) 3100.

[28]. Yang R, Du X, Khojasteh M, Ali
Shah SM, Peng Y, Zhu Z, Green
guardians: The biocontrol potential of
Pseudomonas-derived metabolites for
sustainable agriculture. Biological
Control, 201 (2025) 105699.

[29]. Sidorova TM, Tomashevich NS,
Allahverdyan VV, Tupertsev BS,
Kostyukevich Y1, Asaturova AM, New

Bacterial

Human Colon and Gall

consistent and

Pseudomonas Strains:
Biological Activity and Characteristic
Properties of Metabolites.
Microorganisms, 11 (2023) 1943.

[30]. Mira P, Yeh P, Hall BG, Estimating



microbial population data from optical
density. PLoS One, 17 (2022)
€0276040.

[31]. Bertrand RL, Lag Phase Is a

Dynamic, Organized, Adaptive, and
Evolvable Period That Prepares
Bacteria for Cell Division. J Bacteriol,
201 (2019).

[32]. Singh A, Chand Kumawat K,

Unraveling the potential of microbial
diversity in pesticide remediation: An
eco-friendly approach for
environmental sustainability. Journal
of Agriculture and Food Research, 21
(2025) 101832.

[33]. Bandopadhyay A, Roy T, Alam S,

Majumdar S, Das N, Influence of
pesticide-tolerant soil Dbacteria for
disease control caused by
Macrophomina phaseolina (Tassi.)
Goid and plant growth promotion in
Vigna unguiculata (L.) Walp.
Environment, Development — and
Sustainability, 25 (2023) 14693.

[34]. Mei C, Zhou D, Chretien RL,

Turner A, Hou G, Evans MR, A
Potential Application of Pseudomonas
psychrotolerans TALR632 for Lettuce
Growth Promotion in Hydroponics.
Microorganisms, 11 (2023) 376.

[35]. Kang SM, Asaf'S, Khan AL, Lubna,

Khan A, Mun BG, Complete Genome
Sequence of Pseudomonas
psychrotolerans  CS51, a  Plant
Growth-Promoting Bacterium, Under
Heavy Metal Stress Conditions.
Microorganisms, 8 (2020).

[36]. Hasanuzzaman M, Bhuyan M,

Zulfigar F, Raza A, Mohsin SM,
Mahmud JA, Reactive Oxygen Species
and Antioxidant Defense in Plants
under Abiotic Stress: Revisiting the
Crucial Role of a Universal Defense

Current Natural Sciences & Engineering 2 (5) 2025

820

Regulator. Antioxidants (Basel), 9
(2020).

[37]. Hudek L, Enez A, Briu L,
Cyanobacterial ~ Catalase  Activity
Prevents Oxidative Stress Induced by
Pseudomonas fluorescens DUSI1-27
from Inhibiting Brassica napus L.
(canola) Growth. Microbes Environ,
33 (2018) 407.

[38]. de Andrade LA, Santos CHB,
Frezarin ET, Sales LR, Rigobelo EC,

Plant Growth-Promoting
Rhizobacteria for Sustainable
Agricultural Production.

Microorganisms,11 (2023).

[39]. Zayed 0, Hewedy OA,
Abdelmoteleb A, Ali M, Youssef MS
& Roumia AF, Nitrogen Journey in
Plants: From Uptake to Metabolism,
Stress  Response, and Microbe
Interaction. Biomolecules, 13 (2023).

[40]. Di Benedetto NA, Corbo MR,
Campaniello D, Cataldi MP,
Bevilacqua A & Sinigaglia M, The role
of Plant Growth Promoting Bacteria in
improving nitrogen use efficiency for
sustainable crop production: a focus on
wheat. AIMS Microbiol, 3 (2017) 413.

[41]. Gupta A, Mishra R, Rai S, Bano A,
Pathak N, Fujita M, Mechanistic
Insights of Plant Growth Promoting
Bacteria Mediated Drought and Salt
Stress Tolerance in Plants for
Sustainable Agriculture. International
Journal of Molecular Sciences, 23
(2022) 3741.

[42]. Joseph B, Ranjan Patra R, Lawrence
R, Characterization of plant growth
promoting rhizobacteria associated
with chickpea (Cicer arietinum L.).
International  Journal of  Plant
Production,1 (2012) 141.

[43]. LiuR, Zhang Y, Chen P, Lin H, Ye



G, Wang Z, Genomic and phenotypic
analyses of
psychrotolerans PRS08-11306 reveal a
turnerbactin biosynthesis gene cluster
that contributes to nitrogen fixation. J
Biotechnol, 253 (2017) 10.

