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Abstract

Trifluralin is a xenobiotic pre-emergence and relatively stable herbicide in the soil from the dinitroanilines family. The present
study was conducted with the aim of biodegradation and acceleration of its detoxification process in soil by Pseudomonas
fluorescens. The experiment was based on a completely randomized design that gauged the effect of P. fluorescens on the
biodegradation of the trifluralin in four media types, including medium with carbon, nitrogen, carbon + nitrogen, and, without
carbon + nitrogen. Population growth, chemical oxygen demand, and trifluralin concentration were measured 24, 48, and
72 h after inoculation. Results indicated that 72 h after inoculation, the maximum and minimum values of population growth
were 20.28 X 10° and 1.32x 10° cell mL~! and the highest and lowest percentage of chemical oxygen demand removal was
recorded as 42.29 and 19.5% from carbon + nitrogen and without carbon + nitrogen medium respectively. Based on High-
Performance Liquid Chromatography results, the highest biodegradation rate was obtained in carbon + nitrogen (63.97%)
and carbon medium (45.05%). According to the results, the highest and the lowest percentage of trifluralin biodegradation
occurred in the nutrient-rich and nutrient-free medium. It could be concluded that P. fluorescens requires an energy source
for decomposition, and alone it is not able to break down the structure of trifluralin to use it as a food source, however, with
the help of carbon and nitrogen sources as an energy starter; it is decomposed by the possibly co-metabolic method. It seems
that fertile soil is needed to activate the degradation capacity of P. fluorescens.
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Introduction 1983). Recently the process of herbicide biodegradation has
received particular attention because of being cost-effective

Trifluralin (C,3H,¢F;N;0,) herbicide is one of the widely  and environmentally friendly (Fernandes et al. 2013). Micro-

used pre-emergence inhibitors of cell dinitroanilines in the
soil, preventing roots and shoots growth of germinating
seeds (Fernandes et al. 2013). Dinitroanilines are amongst
the least mobile herbicides and could cause environmental
contamination (Triantafyllidis et al. 2010). Annual use of
herbicides accumulates in the soil and transfers to groundwa-
ter, threatening the ecosystem and human health and damag-
ing non-target plants. Trifluralin, as a xenobiotic compound,
binds strongly to soil organic matter and, due to its inactiv-
ity, damages sensitive plants in rotation (Zeyer and Kearney
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organisms decompose herbicides into small molecules and
metabolize them as nutrients, and unlike physical and chemi-
cal degradation, in microbial decomposition, secondary pol-
lution will not produce (Zhang et al. 2017).

Although trifluralin is degraded in the environment by
photodecomposition and biological processes (Fernandes
et al. 2013), its microbial metabolism is one of the essen-
tial degradation procedures in water and soil. Since bacteria
and fungi are the most abundant microorganisms in nature,
bacteria account for 65% of the total soil microbial biomass;
thus, they play a significant role in the biological modifica-
tion of pesticides (Islam and Wright 2003). So they have
attracted significant attention recently (Siddique et al. 2003),
and many microorganisms, including bacteria and fungi
which can degrade trifluralin, have been isolated from differ-
ent sources (Singh and Singh 2011; Lee et al. 2006). There
are various reports on pesticide biodegradation by different
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microorganisms, like Arthrobacter sp. C3 to degrade atra-
zine (Wang et al. 2016a, b), Serratia ureilytica that decom-
pose butachlor (Mohanty and Jena 2019), and Pseudomonas
biodegrade cypermethrin (Jilani and Khan 2006).

Although considerable research has been done on the
degradation of trifluralin in soil, there are few reports of
its degradation by microorganisms (Bellinaso et al. 2003).
Microbial activity in soil plays a vital role in the degradation
of dinitroaniline herbicides (Fernandes et al. 2013). This
process was named enzymatic reaction, which included
various enzymes destroying herbicides into more minor
molecular compounds (Tang et al. 2018). Microorganisms
have an extraordinary ability to adapt to the environment,
and new compounds, such as herbicides, induce or create
new enzyme systems for degradation (Zhang et al. 2015).

Microbial degradation of trifluralin may occur under
aerobic or anaerobic conditions, although the results show
that further degradation occurred under anaerobic condi-
tions in poorly drained soils (Fernandes et al. 2013). Accord-
ing to Rodrigues and Almeida Guia (2005), trifluralin was
degraded by 98% under anaerobic conditions, while the rate
of degradation under aerobic conditions was 25%, and triflu-
ralin degrading fungi in this experiment included Sclerotium
tiumrolfsii, Fusariums, Aspergillus niger, and Trichoderma
sp. In the initial monitoring of the studied soil of Quere-
jeta et al. (2014), 19 strains of bacteria with the capacity to
degrade trifluralin were identified, 8 of which belonged to
the Pseudomonas genus. In another study, Brevundimonas
isolates degrade trifluralin comparatively and only in media
containing carbon, nitrogen, and complex organic matter
(yeast extract), evidence of co-metabolism (Hamdi et al.
1969).

