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Abstract: Background: Diazotrophs bacteria that promote plant growth
have been studied as a strategy to increase the productivity of rice
cultivation. Herbicides are used to prevent weed infestations.

Objective: The evaluation of herbicides effect on diazotrophic bacteria
strain associated with the growth of Red Small rice.

Methods: Three experiments were conducted: I - iz witro growth of
bacterias (Azospirillum brasilense strain 245 and Herbaspirillum seropedicae
strains 26H, Z67, 294, ZA25 and ZAL95); II - germination of red rice seeds;
IIT - growth and production of red rice plants inoculated with diazotrophic
bacteria and treated with quinclorac, penoxsulam and cyhalofop-butyl
herbicides.

Results: [ - All bacterial strain growth was inhibited under the highest
herbicide doses, except strain 245. II — The number of roots reduced upon
increasing herbicide concentration for strain 245. III - The dry mass
increased in plants inoculated with strains 245 and ZA25. Besides, strains
245, 26H and ZAL95 provided better performance for dry root mass. At 60
days, the same behavior of the first evaluation was observed. At final cycle,
increases in fresh and dry root mass and dry mass of grains were evidenced,
especially on rice inoculated with strains 245 and ZA25.

Conclusions: The herbicides do not impact Azospirillum and Herbaspirillum
bacterial strains. Besides, strains 245 and ZA25 show better performance in

Resumo: Introdugio: Bactérias diazotréficas que promovem o crescimento
de plantas tém sido estudadas como estratégia para aumentar a
produtividade do cultivo de arroz. Herbicidas sio usados para prevenir
infestagdes de ervas daninhas.

Objetivo: Avaliar o efeito de herbicidas sobre cepas de bactérias
diazotréficas associadas ao crescimento de arroz vermelho.

Meétodos: Foram realizados trés experimentos: I - crescimento iz vitro de
bactérias (Azospirillum brasilense cepa 245 e Herbaspirillum seropedicae cepas
26H, 767, 794, ZA25 e ZAL95); 1l - germinagdo de sementes de arroz
vermelho; III - crescimento e produgdo de plantas de arroz vermelho
inoculadas com bactérias diazotréficas e tratadas com os herbicidas
quinclorac, penoxsulam e cyhalofop-butyl.

Resultados: I - O crescimento de todas as linhagens bacterianas foi inibido
nas maiores doses de herbicida, exceto a linhagem 245. II - O nimero de
raizes diminuiu com o aumento da concentragdo do herbicida para a
linhagem 245. III - A massa seca aumentou nas plantas inoculadas com as
linhagens 245 e ZA25. Além disso, as linhagens 245, 26H e ZAL95
proporcionaram melhor desempenho para massa seca de raizes. Aos 60 dias,
observou-se 0 mesmo comportamento da primeira avaliagdo. No ciclo final,
foram evidenciados aumentos na massa fresca e seca da raiz e na massa seca
dos grios, principalmente no arroz inoculado com as linhagens 245 e ZA25.

promoting plant growth of rice.

Keywords: plant growth-promoting bacteria,
intoxication, Oryza sativa

Conclusées: Os herbicidas ndo afetam as cepas bacterianas Azospirillum e
Herbaspirillum. Além disso, as linhagens 245 e ZA25 apresentam melhor
desempenho na promogio do crescimento de plantas de arroz.
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1. Introduction

Rice (Oryza sativa L.) is a Poaceae family member most cultivated in several
countries worldwide. It is an important food crop used to feed more than half of the
global population and paddy to feed animals as fodder (Banik et al., 2019; Kumar et
al., 2022). In the 2024 Brazil rice crop, more than 11 million tons of this grain are
expected to be produced (Conab, 2023). However, the lack of biological nitrogen
fixation (BNF) capacity (non-leguminous plant), promotes deprivation in N for
growth and development. On the other hand, the low N use efficiency for plants
increases use of agrochemicals, such as N fertilizers. Nitrogen is the major element
required for plant growth, among the macronutrients (Shabanamol et al., 2018).

There is the need to increase agricultural production (60%), especially rice
production to meet the demand for food consumption expected by global
population increase (Shabanamol et al., 2018). To meet these requirements, studies
of plant-associated with microbiota has been increasing, especially bacteria form
endophytic diazotrophs class. In plants, the association with bacteria has been
reported an ecofriendly and cost-effective way to provide N as much as necessary
for host plants to promote plant growth. Besides, bacteria also contribute with the
production of plant growth hormones, solubilization of soil nutrients and
protection against pathogens (Hayat et al., 2010; Hossain et al., 2023).

