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Abstract

This study investigates the plant growth-promoting (PGP) characteristics and biodegradation capacity
of organophosphate-tolerant soil bacteria isolated from vegetable farms in Benguet, Philippines. Three
soil bacterial strains identified based on 16S rRNA sequences as Pseudomonas chlororaphis (M4C4-5),
Pantoea allii (M1C5-1), and Mammaliicoccus sciuri (M1C4-15) tolerated up to 2,000 mg L™ chlorpyrifos
(CP) and malathion (MT) and exhibited PGP characteristics including nitrogen (N,) fixation, ammonia
(NH,) production, phosphate (PO,*), and potassium (K) solubilizations, and productions of indole-3-
acetic acid (IAA), siderophores, and gibberellin A, (GA,). Growth analysis using minimal media with
CP as the sole carbon source suggests a maximum population (10.11 log,  CFU) on day 5, achieved
by P. chlororaphis (M4C4-5). The isolates showed degradation of the amended CP in the mineral salt
medium. Remarkably, P. chlororaphis (M4C4-5) showed efficient degradation by 81.76%. Overall, this
study provided new insights and application potential of novel soil bacteria in the bioremediation of OP
pesticides while promoting plant growth and development by producing phytohormones and enzymes.
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INTRODUCTION

To cope with high food demands, the
agricultural sector has doubled pesticide utilization
and applications for pest control and management
in 2020.* In that year alone, approximately 2.7
metric tons (Mt) of pesticide active ingredients
were used across the globe from more than 1,000
known pesticides.>®* However, this massive and
extensive pesticide dependency has resulted in its
diffusion to the environment and the food chain.*

Researchers have documented
and reported the pesticide utilization and
contamination of agricultural soil, irrigation
water, and crop produce in Benguet, known as the
vegetable basket of the Philippines. Researchers
detected carbamates, a toxic pesticide that targets
cholinesterase enzymes (ChEs) in agricultural soil
and river water samples collected.® Similarly, tests
found cyhalothrin (0.07 mg L) and chlorpyrifos
(0.26 mg L) in agricultural soil and strawberries,
both exceeding the maximum residue level
(MRL) of 0.01 0.26 mg L™.% Researchers also
identified 18 organophosphate pesticide (OP)
residues in vegetable samples (cabbage, potato,
and sweet pea) collected in Mt. Province and
Benguet, all of which exceeded the MRL.” Reports
further highlighted that endosulfan sulfate,
chlorpyrifos, cypermethrin, malathion, profenofos,
chlorothalonil, cyhalothrin, fenvalerate, and
deltamethrin were the most prevalent pesticides
in all municipalities in Benguet, contaminating
agricultural soils in Kapangan, and Buguias,
Benguet.5®

Toaddressthe pesticide residue problemin
agricultural soils, indigenous microbial populations
that have evolved a capacity for degrading these
pesticides are being sought as more efficient and
less expensive agents for the bioremediation of
contaminated areas.’ Various researchers have
studied and documented microorganisms such
as Bacillus pumilus, Achromobacter xylosoxidans,
Pseudomonas nitroreducens, Pseudomonas
aeruginosa, Streptomyces sp., Paracoccus sp.,
Klebsiella sp., Alcaligenes sp., and Ochrobactrum
sp. because of their potential in the microbial
degradation of pesticides in the soil.’**? In addition
to degrading pesticides, these microbes can also
contribute to crop development and growth.
For instance, Arthrobacter oxydans and Bacillus

flexus were identified as CP-tolerant soil bacteria
isolated from potatoes that simultaneously
increased the growth and phosphorus content
of the potatoes.® Additionally, Acinetobacter
calcoaceticus was found to exhibit PGP
characteristics like solubilization of phosphates
and production of IAA and siderophores while
breaking down and utilizing CP as its carbon
source.'® The ability to leverage plant growth
under conditions of pesticide and other abiotic
stresses is due to their ability to produce plant
hormones, scavenge reactive oxygen species, and
produce exopolysaccharide substances.'>* This is
important in creating a favorable environment for
crops to grow while reducing pesticide residues in
soil and plant tissues.’

Before the in situ application of
bioremediation strategies for agricultural lands,
it is important to isolate, screen, and characterize
indigenous soil bacterial strains that can degrade
pesticides. This research focuses on uncovering
these potential pesticide biodegraders from
vegetable areas in Benguet, Philippines, and
screening for their plant growth-promoting
features.