There are so many unrequited queries about the environ-
mental fate and metabolism of trifluralin; since it is a xeno-
biotic compound resistant to biodegradation, some studies
proposed co-metabolism as its decomposition route (Zeyer
and Kearney 1983; Bellinaso et al. 2003). Co-metabolism
was the critical process for degrading herbicides (Ye et al.
2018). Co-metabolic discussed some chemical substances
like herbicides, which biodegrade in the natural environ-
ment by adding some organic matter as the principal energy
source (Zhang et al. 2010). Co-metabolic bioremedia-
tion methods have been applied in the field for more than
20 years on some of the most obstinate pollutants, like pes-
ticides, halogenated aliphatic, chlorinated alkenes, PAHs,
and aromatic hydrocarbons.

Despite the results of various investigations on trif-
luralin biodegradation, many questions remain about its
metabolism and environmental fate, the influence of abi-
otic factors on the bio-decomposition rates, and the genes
and enzymes accountable for its biodegradation (Coleman
et al. 2020). The current study considers other significant
knowledge gaps, such as growth-related biodegradation
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and co-metabolism. This research addresses this ques-
tion: Is it possible for P. fluorescens to intake trifluralin as
a source of carbon, nitrogen, and/or carbon + nitrogen to
support their growth, or do the microbes degrade trifluralin
co-metabolically? Based on cited literature, the biodegra-
dation of trifluralin by different microorganism, including
various bacteria and fungi, were investigated; however, the
bio-decomposition of trifluralin by P. fluorescens under dif-
ferent nutrient sources to find out if the degradation pathway
is co-metabolic was not considered.

This study evaluated the biodegradation of trifluralin in
different media from nutrient-free to nutrient-rich. So the
study was conducted in the central laboratory of the Faculty
of Agriculture, Gonbad Kavous University, in 2018 to see if
P. fluorescens could degrade trifluralin co-metabolically or
if it can use the herbicide as a sole energy source. The results
of this study may lead to an improved consideration of the
fate of trifluralin in nature.

Materials and methods

This experiment was performed in a completely randomized
design with three replications in the central laboratory of
the Faculty of Agriculture, Gonbad Kavous University, in
2018. The effect of P. fluorescens IBRC-M 10752) on the
biodegradation of trifluralin (48% EC-Aria Shimi, Teh-
ran, Iran) herbicide (Table 1) was investigated in modified
Mineral Salt Medium (MSM) amended with glucose (10 g
LY and (NH,SO, (0.608 g L1 as a carbon and nitrogen
source respectively. The Iranian Biological Resource Center
(IBRC) collection prepared the bacterial isolate. Modified
MS medium (mMSM) including 1.048 g KH,PO,, 0.928 g
K,HPO,, 0.036 g NaCl, 0.036 g CaCl,.2H,0, 0.124 ¢
MgS0,.7H,0, and 0.013 g of FeCl;.6H,0 per liter of dis-
tilled water with a pH of 6.9 was prepared based on the
method described by Monteiro et al. (2000). All mineral
salts were purchased from Merck (Germany). To evaluate
the biodegradability of trifluralin and to determine if triflu-
ralin was used as a carbon or nitrogen source, four differ-
ent media were prepared, including medium with carbon

Table 1 Molecular Formula and physicochemical properties of triflu-
ralin

Molecular Molecular ~ Water Vapor pres- Octanol—
formula weight solubility ~ sure (mm  water
(mgL~'at Hg25°C) partition
pH=17) coefficient
Log (Kow)
CsH¢F3N;0,  335.28 0.222 4.58x107° 534

National Center for Biotechnology Information (2021)
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(O), nitrogen (N), carbon + nitrogen (CN) and without car-
bon + nitrogen (noCN).

The required concentration of the herbicide was calcu-
lated using the minimum inhibitory concentration (Umar
et al. 2012). Sterile trifluralin was prepared using a micro-
biological filter (0.22 um), and the proper concentration
was added to the sterilized MS medium after sterilizing for
15 min at 1.5 psi and wrapped with the cover to avoid photo-
degradation. Each of the 24 flasks (6 flasks for each medium
composition) was taken for the biodegradability experiment.

Preparation of the microbial inoculums

The bacterial isolate was pre-cultured on nutrient agar
medium (Merck, Germany) and was re-cultured on complete
MSM containing trifluralin (0.2%). Flask was inoculated
with bacterial isolate using sterilized loops. Inoculated flasks
were kept in a rotary shaker (150 rpm) for 24 h at 25 °C. The
bacterial suspension was adjusted equal to 0.5 McFarland
and was added to the test flasks as an initial inoculum. No
bacterial inoculum was added to control flasks.

Bacterial population growth kinetics

After inoculation with bacterial inoculum, flasks were
placed in a shaker incubator at 150 rpm, at 25 °C for 72 h,
and the absorption was measured by the spectrophotometer
(Model 6300 Jenway-UK) in 600 nm for evaluating growth
(Pipkin et al. 1997). To calculate bacterial cell density, the
optical density of bacterial suspension was adjusted to 0.1,
using a spectrophotometer (600 nm). To calibrate the data
given by the spectrophotometer, the standard plate count
technique was used to estimate the population density of
bacteria in a sample by plating 1 mL of a diluted sample
and counting the number of bacteria colonies. Then after,
the optical density of each sample was determined severalty,
and bacterial cell density was calculated using a calibration
curve. In order to choose the best bacterial activity, based
on optimum growth in the presence of herbicide, bacterial
growth was measured during different hours of incubation.