These comprise a wide range of prokaryotic microorganisms commonly
called plant growth-promoting rhizobacteria (PGPR). Among the bacterias, the
genus Azospirillum is the most common bacteria used in agriculture to promote
plant growth (Hossain et al., 2023). Besides, there as other bacteria such as
Acetobacter, Azoarcus, Enterobacter, and Herbaspirillum with the ability to colonize
grasses (monocot plants) and cereal crops (Mehnaz et al. 2001). Efforts on the role
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of PGPR in enhancing plant growth upon stress conditions
have been paid.

Of the abiotic stress factors with the potential to
reduce the productivity of rice crops, weeds are highlighted.
Weeds compete with the crop for growth resources such as
light, water, and nutrients that are usually found in limited
quantities in the environment which can cause losses in grain
productivity over 52% (Concengo et al., 2012). A rapid way
to maintain food production and concomitantly eliminate or
avoid weeds, pests and diseases is the large use of pesticides.
Among them, herbicides are the mostly pesticides applied
(70%) in the world (Kniss, 2017).

Besides the benefits of pesticides in cropping systems,
the use for long-term can contribute to modify soil
characteristics, such as diazotrophic bacterial communities. A
negative impact on diazotrophs in soil due to herbicide
largely used in crops has also been reported (Ma et al. 2023).
On the other hand, pesticides do not impact negatively the
diazotrophs communities weather applied in correct
concentrations and can be benefit in low concentrations by
stimulating plant growth (Shen and Luo, 2011). The answer
to the question of whether herbicide use impacts diazotrophs
bacteria in soil remains controverse. Therefore, the aim was
to evaluate the impact of herbicides (recommended for the
management of weeds in rice cultivation) in diazotrophs
Azospirillum brasilense and Herbaspirillum seropedicae strains in
promoting plant growth of red rice crop.

2. Material and Methods

Three experiments were carried out. Bioassay I - To
evaluate the growth of bacterial strains in a medium
containing herbicides used in rice culture. Bioassay II -
Germination of red rice seeds inoculated with diazotrophic
bacteria and treated with herbicides. Bioassay III - Growth
and production of inoculated red rice subjected to herbicides.
In all experiments, the diazotrophs used were: Azospirillum
brasilense strain 245 and Herbaspirillum seropedicae strains
26H, 767, 794, ZA25 and ZAL95 and the herbicides
quinclorac, penoxsulam and cyhalofop-butyl.

Bioassay I — Bacterial growth upon herbicide

The growth of bacterial strains (above described) was
performed in medium containing herbicides Quinclorac 375,
750, 1125 and 1500 g a.i. ha! (15, 80, 45 and 60 mg L),
Penoxsulam 60, 120, 180 and 240 g a.i. ha! (2.4, 4.8, 7.2 and
9.6 mg L-1) and cyhalofop-butyl 225, 450, 675 and 900 g a.i.
hat (9, 18, 27 and 36 mg L-1)] , added in a volume equivalent
to 200 L ha! of syrup, and the controls without herbicide,
with four replications. The bacterial cells were activated in
250 mL Erlenmayer flasks containing 50 mL of DYGS
medium and incubated at 30° C under constant agitation of
150 rpm for 24-48 h. Then, each strain was grown in Petri
dishes with solid culture medium NFB, JNFb and medium
Potato (Dobereiner et al., 1995) in order to verify the purity.
After checking the purity, a colony of each isolate was also
inoculated in 250 mL Erlenmayer under the same conditions
mentioned above. After growth, 10 pL aliquot of these
strains were inoculated into penicillin tubes, containing 5 mL
of semi-solid NFB and JNFb culture medium, for the
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cultivation of Azospiridlum and Herbaspirillum strains,
respectively. After that, the herbicide solutions were
prepared by mixing the commercial product with distilled
water and applied in the strains. The tubes were immediately
placed in an incubation chamber at 30 °C, in the dark. The
bacterial growth was then evaluated after seven days, by the
presence or absence of the typical aerotaxic film close to the
surface of the medium and by the change in the color of the
culture medium, due to the change in pH provided by the
growth of the bacteria (Kuss et al., 2007).