MATERIALS AND METHODS

Commercial-grade OP pesticides SIGA
300 EC (chlorpyrifos) and AGWAY Malathion were
procured from local agricultural shops in Benguet.
All other chemicals and culture media were
purchased from Ajax Chemicals, Sigma-Aldrich,
Merck, and HiMedia Laboratories.

Isolation, screening, and characterization of CP
and MT-tolerant soil bacteria

Composite soil samples (1 kg each) were
collected from fifteen (15) vegetable farms in four
(4) municipalities of Benguet: Mankayan, Buguias,
Kapangan, and La Trinidad. The collected soil
samples were labeled for easy tracking, placed in
an ice box, and immediately transported to the
Research Laboratory of the Biology Department
at Benguet State University for processing.

Toisolate CP and MT-tolerant soil bacteria,
10 g of a fresh soil sample was homogenized, and
100 pl of the 10 and 10° dilutions were plated on
minimal agar medium (MAM) supplemented with
100 mg L CP and MT as the starting concentration
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of OP. The plates were incubated at 30 + 2 °C for
48 hours.'®'? Pure cultures were kept on NA plates
for cultural and morphological characterization.

Tolerance test of soil bacteria to increasing
concentrations of CP and MT

Unique isolates were subjected to
tolerance assessment using MAM plates with
increasing concentrations of CP and MT: 200 mg
L?, 300 mg L?, 400 mg L, 500 mg L, 1000 mg L,
1500 mg L, and 2000 mg L. The isolates were
spot-inoculated and incubated at 30 + 2 °C for
48 hours.”® After the incubation period, only the
isolates that exhibited growth and tolerance to
2000 mg L of either CP or MT were characterized
for plant growth-promoting potentials.

Screening for Plant Growth-Promoting (PGP)
characteristics
Nitrogen (N ) fixation and ammonia (NH,)
production

Isolates were spot-inoculated on
Jensen’s agar plates (nitrogen-free medium) and
incubated at 30 £ 2 °C for 7 days. Growth on the
media indicates capacity for nitrogen fixation.®
To validate the result of the nitrogen-fixing
characteristics of the isolate, the production of
ammonia (NH,) was tested. Ten ml of peptone
water was inoculated with the nitrogen-fixing
isolates in triplicate and incubated at 35 + 2 °C
for 96 hours. After the incubation period, 2 ml of
culture broth of the bacteria was centrifuged at
14,500 x g for 5 minutes. One ml of the isolate’s
supernatant was mixed with 500 ml of Nessler’s
reagent and incubated at room temperature for
10 minutes. Absorbance was measured using the
UV-Vis spectrophotometer (PG Instruments®,
United Kingdom) at 450 nm. Uninoculated
peptone water was used as a reference/blank
solution. All readings were then averaged. The
concentration of the ammonia was calculated
based on the calibration curve of the ammonium
sulfate (NH,),SO, solution.”

Phosphate (PO,*) and potassium (K) solubilization

Bacterial isolates were spotted separately
on Pikovskaya’s (PO,*) and Aleksandrov’s (K)
agar plates. Uninoculated agar plates served as
the negative control. Pikovskaya’s agar plates
were incubated at 35 + 2 °C for 24 hours, while

Aleksandrov’s agar plates were incubated at 30
+ 2 °C for 7 days.” After the incubation periods,
the Solubilization Index (SI) was computed by
getting the ratio of total diameter (colony + halo/
clearance) to colony diameter.?” Sl of <2.00 is
considered low, >2.00-4.00 is intermediate, and
>4.00 is high solubilizers.®

Indole-3-acetic acid (IAA) production

Isolates were grown in 5 ml Luria-Bertani
(LB) broth tubes supplemented with 100 pg/L
tryptophan andincubated at 30 + 2 °Cfor 48 hours.
Then, 1.5 ml of the broth culture was centrifuged
at 10000 rpm for 5 minutes, and the supernatant
(approximately 1 ml) was added to an equal
volume (1 ml) of Salkowski’s reagent. The contents
were mixed and incubated in the dark at room
temperature for 30 minutes to develop color. The
development of a pink or reddish color indicates
IAA production. Absorbance was measured using
the UV-Vis spectrophotometer (PG Instruments®,
United Kingdom) at 530 nm. Uninoculated broths
served as reference solutions. The concentration
of the IAA produced was calculated based on the
calibration curve of the IAA solutions.?!??