[44]. Albelda-Berenguer M, Monachon
M, Joseph E, Chapter
Siderophores: From natural roles to
potential applications. In: Gadd GM,
Sariaslani S, editors. Advances in
Applied Microbiology, 106 (2019).

[45]. Essén SA, Johnsson A, Bylund D,

Pseudomonas

Five -

Pedersen K, Lundstrom us,
Siderophore production by
Pseudomonas stutzeri under aerobic
and anaerobic conditions. Appl

Environ Microbiol, 73 (2007) 5857.

[46]. Mahajan SG, Nandre VS, Kodam
KM, Kulkarni MV, Desferrioxamine E
produced by an indigenous salt tolerant
Pseudomonas stutzeri stimulates iron
uptake
Biocatalysis and Agricultural
Biotechnology, 35 (2021) 102057.

[47]. Roskova Z, Skarohlid R, McGachy
L, Siderophores: an
bioremediation strategy? Science of
The Total Environment, 819 (2022)
153.

[48]. Rajkumar M, Ae N, Prasad MNV,
Freitas H, Potential of siderophore-
producing bacteria for improving
heavy metal phytoextraction. Trends in
Biotechnology, 28 (2010) 142.

[49]. Suleimanova A, Bulmakova D,
Sokolnikova L, Egorova E, Itkina D,
Kuzminova 0, Phosphate
Solubilization and Plant Growth
Promotion by Pantoea brenneri Soil
Isolates. Microorganisms, 11 (2023).

[50]. Aliyat F, Maldani M, El Guilli M,
Nassiri L, Ibijbijen J, Phosphate-

of Triticum aestivum L.

alternative

Current Natural Sciences & Engineering 2 (5) 2025

821

Solubilizing Bacteria Isolated from
Phosphate Solid Sludge and Their
Ability to Solubilize Three Inorganic
Phosphate Forms: Calcium, Iron, and
Aluminum Phosphates.
Microorganisms, 10 (2022).

[51]. Bakki M, Banane B, Marhane O,
Esmaeel Q, Hatimi A & Barka EA,
Phosphate solubilizing Pseudomonas
and Bacillus combined with rock
phosphates promoting tomato growth
and reducing bacterial canker disease.
Frontiers in Microbiology, 15 (2024).

[52]. Fiske CH, Subbarow Y, The
colorimetric determination of
Phosphorus. Journal of Biological
Chemistry, 66 (1925) 375.

[53]. Fatma M, Asgher M, Igbal N,
Rasheed F, Sehar Z, & Sofo A,
Ethylene Signaling under Stressful
Environments: Analyzing
Collaborative ~ Knowledge. Plants
(Basel), 11 (2022).

[54]. Orozco-Mosqueda MdC, Glick BR,
Santoyo G, ACC deaminase in plant
growth-promoting bacteria (PGPB):
An efficient mechanism to counter salt
stress in  crops. Microbiological
Research, 235 (2020) 126439.

[55]. Samaddar S, Chatterjee P, Roy
Choudhury A, Ahmed S, Sa T,
Interactions
spp. and their role in improving the red
pepper plant growth under salinity
stress. Microbiological Research, 219
(2019) 66.

[56]. Perrot-Rechenmann C, Cellular
responses to auxin: division versus

between Pseudomonas

expansion. Cold Spring Harb Perspect
Biol, 2 (2010).

[57]. TangJ, Li Y, Zhang L, Mu J, Jiang
Y & Fu H, Biosynthetic Pathways and
Functions of Indole-3-Acetic Acid in



Microorganisms. Microorganisms.
11(8) (2023).
[58]. Mishra J, Mishra I, Arora NK, 2.4-

Diacetylphloroglucinol producing
Pseudomonas fluorescens JM-1 for
management of ear rot disease caused
by Fusarium moniliforme in Zea mays
L. 3 Biotech, 12 (2022) 138.

[59]. Almiron C, Petitti TD, Ponso MA,
Romero AM, Areco VA & Bianco MI,
Functional and genomic analyses of
plant growth promoting traits in
Priestia aryabhattai and Paenibacillus
sp. isolates from tomato rhizosphere.
Scientific Reports, 15 (2025) 3498.

[60]. Gamez R, Cardinale M, Montes M,
Ramirez S, Schnell S, Rodriguez F,
Screening, plant growth promotion and
root colonization pattern of two
rhizobacteria (Pseudomonas

Ps006
amyloliquefaciens Bs006) on banana
cv. Williams (Musa acuminata Colla).
Microbiological Research, 220 (2019)
12.