Bioassay II — Germination of red rice seeds inoculated with
diazotrophic bacteria and treated with herbicides

The germination test was performed with Small Red
Rice variety. The herbicides were tested, but only at the
commercial recommended doses: Quinclorac 375 ¢ ai. ha,
(15 mg L-1) Penoxsulam 60 g ai. ha! (9.6 mg L) and
Cyhalofop-butyl 225 g a.i. ha? (9 mg L), considering each
herbicide as a treatment. The treatments were arranged in a
factorial scheme (2 x 6 +1): the first being composed of the
presence or absence of herbicide and the second by the same
strains mentioned above and one control without herbicide
and inoculation, in a fully randomized design with four
replications. The working solutions were prepared
corresponding to a spray volume of 200 L ha-!. The seeds
were dipped for 10 seconds in the solutions containing
herbicides and then inoculated. For this process, the peat was
weighed in a proportion of 10 g Kg-! seed and a solution of
water and sugar (10%) in the proportion of 6 mL was added
per Kg-! seed for better adherence between the seed and the
peat.

After seed inoculation, the microorganisms present in
the inoculant were counted using the most likely number
(NMP) as described by McCrady table (Doébereiner et al.,
1995), as established in an official protocol of the Ministry of
Agriculture, Livestock and Supply (MAPA), which
recommends a population of at least 106 cells g seed.
Subsequently, the seeds were placed to germinate in Petri
dishes containing Germitest paper. Each plate received 25
seeds, according to the seed analysis rule (MAPA, 2009). At
14 days after germination, the number of germinated seeds,
fresh and dry mass of the aerial part, fresh and dry mass of
the root, number of secondary roots, length of the root and
the aerial part were evaluated.

Bioassay III — Growth and production of inoculated red rice
subjected to herbicides

The growth and production of inoculated red rice
subjected to herbicides were performed. The experiment was
conducted in unprotected environment conditions, in a dry
planting system cultivated in pots with a capacity of 5 dm?
containing Planossolo soil, from the superficial layer (0-20
cm). The soil used was a mix of 10 samples collected
randomly, dried in the shade, and sieved in a 2 mm mesh.
The physical-chemical analysis of the soil is shown in Table
1. From the results, fertilization was defined according to the
recommendation for rice cultivation (Freire, 2013), except for
the supply of nitrogen, in order to verify the possible increase
of this nutrient comes from the tested bacteria strains.

https://doi.org/10.7824:/wcj.2023;22:00800
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Table 1. Chemical analysis of soil used in the experiment.

Herbicide effect on bacteria growth

Sample pH (water) Al+s H+ Al Ca* Mg+2 Na+ K+ P
cmol/dm¥-—-—-—-—o mg L-—-

*Average 5.27
(0] 0.7 1 2.05 0.018 43 8.5

*Recommendation based on the average value of the 2 composed samples.

The local climate is classified as Aw (Koppen
classification), with hot and rainy summer, with rains
concentrated between November to March and dry winter.
The same herbicides and diazotrophs strains were used as in
the bioassay I. When sowing, rice seeds were inoculated with
peat containing the respective strains. Counting was also
performed on the inoculated seeds using the NMP technique.
Four seeds were sown per pot, after germination and
establishment of the seedlings, they were thinned, leaving
one plant per pot. Irrigation was carried out whenever
necessary, uniformly, with a volume of 100 mL of water
applied to each pot, to maintain at approximately 80% of the
tield capacity.

At 25 days after sowing, when the critical period of
weed competition in rice culture usually begins, herbicides
were applied. For the application of these, the plants were
sprayed using a CO.-pressurized backpack sprayer equipped
with four TeelJet XR110.015 flat-fan nozzles (Teelet
Technologies), which delivered 200 L ha-! of spray solution
at 250 kPa. There was also the use of adjuvant (vegetable oil)
in the applications of the cyhalofop-butyl and quinclorac
herbicides. At the time of application, in the late afternoon,
the recorded temperature was 22.2 ° C, the relative humidity
was 77% and the minimum and maximum wind speed were
2.4 and 4.1 km h- 1, respectively.