Chemical oxygen demand measurements

The samples' chemical oxygen demand (COD) was meas-
ured 24, 48, and 72 h post-inoculation (4pi). The COD meas-
urement was done according to the standard method of Baird
et al. (2012). First, the digestion solution containing 1.5 mL
of K,Cr,0, was added to the 2.5 mL sample. Then, 3.5 mL
sulfuric acid was added to the mixture to create an acid layer
under the digestion solution and entirely mixed by invert-
ing it several times. The containers were heated in a block
digester at 150 °C and refluxed for 2 h. After cooling to room

temperature, the COD of samples was measured using an
AL125COD meter.

The equation below calculated the COD removal effi-
ciency (Eq. 1).

COD,, — CODﬁn> 100 0

COD;

nt

CODrem = <

COD,,,, signifies the efficiency of COD removal, COD,,

represents the initial COD, and CODy,, is identified as the
final COD.

Trifluralin concentration detection through HPLC

All high-performance liquid chromatography (HPLC)-
grade chemicals and trifluralin chromatography analytical
standards were attained from Sigma-Aldrich (Germany) and
Merck (Germany), respectively. After 72 h, the solution was
centrifuged for 10 min twice at 12,000 rpm, and the grown
bacterial mass in the shaker incubator was taken from the
solution. Then the top solution was filtered through a Mil-
lipore filter.

Trifluralin concentrations were quantified by HPLC
(KNAUER, Pump 1000, UV 2600) with an injection vol-
ume of 60 pL, using a C;g column (250 mm X 4.6 mm). The
samples were examined by isocratic elution in the HPLC
system with the mobile phase of acetonitrile and distilled
water (60:40 w/w) and the flow rate of 1.0 mL min~'. The
photodiode array detector had a wavelength of 235 nm. The
amount of trifluralin concentration was calculated based
on the peak reduction of standard trifluralin and observed
samples to quantify the area reduction of the peak. The con-
tribution of P. fluorescens biodegradation can be calculated
by comparing trifluralin concentration in bacterial and non-
bacterial samples after 72 h.

Statistical analysis of data

Abnormal data were normalized by logarithmic conversion
and then analyzed by SAS software version 9.1, and mean
comparison was performed by LSD test at 1% level. The
figures were also drawn in Excel software.

Results and discussion
Changes in the population density of P. fluorescens

The effect of trifluralin herbicide on the microbial popula-
tion of P. fluorescens was determined based on the changes
in the bacterial population in each medium. During the
experiment, bacterial population density showed a signifi-
cant increase (P <0.01) in all different media up to 72 hpi
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Fig. 1 Population density of P. fluorescens in CN (mMSM with glu-
cose and (NH,)SO,), N (mMSM with (NH,)SO,), C (mMSM with
glucose) and noCN media contained trifluralin during the period of
24, 48, and 72 hpi. LSD values for 24, 48, and 72 h after inoculation
were 0.2 10, 1.68x 10°, and 3.17x 10°

(Fig. 1); moreover, its population increased in all media
types over time. It seemed that P. fluorescens could grow in
the presence of trifluralin in all different media. Although the
bacterial population in C and CN media was not significantly
different at 24 hpi, this difference became significant during
the next 48 Api, and CN media showed the maximum growth
at the end of the experiment. Similarly, there was no signifi-
cant difference between the bacterial population in the C and
N amended medium up to 72 hpi. The lowest bacterial popu-
lation, 24, 48, and 72 hpi in noCN medium were 0.8 X 106,
1x 10° and 1.32x 10° cells mL~" and the highest amount
was obtained from CN medium with 7.44 x 10°, 14.19 x 10°
and 20.28 x 10° cells mL~! (Fig. 1), respectively. Bacterial
population growth of 63.31% in medium containing CN and
37.12% from noCN medium was recorded as highest and
lowest at 72 hpi compared to 24 hpi, respectively. Bacteria
need carbon and nitrogen sources to increase their popula-
tion growth. Through the nature of the media treatments,
except for the noCN medium, all or part of the food source
needed for the population growth of bacteria was available
in all other treatments. P. fluorescens could adapt to the her-
bicide over time; as seen in Fig. 1, the population density
increased during the experiment. Jilani (2013) witnessed no
difference between Pseudomonas growth at low pesticide
concentrations and no pesticide sample. She also stated that
high pesticide concentrations declined the microbial amount;
however, the culture stayed in the lag phase, and no loss
happened in the bacterial population. Usually, the growth
of microorganisms in a particular element signifies its meta-
bolic ability (Jilani 2013). Sharifi et al. (2015) also explained
that bacterial isolates, which showed better activity in media
amended with herbicide than other isolates, could decrease
the herbicide more.