Siderophore (catecholate and hydroxamate)
production

Twenty-four-hour bacterial cultures were
grown in 10 ml LB broth for 24 hours at 30 £ 2 °C
and were centrifuged at 10000 rpm for 5 minutes.
For catecholates, 1 ml of bacterial supernatant
was mixed with 3 ml of freshly prepared 2%
aqueous FeCl, solution. One milliliter of distilled
water and 3 ml of FeCl, solution were used as a
control. For hydroxamates, a pinch of tetrazolium
salt was added to the mixture of one to two
drops of 2N NaOH and 0.1 ml of the bacterial
supernatant. Distilled water was used as a control.
The formation of deep red color (presence of
hydroxamates) and red wine color (presence of
catecholates) was measured using the UV-Vis
spectrophotometer (PG Instruments®, United
Kingdom) at 431 nm and 495 nm, respectively.?

Gibberellic acid (GA,) production

Bacterial cultures that were grown
overnight were centrifuged at 4500 rpm for
5 minutes, then 1 ml of the supernatant was
transferred into clear glass tubes, and 1 ml of
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concentrated HCl and 1 ml of Folin-Ciocalteu
reagent were added and brought up to 6 ml
with distilled water. The mixtures were placed
in the water bath to boil for 5 minutes and
then left to cool. The bacterial mixture was
prepared in triplicate. The resulting bluish-to-
green color was measured at 760 nm using a
UV-Vis spectrophotometer (PG Instruments®,
United Kingdom). The reading of the bacterial
reaction mixtures was averaged, and then the
GA, concentration was estimated based on the
calibration curve of GA_.**

Genomic DNA isolation, PCR amplification of the
16S rRNA gene, and sequencing of amplicons

Sequencing was done at Macrogen
(Seoul, South Korea). DNA was extracted using
the InstaGene Matrix (BIO-RAD, Cat. No. 732-
6030) following the kit’s extraction protocols.
The quality-checked DNA samples were amplified
via PCR by mixing the different components: 27F
(5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R
(5'-GGTTACCTTGTTACGACTT-3'), Taqg buffer,
DNA polymerase, and dNTP Mix following the
cycling condition 95 °C for 5 minutes, 30 cycles
at 95 °C for 1 minute, 60 °C for 45 seconds, 70
°C for 10 minutes, and held at 4 °C. The purified
amplicons were subjected to capillary sequencing
by incorporation of fluorescently labeled chain
terminator ddNTPs. Then, base calling was
done using Variant Reporter Software Version
2.1 (Applied Biosystems), DNASTAR Lasergene
SegMan 7.0, and Macrogen SNP analysis program
v1.0.

Phylogenetic analysis of the 16S rRNA sequence
contigs

The sequence contigs were compared
to those in GenBank® of NCBI (www.ncbi.nlm.
nih/gov) using the BLAST program. Using the
accession number of each bacterium, their
sequences in FASTA format were downloaded, and
the phylogenetic tree was constructed using MEGA
11.0.13. The 16S rRNA gene sequences of the
bacterial isolates were converted to FASTA format
and, together with the sequence file obtained
from the BLASTn, were imported into MEGA 11
and were aligned via the MUSCLE tool. After
doing the multiple alignment of the nucleotide
sequences, the data file was utilized to construct a

phylogenetic tree using the Neighbor-Joining Tree
method. A Bootstrap method was used with 1000
values to determine the tree’s reliability.?®

Bacterial growth determination and rapid
detection of CP degradation in liquid medium
Inoculum and media preparation

The isolates were grown in Luria-Bertani
broth (100 ml) for 24 hours at 30 + 2 °C. Cells
were harvested via centrifugation at 4600 x g
for 5 minutes and washed twice with sterile
normal saline solution (NSS). Washed cells were
resuspended in sterile NSS and adjusted to an OD
of 1.0.

Growth determination and detection of CP
biodegradation

Isolates were grown in 100 ml mineral
salt medium (MSM) supplemented with 100
mg/L*CP at 30 £ 2 °C in a shaker incubator for 7
days. For bacterial growth studies, 1 ml of culture
was withdrawn every 24 hours, and growth was
measured using a UV-Vis spectrophotometer (PG
Instruments™, United Kingdom) at 600 nm. Log,
CFU was calculated using the calibration curve of
each isolate.? The residual CP was determined
by collecting 1.5 ml of culture medium and
centrifuging at 4 °C at 10000 rpm for 10 minutes.
The pellet was discarded, and the absorbance of
the cell-free supernatant was determined at 290
nm. The CP concentration was computed using
the calibration curve, and the % degradation of
each isolate was computed.?” Uninoculated flasks
served as the controls.