At 5 days after herbicide application (80 days after
sowing), at the flowering stage and the end of the crop cycle
were evaluated: the fresh and dry mass of the shoot, fresh and
dry mass of root, the number of tillers, leaf area, N-total of
the shoot and the components of production: mass of 100
grains and total mass of grains. As nitrogen did not show
significance in the two initial collections, it was decided not
to determine the leaf nitrogen content in the third collection.
On those same evaluation dates (5 days after herbicide
application (30 days after sowing), at the flowering stage and
the end of the crop cycle were evaluated), the quantification
of diazotrophic bacteria (BD) was performed per gram of
fresh tissue from the shoot and root. For that, the plants
were harvested and separated into shoots and roots with
cutting in the base of the stem. The different parts of the
plants were packed in plastic bags and transported to the
Laboratory. The roots, without rhizospheric soil, were
washed in three successive passes in distilled water.
Afterward, 5 g of each vegetable sample was crushed and
placed under agitation for 60 min in saline solution, in a
volume of 45 mL, which consisted of a 10-! dilution. These
saline suspensions were diluted in series, transferring 1 mL
of the previous suspension to test tubes containing 9 mL of
saline until the 10-7 dilution. Then, a 0.1 mL aliquot from the
10-¢ dilutions to the 10-7 dilution was used to inoculate, in
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triplicate, vials containing 5 mL of the semi-solid and semi-
selective NFB and JNFb media for diazotrophic bacteria of
the genus Azospirillum and Herbaspirillum (Dobereiner et al,
1995). The inoculated flasks were incubated at 30 °C for 7
days and the formation of a film on the surface of the
medium, a characteristic common to associative diazotrophic
bacteria, was observed for their quantification by the NMP
method.

The normality of the data was tested using the
Shapiro-Wilk test and the homogeneity of the variances by
the Bartlett test. Next, all experimental data, except
experiment 1 (qualitative data), were subjected to analysis of
variance (ANOVA), using the F at p > 0.05 and, when
significant, a comparison was made between means by the
Scott-Knott clustering criterion, p > 0.05. The statistical
program R was used, using the software Rbio.

3. Results and Discussion
Bioassay I — Bacterial growth upon herbicide

The herbicides Quinclorac, Penoxsulam and
Cyhalofop-butyl did not impact the bacteria, showing normal
growth of the tested strains at doses 3875, 750 and
1125 g ai. ha' for quinclorac; doses of 60, 120 and
180 g a.i. ha! for penoxsulam; and 225, 450 and 650 g a.i. ha-!
for Cyhalofop-butyl. Azospirillum brasilense strain 245 grew in
all tested doses and herbicides. Growth inhibition of bacteria
of the genus Herbaspirillum was observed when the dose of
1500 g a.i. ha! was applied for Quinclorac, 240 g a.i. ha! for
Penoxsulan and 900 g a.i. ha-! for Cyhalofop-butyl (Table 2).

The evaluation of 18 herbicides recommended for
sugar cane cultivation, the growth of Gluconacetobacter
diazotrophicus was inhibited only with paraquat, diuron,
metribuzin, MSMA and 2,4-D wupon their respective
commercial doses (Procépio et al, 2013). The insecticides
imidacloprid, fipronil and thiamethoxam wused in
their recommended commercial doses of 250, 400 and
480 g al. ha’!, respectively, did not harm growth or on the
biological fixation of nitrogen in wvitro of Herbaspirillum
seropedicae (Fernandes et al., 2012). The development of
resistance to the most varied types of pesticides is a complex
process that in most cases may be linked to changes in the
physiology or even in the genetic makeup of microorganisms
(Rice and Bonomo, 2005). Microorganisms are reported to
transform pesticides into forms not toxic by diverse
enzymatic biochemical reactions of oxidation, reduction, or
hydrolytic  type, providing the survival of these
microorganisms. The effects of pesticides on the growth of

Weed Control J. 2023;22:€202300800
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microorganisms, as variable as possible, are discussed. The
soil bacteria such as species of the genera Azofobacter,
Artrobacteria, Rhodococcus, Burkholderia and Pseudomonas are
reported to tolerate and/or be involved in the detoxification

Machado AFL, Barbosa ES, Baldani VLD, Souza FR, Martins L.C, Borella J

of pesticides which amplify their wuse in studies
of biodegradation and bioremediation programs (Castillo et
al., 2011).

Table 2. Growth of bacterial strains in medium containing the herbicides Quinclorac, Penoxsulam and Cyhalofop-butyl, used in the culture of

rice.