In the present experiment, the P. fluorescens population
increased in trifluralin-containing media with rich nutrient
sources. The lowest population growth was recorded in the
nutrient-free medium (noCN), indicating that P. fluorescens
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Fig.2 Chemical oxygen demand removal percent in CN (mMSM
with glucose and (NH,)SO,), N (mMSM with (NH,)SO,), C (mMSM
with glucose) and noCN, media contained trifluralin 72 hpi of P. fluo-
rescens

is not so effective in using trifluralin as the only energy
source. Other nutrient-containing media, primarily carbon
and nitrogen, enhanced bacterial population growth, sup-
porting this hypothesis that P. fluorescens is not specialized
enough to use trifluralin as a sole energy source, so it may
be implied as a co-metabolic degrading pathway. Bacterial
isolates from trifluralin-containing media as the only carbon
and energy source do not necessarily use this compound for
active metabolism. This point was emphasized in a study
of bacteria isolated from Brazilian soil by enriching the
medium in which four distinct strains (one Klebsiella, one
Herbaspirillum, and two Bacillus spp). They found that tri-
fluralin could degrade in the medium's presence of succinate
and yeast extract (Bellinaso et al. 2003).

Furthermore, the short lag phase, coupled with rapid log-
arithmic growth of the bacteria in all media except noCN
(Fig. 1), showed the effect of external carbon and nitrogen
sources for the priming of the degradation mechanism by
the bacteria and tended to rapid herbicide degradation. This
result is supported by Moneke et al. (2010), who showed
that the effective utilization of glyphosate by the selected
bacterial isolates, including P. fluorescens, coincided with
the rapid growth of the bacteria.

Chemical oxygen demand measurement

Chemical oxygen demand is a circuitous valuation of the
amount of organic matter, which was significantly differ-
ent in all four media (P <0.01). As shown in Fig. 2, COD
removal, the reduction of chemical oxygen demand percent-
age, was calculated. The highest percentage of COD removal
was related to CN (42.30%) and C (33.19%) media. N and
noCN medium values were 24.24 and 19.35%, respectively.
It should be noted that the highest value of COD removal
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represents more herbicide degradation (Jilani and Khan
2006).

Explain that in a noCN medium, the only organic matter
present was herbicide, so its initial chemical oxygen demand
is lower than in other media. Considering the difference
between media nutrients, it seems that part of the difference
between COD removal is related to the quantity differences
of organic matter used in the medium.

COD is the quantity of oxygen necessary for the oxidation
of total organic matter in water, so the more organic mat-
ter, the higher COD value (Yao et al. 2014). In the current
study, the amount of COD at the end of the experiment was
lower than at the beginning in all media, especially in C and
CN media 72 hpi because trifluralin degraded more in these
two media, and it is evident that the COD value depends on
the amount of organic matter. Since trifluralin declined over
72 hpi, the COD value decreased, and the COD removal
increased, following Jilani (2013), who proved a similar cor-
relation between the biodegradation rate and COD removal.
The maximum COD removal (42.30%) was recorded from
CN culture, and the minimum (19.35%) was measured from
noCN culture (Fig. 2). It seemed that the COD-removal effi-
ciency increased as the trifluralin biodegradation increased,
consistent with Erguven et al. (2016). They reported that
the highest COD removal was obtained from the fungi and

bacteria mixtures, leading to the highest trifluralin degrada-
tion, up 82%. Another study demonstrated that B. simplex
had the uppermost COD removal efficiency and elucidated
the high capability of chlorsulfuron metabolism in contami-
nated soil (Erguven and Yildirim (2016).

Trifluralin quantification

Analysis of trifluralin consumption by P. fluorescens in four
different media containing trifluralin was calculated accord-
ing to the herbicides reduction on the standard curve. Based
on the results of the standard sample of trifluralin, the peak
extracted at 17:25 min indicates the concentration of this
herbicide (Fig. 3).

Measuring the amount of trifluralin herbicide 72 h later
from the no-bacterial sample elucidates that trifluralin
degraded about 3.15, 17.81, 25.25, and 1.90 percent com-
pared to the start of the experiment in C, N, noCN and CN
medium respectively (Table 2). The herbicide reduction in
bacterial-free conditions seems related to chemical degrada-
tion. Trifluralin chemical degradation rate in N and noCN
media treated with no bacteria was higher than the other two
media compared to the beginning of the experiment. The
amount of biological degradation can be calculated by com-
paring herbicide reduction percent between samples “with

Fig.3 HPLC chromatogram 120 p— e
for trifluralin degradation by 0, +.0
P. fluorescens in CN (mMSM N
with glucose and (NH,)SO,), 100 N~ noCN
N (mMSM with (NH,)SO,),
C (mMSM with glucose) F I\I -0 6592620
and noCN, after 72 h of 80 FF o N 6192168
inoculation. Control is for the c
standard (trifluralin retention 3
time = 17.25 min) g 60 s S739066
40 | 3872985
20
0 2 4 6 8 10 12 14 16 18 20 22