initial_ CPﬁr\al
% CP Biodegradation = x 100
CPﬁnal
Where:
CP. - initial concentration of CP

initial
calculated based on oD,
CP, .- final concentration of CP calculated

based on oD,
RESULTS

Chlorpyrifos (CP) and malathion (MT) tolerance
of soil bacteria

Atotal of 117 soil bacteria isolated using
a 100 mg L*starting concentration of chlorpyrifos
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(CP) and malathion (MT) were culturally and
morphologically characterized, and 42 unique
isolates were selected and subjected to a tolerance
test. The results revealed a remarkable degree of
tolerance to high concentrations of CP and MT, as
shown in Figure 1. Among the isolates, 27 (64%)
showed tolerance of up to 2000 mg L* CP, and 35
(83%) were tolerant to the same concentration of
MT.

Plant Growth Promoting (PGP) characteristics of
soil bacteria

The nitrogen-fixing assay revealed
that only four isolates (11%), namely M4C4-5,
M4C4-7, M1C4-13, and M1C5-1, exhibited colony
growth on nitrogen-free Jensen’s agar medium.
High production of ammonia, as shown in the
color change of the supernatant, was recorded
by M5C4-3 at 116.92 mg L* (Figure 2). Only one
isolate (M1C4-15) demonstrated phosphate
solubilization with an SI of 1.13. Four isolates
(M1C4-15, M1C5-1, M1G4-8, and M5C4-13) tested
positive for potassium solubilization, with Sl values
ranging from 1.29 to 2.53, with M1C4-15 showing
the highest value of 2.53. This is classified as
intermediate based on the literature, while other
isolates are classified as low solubilizers (Figure
3). IAA production ranges from 1.29 to 120.86
mg L, with the highest production coming from
four isolates, namely K2G4-3, B1C5-2, B3C4-6,

35
30
25
20
15
10

5 1 21 1
0 _-_ ||

Number of Isolates

0 o0 0

Buguias Kapangan

Municipalities

and M5C4-7, with averages of 120.86, 73.82,
67.50, and 52.21 mg L IAA, respectively. This
is based on the intensity of the reddish color
as measured by a spectrophotometer (Figure
4). For siderophore detection, results revealed
that M5C4-13 produced the highest amount of
hydroxamates, with 2.86 au, followed by M1C5-
1, with 2.85 au (Figure 5). The lowest detected
hydroxamates are 0.32 au by M5C4-3. On the other
hand, catecholate production ranges from 0.32 to
0.52 au, with M1G4-8 producing the highest (0.52
au), followed by M1C5-1 (0.51 au). Results showed
variability in GA, production by the soil bacterial
isolates, ranging from 38.33 to 79.66 mg L. The
isolate M5C4-3 exhibited the highest production
of GA, (79.66 mg L"), followed by K2G4-3 (75.10
mg L-1) (Figure 6).

Molecular identification of the chlorpyrifos-
malathion - tolerant and PGP isolates

The nine OP-tolerant and PGP
bacterial isolates were identified by 16S rRNA
sequencing as Pseudomonas chlororaphis
(M4cCa-5), Pantoea allii (M1C5-1), Aeromonas
sanarellii (M5C4-3), Agrobacterium tumefaciens
(M4cC4-7), Mammaliicoccus sciuri (M1C4-
15), Acinetobacter calcoaceticus (M1G4-8),
Pseudomonas vancouverensis (M5C4-13), and
Providencia vermicola (K2G4-3/B1C5-2) with
percent similarities ranging from 98.77 to 100%.

33
25 25

La Trinidad

Mankayan

B Number of tolerant isolates to 2000 mg L-1 CP

B Number of tolerant isolates to 2000 mg L-1 MT

B Number of tolerant isolates to 2000 mg L-1 both CP and MT

Figure 1. Number of tolerant isolates (2000 mg L of CP and MT) in each municipality
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The bootstrap tree is shown in Figure 7. Table  Bacterial growth analysis and chlorpyrifos

1 summarizes the PGP traits of the identified degradation in liquid media

bacterial isolates. Three bacterial isolates that are classified
under biosafety level 1 based on Leibniz Institute

Figure 2. Ammonia production by bacterial isolates following reaction with Nessler’s reagent. Culture supernatants
were mixed with Nessler’s reagent, and the resulting color change was assessed in cuvettes: (A) control (uninoculated
medium), (B) M5C4-3, (C) M1C5-1, (D) M4C4-5, and (E) M4C4-7. Development of a yellow to brown coloration is
indicative of ammonia production