Quinclorac (g a.i. ha™!)

Bacteria 0 375 750 1125 1500
245 +* + + + +
26H + + + + =%
767 + + + + -
294 + + + + -

ZA25 + + + + -

ZAL95 + + + + -

Penoxsulam (g a.i. ha!)

Bacteria 0 60 120 180 240
245 + + + + +
26H + + + + -
767 + + + + -
294 + + + + -

ZA25 + + + + -
ZAL95 + + + + -
Cyhalofop-butyl (g a.i ha!)
0 225 450 675 900
245 + + + + +
26H + + + + -
767 + + + + -
794 + + + + -
ZA25 + + + + -
ZAL95 + + + + -

*(+) Bacterial growth verified by the presence of the typical aerotaxic film and color change of the culture medium; * (-) Absence of the
typical film and medium without color change. Azospirillum brasilense strain 245 and Herbaspirillum seropedicae strains 26H, 767, 794, ZA25

and ZAL95.

Kong et al. (2014) reported the capacity of
Rhodopseudomonas palustres bacteria to degrade the quinclorac
molecule by removing the chlorine molecule and
mineralizing the 4-Chlorophenol. This process can be done in
two ways: (i) quinclorac acts by receiving an electron that is
donated by the co-substrate used to reduce the inhibition of
microbial growth. (ii) quinclorac receives electrons donated
by the microorganism that acts as a catalyst. Studies show
that several other aromatic compounds are converted due to
the action of microorganisms in intermediate products, by
breaking the aromatic ring and converting it into non-cyclic
metabolites that are used in the metabolism of the
microorganism.

Regarding quinclorac degradation by Pseudomonas
putida, Yang et al. (2020) reported four possible pathways for
the degradation of quinolones. Based on the analysis of the P.
putida genome, the pathway of anthranilate may be
responsible for the degradation of the compound quinolone.
The first step in the degradation of quinolone (including its
derivatives) is the conversion of the quinolone substrate into

Weed Control J. 2028;22:¢202300800

a 1H-2-oxo- or 1H-4-oxo- product, which can be
accumulated in the culture medium temporarily. In
subsequent steps, the authors report a gene responsible for
encoding the production of an enzyme that can catalyze the
detoxification of quinolone heterocycles into N-
acetylanthranylate and carbon monoxide. Besides the causes
of the non-harmful effect of pesticides on microbial growth in
this work cannot be precisely specified, such reported
pathways can be acting to inactivate the herbicides used.

There has proven the ability of microorganisms to
degrade cyhalofop-butyl right after the inoculation process.
Whu et al. (2019) observed that the degradation of cyhalofop-
butyl by Rhodopseudomonas palustris bacteria started after
twenty-four hours of inoculation. This period is the need of
the time by bacteria to acclimate to the environment
contaminated with herbicide, which also represent the time
required for the synthesis of the enzyme that acts in the
degradation process to occur. After this period, the synthesis
of carboxylic acid, active in the hydrolysis process of
cyhalofop-butyl is also observed.

https://doi.org/10.7824/wc).2023;22:00800
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Bioassay II — Germination of red rice seeds inoculated with
diazotrophic bacteria and treated with herbicides

Upon 14 days, there was no influence of the herbicides
and no positive response to inoculation, nor the interaction
between these two factors for the variables root and shoot
fresh weight, root and shoot dry mass, root and shoot length
were observed, as well as the number of seeds germinated.
No significant effects of herbicides and interaction of strain x
herbicide were identified for the number of roots (Figure 1);
however, a significant difference was found for the strain
effect, with a higher average being observed for the
Azospirillum brasilense strain 245. Rice from upland regions
showed an increase in both the number of secondary roots
and the number of root branches, with similar positive
responses for Azospirillum species used as inoculants (Herrera
et al., 2016). These results are possibly associated with the
production of plant regulators belonging to the auxin group,
as auxin is considered the main substance that promotes

Herbicide effect on bacteria growth

adventitious rooting. In addition, auxin is the main
phytohormone produced by the rhizobacteria of the genus
Azospirillum and has a high synthesis i vitro. Cassan et al.,
(2014) reported values of auxin production ranging from 5 to
50 pug mL-!, varying according to the culture medium and the
tested strain. Studies show a positive effect of Azospirillum sp.
on the initial growth of grass seedlings (Wu et al.,, 2019).
These bacteria have an important effect on agriculture as
they provide a better initial performance of seedlings, a
decisive factor in the formation of the crop stand and with an
impact on yield. Seedlings with more vigorous can compete
more efficiently for light, nutrients, and water, with better
population establishment and greater grain production
(Farooq et al., 2006). When related to competitive capacity,
rice seedlings with initial development higher to weeds can
partially suppress the development of invasive species,
contributing to less investment in technologies to control
weeds.