[61]. Liu W, Wang Q, Hou J, Tu C, Luo
Y, Christie P, Whole genome analysis
of halotolerant and alkalotolerant plant
growth-promoting rhizobacterium
Klebsiella sp. D5A. Scientific Reports
,6 (2016) 26710.

[62]. Ponraj P, Shankar M, Ilakkiam D,
Rajendhran J & Gunasekaran P,
Genome sequence of the plant growth-

fluorescens and  Bacillus

promoting rhizobacterium
Pseudomonas putida S11. J Bacteriol,
194 (2012) 6015.

[63]. Chowdhury R, Sahu GK, Das J,
Stress response in pathogenic bacteria.
Journal of Biosciences, 21 (1996) 249.

[64]. Ben Amara I, Ben Saad H,
Hamdaoui L, Karray A, Boudawara T,
Ben & Ali Y, Maneb disturbs

Current Natural Sciences & Engineering 2 (5) 2025

822

expression of superoxide dismutase
and glutathione peroxidase, increases
reactive oxygen species production,
and induces genotoxicity in liver of
adult mice. Environ Sci Pollut Res Int,
22 (2015) 12309.

[65]. Pizzino G, Irrera N, Cucinotta M,
Pallio G, Mannino F & Arcoraci V,
Oxidative Stress: Harms and Benefits
for Human Health. Oxid Med Cell
Longev, 84(2017) 167.

[66]. Ma JF, Hager PW, Howell ML,
Phibbs PV, Hassett DJ, Cloning and
Characterization of the Pseudomonas
aeruginosa Encoding
Glucose-6- Phosphate Dehydrogenase,
an Enzyme Important in Resistance to
Methyl Viologen (Paraquat). Journal
of Bacteriology, 180 (1998) 1741.

[67]. Margino S, Martani E, Magdalena
M,  Superoxide
Micrococcus sp. S2 and Its Involve in
Paraquat Detoxification. Indonesian
Journal of Biotechnology ,12 (2007)
973.

[68]. Inaoka T, Matsumura Y, Tsuchido
T, SodA and Manganese Are Essential
for Resistance to Oxidative Stress in
Growing and Sporulating Cells of
Bacillus  subtilis.  Journal  of
Bacteriology, 181 (1999) 1939.

[69]. Revathy T, Jayasri MA,
Suthindhiran K, Biodegradation of
PAHs by Burkholderia sp. VITRSBI
Isolated from Marine Sediments.
Scientifica, 86 (2015).

zwf  Gene

Dismutase of

[70]. Bottrel SEC, Amorim CC, Leédo
MMD, Costa EP, Lacerda IA,
Degradation  of  ethylenethiourea

pesticide metabolite from water by
photocatalytic processes. Journal of
Environmental Science and Health,
Part B, 49 (2014) 263.



Supplementary Information

Current Natural Sciences & Engineering 2 (5) 2025

% " Bacillus licheniformis BCRC 11702T

[ Bacillus cereus SDS12
1

Bacillus gmyloliquefaciens NBRC 15535T

Bacillus methylotrophicus. CBMB 205T
Bacillus tequjlensis ATCC BAA-819T

o9 || Bacillus tequilensis SDS1
Bacillus methylotrophicus SDS5

Bacillus gmyloliquefaciens SDS9
Bacillus licheniformis SDS11

90 Bacillus cereus ATCC 14579T
100 [~ Stenotrophomonas ggidaminiphila SDS17

L Stenotrophomonas ggidaminiphilg ATCC 7009167
100 [ Pseudomonas psychrotoleragns SDS18

96

lPseudomonas psvchrotolergns C36T
100 | Acinetobacter radioresistens, SDS21

81

\dcinetobacter radioresistens DSM6976T

98 [ Klebsiella quasipneumeoniae SDS14
Klebsiella quasipneumeoniae DSM 282117

100 | - Serratia marcescens ATCC 13880T

97 Serratia marcescens SDS16

[ Sphingebacterium zeag SDS20

0.02

100 Sphingobacterium zeae IM-1081T_|

Supplementary Figure 1. Neighbour joining based phylogenetic tree of the plant associated isolates.

823



Current Natural Sciences & Engineering 2 (5) 2025

36964 —

(a)

80

40

Transmittance (%]

20

<
I FESE §5: I m @
& 8§ R 2 23 8 28 Egss ]
T T T T T
2500 2000 1500 1000 500
Wavenumber cm-1
- '
® z NE 8 S8 ¥ 8 8 ® pozzy 2
5 P = s
§ RER & EE3 b z Y gzgEs &
T T T T
2000 1500 1000 500

T
2500
Wavenumber cnm-1

Supplementary Figure 2. FTIR Spectrum. (a) 1 ppm ETU, (b) Extracted intermediate.

824