Figure 3. Potassium solubilization activity of bacterial isolates on Aleksandrov agar. Clear zones surrounding the
colonies indicate potassium solubilization. The positive isolates are: (A) M1C4-15, (B) M1C5-1, (C) M5C4-13, and
(D) M1G4-8
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- German Collection of Microorganisms and Cell
Cultures (DSMZ), American Biological Safety
Association (ABSA), American Type Culture
Collection (ATCC), and ePATHogen Risk Group
Database of Canada were subjected to a pesticide
biodegradation assay (Table 2). The bacterial
growth and detection of the biodegradation
ability of the bacterial isolates in a liquid medium
containing CP were determined by UV-Vis
spectrophotometry (PG Instruments®, United
Kingdom).

Figure 8 shows the growth curve and the
chlorpyrifos degradation over seven days. The

growth curve shows that the uninoculated control
with no pesticide remained relatively stable across
the 7-day incubation period. Similarly, Treatment
2, containing 100 ppm CP without inoculation,
showed no fluctuations in OD values (0.07) over
the incubation period, suggesting that no other
factors (i.e., photodegradation, volatilization)
affected the turbidity or CP concentration of the
MSM. However, Treatment 3, where P. chlororaphis
was added, showed significant changes in their
CFU values from day 1 to day 3 (9.84 to 9.78
log,, CFU) and then gradually increased on day 4
(10.06 log,, CFU) before peaking at day 5 (10.11

Table 1. PGP characteristics of the identified bacterial isolates

Isolates NF AP
mg L*!

PS (SI)

P. chlororaphis + 105.0+0.1 -
P. allii + 105.9+0.0 -
A. sanarellii + 116.9+0.1 -
A. tumefaciens + 105.9+0.1

M. sciuri - -
A. calcoaceticus - -
P. vancouverensis - - -
P. vermicola - - -
P. vermicola - - -

1.1+0.0 25+0.1

KS (SI) IAA SH sC GA
mg L* au au mg L?

- 293+16 0.5 25 61.2+0.0
1.3+0.0 19.0+0.1 0.5 29 51.8+0.0
8.0+0.1 0.3 0.3 79.7+0.0

- 9.1+0.1 0.4 1.7 447x0.0
34.6+0.2 0.4 0.5 51.6+0.0

1.7+0.3 15.5+0.1 0.5 1.6 49.2+0.0
1.6+0.3 19.8+0.4 0.4 29 546+0.0
- 120.9+2.1 0.4 09 75.1+0.0

- 73.8+1.3 0.4 09 38.3+0.0

NF = Nitrogen Fixation (+/-); AP = Ammonia Prod (mg L*); PS = Phosphate Solubilization (Solubilization Index); KS = Potassium
Solubilization (Solubilization Index); IAA = Indole Acetic Acid Production (mg L?); SH = Siderophore - Hydroxamate Production
(absorbance unit); SC = Siderophore - Catecholate Production (absorbance unit); GA = Gibberellic Acid Production (mg L)

Figure 4. Indole-3-acetic acid (IAA) production by bacterial isolates following the addition of Salkowski reagent.
Development of pink coloration indicates IAA production. The treatments were: (A) control (uninoculated medium),

(B) B1C5-2, (C) B3C4-6, (D) K2G4-3, and (E) M5C4-7
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Table 2. The biosafety levels of the bacterial isolates were identified

Isolates DSMZ ABSA ATCC ePATHogen
P. chlororaphis 1 NRG 1 RG1a, RG1lh
P. allii 1 NRG 1 RG1a, RG1lh
A. sanarellii 2 2 (hp) 2 RG2h, RG1la
A. tumefaciens 1** NRG 1 RG1a, RG1lh
M. sciuri NRG NRG 1 RG1a, RG1lh
A. calcoaceticus 2 2 2 RG1/2h, RG2a
P. vancouverensis 1 NRG 1 RG1a, RG1lh
P. vermicola NRG NRG NRG NRG but other
genus are

RG1/2h, RG1la

1: Microbes that are not known to consistently cause disease in healthy adults and present minimal potential hazard to
laboratorians and the environment; 2: Microbes there pose moderate hazards to laboratory workers and the environment; **
= known plant pathogen; NRG = no risk group records; ap = animal pathogen; hp = human pathogen; RG1/2a = risk group 1 or
2 for animal; RG1/2h = risk group 1 or 2 for human

2 3 4 5 6 7 8 9 10

(A)