Minute

Table 2 Trifluralin reduction percent in CN (mMSM with glucose and (NH,) SO,), N (mMSM with (NH,) SO,), C (mMSM with glucose), and

noCN, 72 h after the experiment started

Carbon + nitrogen (%) Nitrogen (%) Carbon (%) Without carbon
and nitrogen
(%)
Chemical degradation 1.90 17.81 3.15 25.25
Biodegradation 63.97 22.85 45.05 14.76
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bacteria” and “without bacteria,". The CN and C obtained
the highest biodegradation rate at 63.97 and 45.05%, respec-
tively (Table 2). The amount of biodegradation in N and
noCN medium ranged about 14.76-22.85%. According to
the HPLC analysis of pendimethalin by Mu’azu et al. (2018),
Bacillus sp. and Pseudomonas sp. revealed a promising abil-
ity to reduce this herbicide and confirmed the decontamina-
tion potential of these microorganisms. Bio-decomposition
of other chemical herbicides, including glyphosate by Pseu-
domonas sp., Arthrobacter atrocyaneus, and Flavobacterium
sp. (Singh and Singh 2016) and pendimethalin degradation
by B. megaterium (Abdel-Moteleb and Hasan 2013) also
reported.

Trifluralin structure is very xenobiotic because of the
presence of two nitro groups that are rare in nature (Ju and
Parales 2010) and the trifluoromethyl group, which are not
found in nature at all (Zanda 2004). Since xenobiotic com-
pounds are unsuitable substrates for microbial enzymes, they
are usually resistant to biodegradation (Wang et al. 2016b).
However, it should be noted that the reduction of nitro
groups and N-dealkylation observed in the soil is, at least
in some cases, due to microbial function. Theoretically, a
significant amount of carbon and nitrogen is present in triflu-
ralin, but its xenobiotic structure and very low aqueous solu-
bility indicate that it is difficult for microbes to access it as
food. Generally, the predictions and experimental observa-
tions are consistent with the idea that trifluralin's microbial
degradation is more co-metabolic than catabolic reactions
(Coleman et al. 2020).

In other words, the physicochemical properties of triflu-
ralin, such as low solubility in water (0.22 mg L~ at 20 °C)
and high vapor pressure (6.7 MPa at 20 °C) (Coleman et al.
2020), have a significant impact on determining its environ-
mental fate, including rapid disappearance, strong binding to
organic matter and little leaching to groundwater. However,
considering the xenobiotic structure of trifluralin, its biodeg-
radation still occurs, and pure media containing bacteria and
fungi can microbial decompose it by dealkylation and nitro
group reduction (Coleman et al. 2020).

One of the first detailed biodegradation studies of trif-
luralin (Zeyer and Kearney 1983), in which 180 bacteria
and fungi were studied, showed that one-third of the iso-
lates released some labeled carbon dioxide from propyl-
1-'%C trifluralin. However, the overall mineralization rate
was meager (1-6%) and required the presence of other
food sources, such as sucrose, lactose, and yeast extract,
clearly indicating co-metabolism. Their results confirmed
that the yeast could not use trifluralin as a carbon or nitro-
gen source and could not release CO,'* from the ring-
14C- labeled or CF;'*-labeled-trifluralin, which charac-
terizes the biodegradation mechanism as a co-metabolite
dealkylation. Although a complex mixture of trifluralin
metabolites was observed in this experiment, only one of
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them (3-nitro-5-(trifluoromethyl) benzene-1,2-diamine)
was identified, which is related to trifluralin by removing
the propyl group and reduction a nitro group to an amine
(Zeyer and Kearney 1983). However, the enzymes respon-
sible for the dealkylation or reduction of the nitro group
have not been identified. The general conclusion of their
study showed that many soil aerobic microbes are capa-
ble of trifluralin dealkylation, but the ring structure of the
herbicide molecule is not destroyed (Zeyer and Kearney
1983). Zablotowicz et al. (2001) reported the reduction
of trifluralin nitro groups by P. fluorescens isolates and
the production of dealkyl metabolites, but unfortunately,
the identification of the metabolite was tentative, and the
responsible enzymes were not identified.

There are some conflict reports on dinitroaniline bio-
degradation. Some believe that bacteria like B. cirulans
could grow in a medium containing pendimethalin (1 g
L~1) as the only carbon source and produce the metabo-
lites 3,4-dimethyl 2,6-dinitroaniline and 6-amino pen-
dimethalin. Based on their results, this bacterium could
use the herbicide as a source of carbon and energy for
growth by reducing nitro to 6-amino pendimethalin and by
oxidative dealkylation to 3,4-dimethyl 2,6-dinitroaniline
(Megadi et al. 2010). On the other hand, Avarseji et al.
(2021) reported that some bacterial species, such as Pseu-
domonas could decompose pendimethalin effectively in a
liquid medium containing a supplementary carbon source.