16 16 16
14 14 14
12 . 12 12
§ 10 b 10 bB 10
2 b
3
c 8 8 8
£
E 6 6 6
Z
4 4 4
2 2 2
0 0 0
ZA25ZAL95 26H 767 794 ZA25ZAL95 794 ZA25ZAL9S

1 Quinclorac
Without Herbicide

1 Penoxsulam
Without Herbicide

1 Cialofope-butilico
Without Herbicide

Figure 1. Number of root of Red Small rice seedlings inoculated with strains of diazotrophic bacteria, in the presence or absence of the
herbicides Quinclorac, Penoxsulam and Cyhalofop-butyl. Azospirillum brasilense strain 245 and Herbaspirillum seropedicae strains 26H, 767,
794, ZA25 and ZAL95. Lower case and upper case letters, respectively, in the presence or absence of each herbicide, do not differ by the Scott

-Knott test (p> 0.05).

Bioassay III — Growth and production of inoculated red rice
subjected to herbicides

Upon 30 days, the total nitrogen of shoot, leaf area,
number of tillers, bacterial cells of root and shoot did not
show the difference for the effect of herbicides as for bacteria;
there was also no interaction between them. The results
achieved in this work demonstrate that there was a statistical
difference for the variables root and shoot fresh mass, root
and shoot dry mass (Tables 3 and 4). There was no
significant response from the herbicides and no interaction

https://doi.org/10.7824/ wcj.2023;22:00800

between the bacteria x herbicides. The strains 245 and ZA25
showed increases in root and shoot fresh weight compared to
other bacteria. Besides, the rice cultivar IAC4440 was
inoculated alone with the Cd strain of Azospirillum brasilense
and the mixture of strains ZAE94 and M2 of Herbaspirillum
seropedicae, presented shoot fresh mass higher than control
not inoculated (Sabino , 2012). As well as inoculation with a
mixture of three Azospirillum species (A. brasilense, A.
lzpoferum and A. oryzae) increased the productivity of the
maize hybrid P32R48 (De Quadros et al., 2014).

Weed Control J. 2023;22:€202300800
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Table 8. Average values shoot and root fresh mass (SFM and RFM), of Small Red rice plants with 30 days, inoculated with diazotrophic
bacteria strains, in the presence or absence of the herbicides Quinclorac, Penoxsulam and Cyhalofop-butyl.

SIFM (g) ———————- = —— RFM (g) ————————-
Quinclorac (375 g a.i ha')

Bacteria With Without With Without
245 12.25 a 11.97 a 34.85 A 31.87 a
26H 10.72 ¢ 10.53 b 2595 B 25.10 b
767 10.34 ¢ 1041 b 2787 B 2575 b
794 11.14 b 10.86 b 25.85 B 27.12 b

7A25 11.84 b 11.63 a 27.60 B 33.20 a
ZAL95 9.36 d 893 ¢ 27.32 B 2597 b
CV. (%) 5.12 10.78

Penoxsulam (60 g a.i ha'!)

Bacteria With Without With Without
245 11.86 a 11.98 a 36.32 A 31.87 a
26H 11.11 a 10.54 b 2547 B 25.10 a
767 10.59 b 1041 b 24.82 B 2575 a
794 11.05 a 10.86 b 24.50 B 27.12 a

7ZA25 1146 a 11.63 a 36.12 A 33.20 a
ZAL95 9.63 ¢ 894 ¢ 2770 B 2597 a
CV. (%) 5.78 16.72

Cyhalofop-butyl (225 g a.i. ha'!)