Figure 5. Siderophore production by bacterial isolates. Hydroxamate-type siderophores were indicated by the
development of an intense deep red color (A), while catecholate-type siderophores exhibited a red wine to brown
coloration (B). Tubes: (1) control (uninoculated medium), (2) B1C5-2, (3) K2G4-3, (4) M5C4-13, (5) M1G4-8, (6)
M1C4-15, (7) M4C4-7, (8) M5C4-3, (9) M1C5-1, and (10) M4C4-5

(A) (B) () D) (B) (F) (G) (H (1) ()

Figure 6. Gibberellic acid (GAs) production by bacterial isolates. Culture supernatants were treated with HCl and
Folin-Ciocalteu reagents, and the development of a darker coloration indicated higher GA; production. Tubes: (A)
control (uninoculated medium), (B) M4C4-5, (C) M5C4-3, (D) M1G4-8, (E) M4C4-7, (F) M5C4-13, (G) K2G4-3, (H)
B1C5-2, (I) M1C5-1, and (J) M1C4-13
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log,, CFU). This was followed by a minor decline
to 10.06 log,, CFU on day 6 and 9.94 log, , CFU on
day 7. In terms of bacterial growth of P. allii, it was
observed that there was a consistent decline in its
CFU values over the incubation period. On days
1, 2, and 3, a significant decrease was noticeable,
similar to P. chlororaphis from 7.77 log, , CFU to
7.18 log,, CFU, suggesting that the presence of
CP in the media may also affect the ability of the
bacteria to divide or, in other cases, destroy the

cell. However, on day 4, a slight increase in the CFU
suggests a minimal growth of the isolate, and then
it entered a stationary phase on day 5. After this,
a gradual decline in the CFU on days 6 and 7 (7.43
log,,CFU and 6.71 log,  CFU) suggests a significant
decline in bacterial cells. Moreover, M. sciuri also
showed an abrupt decrease in CFU values (7.81
log,, CFU to 7.75 log,, CFU) in just three days, but
peaked on day 4 (8.05 log,, CFU). The CFU values
continued to increase on day 5 and then gradually

B1C5-2

a1

o | K2G4-3

Providencia vermicola strain OP1

1m0

Pantoea allii strain BD 390
10
M1cs-1

Aeromonas sanarellii strain A2-67
™
M5C4-3
Acinetobacter calcoaceticus strain ATCC 23055
P
M1G4-8

Pseudomonas chlororaphis subsp. aurantiaca strain NCIB 10068

M4C4-5

ensis strain DhA-51

M5C4-13

10

|— Agrobacterium tumefaciens strain NCPPB2437

|— M4c4-7

| Mammaliicoccus sciuri strain DSM 20345

m |

M1C4-15

I —
0.05

Halobacterium salinarum 165 rRNA gene type strain DSM 3754T

Figure 7. Phylogenetic tree based on 16S rRNA gene sequences showing the relationship between isolated bacterial
strains (labeled with alphanumeric codes, e.g., B1C5-2, M1G4-8) and reference strains from the NCBI database.
The tree was constructed using the Neighbor-Joining method, and bootstrap values (expressed as percentages
of 1000 replicates) greater than 50% are shown at the nodes, indicating the confidence level of each branch.
Halobacterium salinarum DSM 3754T was used as the outgroup to root the tree. The scale bar represents 0.05

nucleotide substitutions per site
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decreased on days 6 and 7 (8.01 log,, CFU and 7.87
log,, CFU), implying that bacterial growth stopped
and started declining, which may be due to the
waste by-products of the bacterial cells.

No changes in CP concentration were
seen after days 1 to 7 in the CP-amended media
without inoculants (T2). Although there was as
much as 60% (43 mg L?) reduction in the initial CP
concentration within 24 hours for all treatments
(T2,T3,and T4). P. chlororaphis-treated media (T3)
showed biodegradation from day 1, with complete
degradation achieved at day 5. Significantly, the
highest degradation was observed between days
4to 5, with the sharpest decrease in CP level from
18.24 to 0 mg L. P. allii showed a slower rate of
biodegradation compared to P. chlororaphis, with
a steady decrease in CP concentration observed
from day 1 to 6 and complete degradation on
day 7. Similar to P. chlororaphis, M. sciuri was
able to degrade 100% of the amended CP in the
media within 5 days. A gradual decline in the CP
concentration was observed from days 1 to 4,
followed by a sudden decrease on day 5, with
100% degradation of amended CP. In summary,
P. chlororaphis and M. sciuri were able to achieve
100% degradation of CP in 5 days; however, P.
chlororaphis efficiently degraded most of the
amended CP by day 4 (81.76%) compared to M.
sciuri (58.26%). On the other hand, P. allii appears
to be the least efficient degrader of Treatment 3.
Additionally, the decline in P. allii population at
day 3 suggests brief toxicity of the pesticide to
the bacterial population before adaptation and
degradation are achieved.