Conclusion

The maximum population of P. fluorescence bacteria was
obtained from the C and CN media; the maximum COD
removal and trifluralin decomposition were recorded in
these two media. Since the lowest population density and
herbicide reduction were documented in the noCN media,
it could be concluded that P. fluorescens cannot consume
trifluralin as the sole nutrition. Trifluralin is not an energy
source for P. fluorescens; its degradation is likely because
of a co-metabolic process with glucose and ammonium
sulfate as an energy starter. P. fluorescens failed to grow at
contained trifluralin medium with no glucose and ammo-
nium sulfate compared to others is another reason to sug-
gest a possibly co-metabolic degradation pathway of tri-
fluralin. Biodegradation is a cost-effective, eco-friendly,
and efficient procedure for herbicide removal that could
be implemented in polluted areas as fast remediation.
Microorganisms are the main self-reproductive, abundant
weapon in the soil that systematically could degrade the
herbicides. So future research is required to understand
the biodegradation mechanism and discover the involved
enzymatic processes.



International Journal of Environmental Science and Technology (2023) 20:3591-3598 3597

Acknowledgements The authors would like to thank Dr. Mojtaba
Rajabi, for his valuable revision of the manuscript writing. We also
thank Mrs. Piri and Mr. Hosseini for their excellent corporation in
accomplishing this experiment.

Authors' contributions ZA and FT conceived the ideas. ZA and FT
and MF and EGA assembled the data, analyzed the data. EGA helped
to interpret the data. ZA and FT wrote the manuscript. FT, ZA and
EGA edited the manuscript. All authors improved and approved the
manuscript.

Funding Partial financial support was received from the Faculty of
Agriculture and Natural Resources, University of Gonbad Kavous, Iran.

Availibility of data and material Data are available by contacting
zeinab.avarseji@gmail.com.

Declarations

Conflict of interest The authors declare no competing interests.
Ethical approval Not applicable.

Consent to Participate Not applicable.

Consent for Publication Not applicable.

References

Abdel-Moteleb EB, Hasan NE (2013) Dissipation of pendimethalin
by Bacillus megaterium. J Plant Prot and Pathol 4(5):463—-472.
https://doi.org/10.30574/gscbps.2018.5.3.0126

Avarseji Z, Taliei F, Gholamalipuor Alamdari E, Hoseini M (2021)
Investigation of the biodegradability of pendimethalin by Bacil-
lus subtilis, Pseudomonas fluorescens, and Escherichia coli.
Adv Environ Technol 7(4):221-229. https://doi.org/10.22104/
AET.2022.5115.1399

Baird RB, Eaton AD, Clesceri LS (2012) Standard methods for the
examination of water and wastewater. In: Rice EW (ed), Vol.
10. American Public Health Association, Washington, DC.

Bellinaso MD, Greer CW, Peralba MD, Henriques JAP, Gaylarde
CC (2003) Biodegradation of the herbicide trifluralin by bac-
teria isolated from soil. FEMS Microbiol Ecol 43(2):191-194.
https://doi.org/10.1111/j.1574-6941.2003.tb01058.x

Coleman NV, Rich DJ, Tang FH, Vervoort RW, Maggi F (2020)
Biodegradation and abiotic degradation of trifluralin: a com-
monly used herbicide with a poorly understood environmental
fate. Environ Sci Technol 54(17):10399-10410. https://doi.org/
10.1021/acs.est.0c02070

Erguven GO, Bayhan H, Ikizoglu B, Kanat G, Nuhoglu Y (2016) The
capacity of some newly bacteria and fungi for biodegradation
of herbicide trifluralin under agitated culture media. Cell Mol
Biol 62(6):74-79

Erguven GO, Yildirim N (2016) Efficiency of some soil bacteria
for chemical oxygen demand reduction of synthetic chlorsul-
furon solutions under agitated culture conditions. Cell Mol
Biol 62(6):92-96. https://doi.org/10.14715/cmb/2016.62.6.17

Fernandes TC, Pizano MA, Marin-Morales MA (2013) Characteri-
zation, modes of action and effects of trifluralin: a review. In:
Price A, Kelton J (eds) Herbicides current research and case
studies in use. IntechOpen: Rijeka, Croatia, pp 489-515.

Hamdi YA, Zahran MK, Tewfik MS (1969) The breakdown of triflura-
lin by soil micro-organisms. PANS Pest Articles News Summaries
15(4):589-592. https://doi.org/10.1080/04345546909415331

Islam R, Wright SR (2003) Soil microbial communities. In: Lal R (ed)
Encyclopedia of soil. Marcel Dekker, Inc. New York.