Bacteria With Without With Without
245 11.61 a 11.97 a 34.07 A 31.87 a
26H 10.81 a 10.58 b 27.80 B 25.10 b
767 11.31 a 1041 b 27.50 A 2575 b
794 11.13 a 10.86 b 24.02 B 27.12 b

ZA25 11.52 a 11.63 a 33.100 A 33.20 a
7ZAL95 8.98 b 898 ¢ 24.27 B 2597 b
CV. (%) 5.01 12.63

Means followed by equal letters in the column. do not differ by the Scott-Knott test (p < 0.05. Azospirillum brasilense strain 245 and
Herbaspirillum seropedicae strains 26H. 267. 294. ZA25 and ZAL95.

Table 4. Average values shoot and root dry mass (SDM and RDM), of Small Red rice plants with 30 days, inoculated with diazotrophic
bacteria strains, in the presence or absence of the herbicides Quinclorac, Penoxsulam and Cyhalofop-butyl.

SDM (g)——---—————- RDM (g)-——-—--—————
Quinclorac (875 g a.i. ha!)

Bacteria With Without With Without
245 1225 a 11.97 a 5.65 A 567 a
26H 10.72 ¢ 10.58 b 496 A 509 a
767 10.84 ¢ 1041 b 5.16 A 3.85 b
794 11.14 b 10.86 b 3.74 B 3.86 b

7ZA25 11.84¢ b 1163 a 391 B 856 b

ZA195 9.36 d 893 ¢ 478 A 4.80 a

C.V. (%) 4.86 16.31

Means followed by equal letters in the column. do not differ by the Scott-Knott test (p < 0.05. Azospirillum brasilense strain 245 and
Herbaspirillum seropedicae strains 26H. Z67. 294. ZA25 and ZAL95.
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Table 4. Continuation.

SDM (g)—--——-————— RDM (g)--—-————-———-
Penoxsulam (60 g a.i. ha')

Bacteria With Without With Without
245 11.86 a 11.98 a 5.58 A 5.57 a
26H 11.11 a 10.54 b 5.00 A 510 a
767 10.59 b 1041 b 3.19 B 3.856 b
794 11.05 a 1086 b 393 B 387 b

7A25 1146 a 11.64 a 3.562 B 3.56 b
ZAL95 9.63 ¢ 8.94 ¢ 5.08 A 4.80 a
C.V. (%) 2.52 15.36

Cyhalofop-butyl (225 g a.i ha'!)

Bacteria With Without With Without
245 11.61 a 11.97 a 526 A 5.57 a
26H 10.81 a 10.58 b 471 A 5.10 a
767 11.31 a 1041 b 3.44 A 3.85 b
794 11.18 a 10.86 b 409 B 3.87 b

7ZA25 11.52 a 11.63 a 431 B 3.56 b
7ZAL95 898 b 8.98 ¢ 4.59 A 4.80 a
C.V. (%) 2.00 15.23

Means followed by equal letters in the column. do not differ by the Scott-Knott test (p < 0.05. Azospirillum brasilense strain 245 and
Herbaspirillum seropedicae strains 26H. 2.67. 2Z94. ZA25 and ZAL95.

During the flowering stage, at 60 days after sowing,
similar results from 30 days were observed. With statistically
non-significant values for the variables total nitrogen, the
number of tillers, count of bacteria present and leaf area. The
variable root and shoot fresh weight were statistically
different for the comparison of strains, with better
performance when inoculated with Azospirillum brasilense 245
and Herbaspirillum seropedicae ZA25 (Table 5). As well as for
root and shoot dry mass, which presented a better
performance for the treatments inoculated with the referred
strains (Table 6). Probably the significant results for these
variables are related to the same causes mentioned above, no
negative influence on the growth of bacteria or even growth

stimulus by the tested herbicides, and promotion of plant
growth due to inoculation with the rhizobacteria strains.
This response can be attributed to the bacteria for providing
a beneficial environment, increasing the root proliferation,
consequently increasing the absorption of water and
nutrients, allowing the plant a better performance. In the
flowering stage, significant differences between treatments
were observed for the accumulation of dry matter, due to the
positive effects of inoculation of the plants with H. seropedicae,
with dry mass higher than the control treatment, which did
not receive inoculation and fertilization, being statistically
equal to the treatments with doses of 50 and 100 kg N. ha-!
(Guimardes et al., 2010).

Table 5. Average values shoot and root fresh mass (SFM and RIFM), of Small Red rice plants with 60 days, inoculated with diazotrophic
bacteria strains, in the presence or absence of the herbicides Quinclorac, Penoxsulam and Cyhalofop-butyl.