DISCUSSION

The high number of CP- and MT-tolerant
bacterial isolates obtained from vegetable
farms in Benguet Province suggests that soil
bacterial populations in this region possess or
have developed structural and/or physiological
mechanisms allowing them to survive the
toxicity of these organophosphate residues and
even metabolically break these down for carbon
sources. The introduction of pesticides into their
environment triggers a defensive adaptation
in certain microbes, including the formation of
biofilms, induced mutations, horizontal and vertical
gene transfer, and increased expression of certain

hydrolytic enzymes.” The observed difference in
bacterial resistance and degradation capabilities
between MT and CP could be attributed to the
chemical structure and toxicity of the pesticides,
which may influence the type of bacterial enzymes
and metabolic pathways activated. Furthermore,
3,5,6-trichloro-2-pyridinol (TCP), the hydrolytic
product of CP, contains antibacterial properties
and inhibitory effects that may interfere with
growth processes.?? A 200 mg L* of TCP exerted
more toxicity toward bacterial isolates by inhibiting
their growth and colony formation within 48
hours.3* Moreover, plasmids encoding degradation
pathways, as seen in a Burkholderia cepacia group
strain that degraded chlorpyrifos-methyl, suggest
a genetic basis for resistance.?! Overall, the
development of bacterial resistance against MT
and CP is a complex process influenced by the
specific bacterial strain, the presence of genetic
elements such as plasmids, and the ecological
context. While some bacteria have evolved to
degrade MT more widely and efficiently, others
have developed specific mechanisms to resist and
degrade CP, albeit in fewer numbers.3234

Three bacterial strains, namely P.
chlororaphis, P. allii, and M. sciuri were found to be
CP-degraders with plant growth-promoting (PGP)
properties, representing a first-hand report of such
activity in these species under chlorpyrifos stress.
Based on the growth and biodegradation analysis,
their growth patterns (both OD,, and CFU values)
revealed that these bacteria do not immediately
utilize the supplemented CP, which may be
attributed to pesticide-induced inhibition of some
essential proteins needed for cell division.*
However, once the bacteria acclimatized, they
were able to adapt and utilize the CP, thus
initiating the renewed proliferation, followed
by a decline, usually attributed to depletion of
nutrients and build-up of metabolic by-products.
These can include CP intermediates, such as TCP,3¢
acidification of the media due to production
of organic acids such as phosphorothioic acid,
maleic acid, pyruvic acid, and carboxylic acids,*
and accumulation of waste products.’® The strain
P. chlororaphis was able to remove 100% of the
initial 100 mg L of CP, without additional carbon
source, within just 5 days, suggesting it has higher
potential for CP degradation among the three
strains tested. In comparison to P. fluorescens,
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which was previously found to degrade 78.19%
of 500 mg L CP within 15 days, P. chlororaphis
appears as a strong candidate for bioremediating
pesticide-contaminated soils.® Other species of
Pseudomonas have also been reported to degrade
as much as 74.60% of the amended CP in MSM
within 5 days.* P. aeruginosa can degrade CP in
a liquid medium within 48 hours of incubation
with a degradation efficiency of 71%. In addition,
P. chlororaphis exhibited certain PGP traits that
help in the CP degradation, like high production
of EPS that allows bacteria to form biofilms and
act as a protective barrier against pesticides and
other stresses.’®#%4! |n addition, it was reported
that S. aureus was able to degrade 1000 mg L'*CP
in MSM. 4