Jilani S (2013) Comparative assessment of growth and biodegradation
potential of soil isolate in the presence of pesticides. Saudi J Biol
Sci 20(3):257-264. https://doi.org/10.1016/j.sjbs.2013.02.007

Jilani S, Khan MA (2006) Biodegradation of Cypermethrin by Pseu-
domonas in a batch activated sludge process. Int J Environ Sci
Technol 3(4):371-380. https://doi.org/10.1007/BF03325946

Ju KS, Parales RE (2010) Nitroaromatic compounds, from synthesis to
biodegradation. Microbiol Mol Biol Rev 74(2):250-272. https://
doi.org/10.1128/MMBR.00006-10

Lee JB, Sohn HY, Shin KS, Jo MS, Kim JE, Lee SW, Shin JW, Kum EJ,
Kwon GS (2006) Isolation of a soil bacterium capable of biodeg-
radation and detoxification of endosulfan and endosulfan sulfate.
J Agric Food Chem 54(23):8824-8828. https://doi.org/10.1021/
jf061276e

Megadi VB, Tallur PN, Hoskeri RS, Mulla SI, Ninnekar HZ (2010)
Biodegradation of pendimethalin by Bacillus circulans. Indian J
Biotechnol 9(2):173-177

Mohanty SS, Jena HM (2019) Evaluation of butachlor biodegradation
efficacy of Serratia ureilytica strain AS1: a statistical optimization
approach. Int J Environ Sci Technol 16(10):5807-5816. https://
doi.org/10.1007/s13762-018-1958-6

Moneke AN, Okpala GN, Anyanwu CU (2010) Biodegradation of
glyphosate herbicide in vitro using bacterial isolates from four
rice fields. Afr J Biotech 9(26):4067-4074

Monteiro AA, Boaventura RA, Rodri gues AE (2000) Phenol biodegra-
dation by Pseudomonas putida DSM 548 in a batch reactor. Bio-
chem Eng J 6(1):45—49. https://doi.org/10.1016/S1369-703X(00)
00072-3

Mu’azu WMA, Okpanachi 1Y, Faruq UA, Fatimah T (2018) Charac-
terization and role of pendimethalin catabolizing bacteria isolated
from agricultural soil in Bauchi, Bauchi state. GSC Bio Pharm
Sci 5(3):12-19. https://doi.org/10.30574/gscbps.2018.5.3.0126.

National Center for Biotechnology Information (2021) PubChem Com-
pound Summary for CID 5569, Trifluralin. Retrieved November
4, 2021 from https://pubchem.ncbi.nlm.nih.gov/compound/Trifl
uralin.

Pipkin BW, Gorsline DS, Casey RE (1997) Laboratory exercises in
oceanography. WH Freeman, San Francisco

Querejeta GA, Ramos LM, Vullo HEA, Zalts A, Montserrat JM (2014)
Environmental fate of trifluralin, procymidone, and chlorpyrifos in
small horticultural production units in Argentina. Water Air and
Soil Poll 225(5):1952. https://doi.org/10.1007/s11270-014-1952-7

Rodrigues BN, Almeida Guia FS (2005) de herbicidas, 5°. Londrina,
Grafmarke

Sharifi Y, Pourbabaei AA, Javadi A, Abdolmohammad MH, Saffari
M, Morovvati A (2015) Biodegradation of glyphosate herbicide
by Salinicoccus spp isolated from Qom Hoze-soltan lake. Iran
Environ Health Eng Manag 2(1):31-36

Siddique T, Okeke BC, Arshad M, Frankenberger WT (2003) Enrich-
ment and isolation of endosulfan-degrading microorganisms. J
Environ Qual 32(1):47-54. https://doi.org/10.2134/jeq2003.4700

Singh B, Singh K (2016) Microbial degradation of herbicides. Crit
Rev Microbiol 42(2):245-261. https://doi.org/10.3109/1040841X.
2014.929564

Singh NS, Singh DK (2011) Biodegradation of endosulfan and endo-
sulfan sulfate by Achromobacter xylosoxidans strain C8B in broth
medium. Biodegradation 22(5):845-857. https://doi.org/10.1007/
$10532-010-9442-0

Tang W, Ji H, Hou X (2018) Research progress of microbial degra-
dation of organophosphorus pesticides. Prog Appl Microbiol
1(1):29-35

o’
’r @ Springer


https://doi.org/10.30574/gscbps.2018.5.3.0126
https://doi.org/10.22104/AET.2022.5115.1399
https://doi.org/10.22104/AET.2022.5115.1399
https://doi.org/10.1111/j.1574-6941.2003.tb01058.x
https://doi.org/10.1021/acs.est.0c02070
https://doi.org/10.1021/acs.est.0c02070
https://doi.org/10.14715/cmb/2016.62.6.17
https://doi.org/10.1080/04345546909415331
https://doi.org/10.1016/j.sjbs.2013.02.007
https://doi.org/10.1007/BF03325946
https://doi.org/10.1128/MMBR.00006-10
https://doi.org/10.1128/MMBR.00006-10
https://doi.org/10.1021/jf061276e
https://doi.org/10.1021/jf061276e
https://doi.org/10.1007/s13762-018-1958-6
https://doi.org/10.1007/s13762-018-1958-6
https://doi.org/10.1016/S1369-703X(00)00072-3
https://doi.org/10.1016/S1369-703X(00)00072-3
https://doi.org/10.30574/gscbps.2018.5.3.0126
https://pubchem.ncbi.nlm.nih.gov/compound/Trifluralin
https://pubchem.ncbi.nlm.nih.gov/compound/Trifluralin
https://doi.org/10.1007/s11270-014-1952-7
https://doi.org/10.2134/jeq2003.4700
https://doi.org/10.3109/1040841X.2014.929564
https://doi.org/10.3109/1040841X.2014.929564
https://doi.org/10.1007/s10532-010-9442-0
https://doi.org/10.1007/s10532-010-9442-0

3598 International Journal of Environmental Science and Technology (2023) 20:3591-3598

Triantafyllidis V, Manos S, Hela D, Manos G, Konstantinou I (2010)
Persistence of trifluralin in soil of oilseed rape fields in Western
Greece. Int J Environ Anal Chem 90(3-6):344-356. https://doi.
org/10.1080/03067310903094495

Umar AF, Tahir F, Larkin M, Oyawoye OM, Musa BL, Yerima MB,
Agbo EB (2012) In-situ biostimulatory effect of selected organic
wastes on bacterial atrazine biodegradation. Adv Microbiol
2:587-592. https://doi.org/10.4236/aim.2012.24076

Wang C, Wang F, Zhang Q, Liang W (2016a) Individual and com-
bined effects of tebuconazole and carbendazim on soil microbial
activity. Eur J Soil Biol 72:6-13. https://doi.org/10.1016/j.ejsobi.
2015.12.005

Wang H, Liu Y, LiJ, Lin M J, Hu X (2016b) Biodegradation of atrazine
by Arthrobacter sp. C3, isolated from the herbicide-contaminated
corn field. Int J Environ Sci Technol 13(1):257-262. https://doi.
org/10.1007/s13762-015-0860-8

Yao N, Wang J, Zhou Y (2014) Rapid determination of the chemi-
cal oxygen demand of water using a thermal biosensor. Sensors
14(6):9949-9960. https://doi.org/10.3390/s140609949

Ye X, Dong F, Lei X (2018) Microbial resources and ecology-microbial
degradation of pesticides. Soc Nat Resour 1(1).

Zablotowicz RM, Locke MA, Hoagland RE, Knight SS, Cash B (2001)
Fluorescent Pseudomonas isolates from Mississippi Delta oxbow
lakes: in vitro herbicide biotransformations. Environ Toxicol
16(1):9-19. https://doi.org/10.1002/1522-7278(2001)16:1%3c9::
aid-tox20%3€e3.0.co;2-#

"
n @ Springer

Zanda M (2004) Trifluoromethyl group: an effective xenobiotic
function for peptide backbone modification. New J Chem
28(12):1401-1411

Zeyer J, Kearney PC (1983) Microbial dealkylation of trifluralin pure
culture. Pestic Biochem Physiol 20(1):10-18. https://doi.org/10.
1016/0048-3575(83)90116-5

Zhang C, Jia L, Wang S, Qu J, Li K, Xu L, Shi Y, Yan Y (2010)
Biodegradation of beta-cypermethrin by two Serratia spp. with
different cell surface hydrophobicity. Bioresour Technol 101(10):
3423-3429. https://doi.org/10.1016/j.biortech.2009.12.083

Zhang H, Ma D, Qiu R, Tang Y, Du C (2017) Non-thermal plasma
technology for organic contaminated soil remediation: a review.
Chem Eng J 313:157-170. https://doi.org/10.1016/j.cej.2016.12.
067

Zhang Z, Zheng P, Li W, Wang R, Ghulam A (2015) Effect of organic
toxicants on the activity of denitrifying granular sludge. Environ
Technol 36(6):699-705. https://doi.org/10.1080/09593330.2014.
959065

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1080/03067310903094495
https://doi.org/10.1080/03067310903094495
https://doi.org/10.4236/aim.2012.24076
https://doi.org/10.1016/j.ejsobi.2015.12.005
https://doi.org/10.1016/j.ejsobi.2015.12.005
https://doi.org/10.1007/s13762-015-0860-8
https://doi.org/10.1007/s13762-015-0860-8
https://doi.org/10.3390/s140609949
https://doi.org/10.1002/1522-7278(2001)16:1%3c9::aid-tox20%3e3.0.co;2-#
https://doi.org/10.1002/1522-7278(2001)16:1%3c9::aid-tox20%3e3.0.co;2-#
https://doi.org/10.1016/0048-3575(83)90116-5
https://doi.org/10.1016/0048-3575(83)90116-5
https://doi.org/10.1016/j.biortech.2009.12.083
https://doi.org/10.1016/j.cej.2016.12.067
https://doi.org/10.1016/j.cej.2016.12.067
https://doi.org/10.1080/09593330.2014.959065
https://doi.org/10.1080/09593330.2014.959065

	Biodegradation of the  trifluralin herbicide by Pseudomonas fluorescens
	Abstract
	Introduction
	Materials and methods
	Preparation of the microbial inoculums
	Bacterial population growth kinetics
	Chemical oxygen demand measurements
	Trifluralin concentration detection through HPLC
	Statistical analysis of data

	Results and discussion
	Changes in the population density of P. fluorescens
	Chemical oxygen demand measurement
	Trifluralin quantification

	Conclusion
	Acknowledgements 
	References