The ability of the isolated CP-degrading
bacteria to fix nitrogen may be due to the
production of nitrogenase, which catalyzes the
biological reduction of atmospheric nitrogen
shown on Jensen’s agar, and further by positive
ammonia production.**#**Nitrogen fixation carried
out by these microorganisms plays an important
role in the processes of the nitrogen cycle and
its availability for plant uptake.** Soil bacteria
like Bacillus sp., Citrobacter sp., Nitratireductor
lucknowense, Pseudomonas nitroreducens,
Pseudomonas putida, and Paracoccus sp. NITDBR1
isolated from pesticide-contaminated agricultural
soil is among other reported nitrogen-fixing
bacteria with pesticide-degrading abilities.**°
Among the isolates, M. sciuri, demonstrated
both phosphate and potassium solubilization
abilities, albeit, low for phosphate solubilization.
The inorganic phosphate in agar medium is often
in a form that is insoluble or not readily available
for uptake by bacteria because not all bacteria
possess the necessary mechanisms to solubilize,
such as the production of organic acids (gluconic
and malic) and convert these insoluble phosphate
compounds into a form that they can assimilate
like in the case of phosphate solubilizing bacterial
(PSB) species of Bacillus and Pseudomonas.>*>?
The efficiency of PSBs in solubilizing phosphate
has been demonstrated in various studies,
showing their potential to enhance plant growth
and development by increasing the availability
of phosphorus, a key nutrient limiting in many
s0ils.3%%334 In contrast, the high solubilizing
activity of M. sciuri to potassium may be due to

mechanisms such as secretion of organic acids
and enzymes, resulting in the lowering of the pH
and breaking down these minerals into plant-
accessible forms.>**¢ The bacterial strains also
produced IAA ranging from 19-35 mg L, which is
a critical factor in PGP, despite being isolated from
pesticide-contaminated soils. Various researchers
have also identified other soil bacteria capable of
producing IAA, even under the stress of pesticide
contamination. These include Priestia megaterium
NRRU-BWS3, Bacillus siamensis NRRU-BW9, and
Bacillus amyloliquefaciens NRRU-TV11, which have
been shown to degrade CP while producing IAA,
demonstrating their potential in bioremediation
and plant growth improvement in contaminated
agricultural soils.5” Similarly, Achromobacter
spanius and Serratia plymuthica, isolated from
Medicago sativa nodules, have shown the ability
to produce IAA and enhance alfalfa dry weight,
indicating their role in phytostabilizing pesticide-
contaminated soils.?® On top of other PGP traits,
these bacteria represent promising candidates
for biofertilizer development. The application
of such IAA-producing bacteria could enhance
root growth and development, improve nutrient
uptake, and increase stress tolerance in crops.>>&€0
Moreover, the bacterial isolates also demonstrated
the production of siderophores and gibberellic
acids. Siderophores are iron chelators due to their
high affinity for ferric ions. This metal is crucial
for the growth and development of nearly all
living organisms. It catalyzes essential enzymatic
processes, such as oxygen metabolism, electron
transport, and the creation of DNA and RNA.®!
Not only that, it was reported that through the
production of siderophores, microorganisms
are protected from metal toxicities. The strains
P. chlororaphis and P. allii were able to produce
siderophores such as hydroxamates, ranging
from 0.46-0.51 au and catecholates, ranging from
2.52-2.85 au. Other species, like P. aeruginosa,
were reported to produce siderophores that
can sequester other metals in their environment
and prevent them from diffusing across the cell
membranes.®? Similarly, P. fluorescens was also
found to produce pyoverdine siderophore that
increases mobility and reduces the toxicity of
heavy metals in uranium mines. P. aeruginosa and
P. fluorescens were further shown to increase the
rate of phytoextraction and phytoremediation of
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heavy metals.®*®* Finally, P. chlororaphis, P. allii, and
M. sciuri can promote crop growth under pesticide
stress through GA_ production, which was shown
to range from 51-61 mg L. GA_ has an important
role in stem and leaf expansion, seed germination,
and an increase in the number of root hairs.%¢
Various authors have reported that species of
soil bacteria, such as Acetobacter, Azobacter,
Azospirillum, Micrococcus sp., Staphylococcus,
Bacillus, and Pseudomonas, can synthesize GA,.*%
For instance, B. licheniformis and B. pumilus have a
positive effect on Pinus pinea by increasing leaf and
root length.® Similarly, Rhizobium strains promote
root growth in rice by the production of GA, and
IAA.7°

CONCLUSION

The results of this study showed that P.
chlororaphis, P. allii, and M. sciuri from vegetable
farms in Benguet are excellent candidates for
the development of microbial inoculum to
reduce pesticide residues in farm soils and crops.
Furthermore, their ability to promote plant growth
through nitrogen fixation, ammonia production,
potassium and phosphate solubilizations, and
production of indole acetic acid, siderophores, and
gibberellicacids provides an added advantage in the
development of formulations for enhancing crop
performance under stressful nutrient-deficient
conditions. Thus, these data provide new insights
and possible applications in bioremediation and
sustainable agriculture.
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