SFM (g) —————————- —RFM (g) -
Quinclorac (875 g i.a ha'!)

Bacteria With Without With Without
245 31.05 a 30.55 a 41.875 A 41.85 a
26H 2278 b 24.98 a 32.175 B 33.03 b
767 21.83 b 24.63 a 27.375 B 27.83 b
794 28.18 a 24.63 a 34.875 B 33.08 b

7A25 30.38 a 28.80 a 40.475 A 41.90 a

ZAL95 24.78 24.98 a 31.475 B 30.13 b

C.V. (%) 16.70 4.48

Means followed by equal letters in the column. do not differ by the Scott-Knott test (p < 0.05. Azospirillum brasilense strain 245 and
Herbaspirillum seropedicae strains 26H. Z67. Z.94. ZA25 and ZAL95.
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Table 5. Continuation.

SFM (g) ————-————- —RFM (g) ———————-
Penoxsulam (60 g i.a ha'!)

Bacteria With Without With Without
245 28.90 a 30.55 a 42.025 A 41.85 a
26H 24.78 b 24.98 a 31.925 B 33.08 b
767 2220 b 24.63 a 27.625 B 27.83 b
7.94 28.83 a 24.63 a 35.625 A 33.08 b

7ZA25 30.93 a 28.80 a 42.175 A 41.90 a
ZAL95 2250 b 2498 a 3285 B 30.13 b
CV. (%) 15.42 15.48

Cyhalofop-butyl (225 g i.a ha!)

Bacteria With Without With Without
245 29.65 a 30.55 a 43.38 A 41.85 a
26H 24.95 a 24.93 a 32.85 B 33.08 b
767 24.08 a 24.63 a 2765 B 27.83 b
794 2540 a 24.63 a 3435 B 33.08 b

7A25 29.75 a 28.80 a 42.40 A 41.90 a
ZAL95 24.58 a 24.98 a 32.68 B 30.13 b
C.V. (%) 16.14 4.34

Means followed by equal letters in the column. do not differ by the Scott-Knott test (p < 0.05. Azospirillum brasilense strain 245 and
Herbaspirillum seropedicae strains 26H. 2.67. 2Z94. ZA25 and ZAL95.

Table 6. Average values shoot and root dry mass (SDM and RDM), of Small Red rice plants with 60 days, inoculated with diazotrophic
bacteria strains, in the presence or absence of the herbicides Quinclorac, Penoxsulam and Cyhalofop-butyl.

—————————————————— —SDM (g) ~——————-—————- ---————————RDM (g) ———————-
Quinclorac (875 g i.a ha'!)

Bacteria With Without With Without
245 31.05 a 30.55 a 583 A 589 a
26H 2278 b 24.93 b 4.55 B 461 b
767 21.83 b 24.63 b 3.81 B 391 b
794 28.18 b 2463 b 487 B 465 b

7ZA25 30.38 a 28.80 a 573 A 579 a

ZAL95 24.78 b 2498 b 440 B 4.25

C.V. (%) 16.70 16.33

Penoxsulam (60 g i.a ha)

Bacteria ‘With Without With Without
245 28.90 a 30.55 a 584 A 589 a
26H 24.78 b 2493 b 447 B 4.61 b
767 22.20 b 24.63 b 3.83 B 391 b
794 28.83 b 24.63 b 499 B 4.65 b

7ZA25 30.98 a 28.80 a 582 A 579 a

ZAL95 22.50 b 2498 b 4.57 B 425 b

C.V (%) 15.42 9.65

Means followed by equal letters in the column. do not difter by the Scott-Knott test (p < 0.05. Azospirillum brasilense strain 245 and
Herbaspirillum seropedicae strains 26H. 267. 7Z.94. ZA25 and ZAL9S5.
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Table 6. Continuation.

Herbicide effect on bacteria growth

SDM (g) ~-—-—-—————— RDM (g) ————————-
Cyhalofop-butyl (225 g i.a ha!)

Bacteria With Without With Without
245 29.65 a 30.55 a 6.08 A 589 a
26H 24.95 b 2493 b 464 B 461 b
767 24.08 b 24.63 b 3.84 B 391 b
794 2540 b 24.63 b 480 B 4.65 b

7A25 29.75 a 28.80 a 593 A 579 a

7ZAL95 24.58 b 2498 b 459 B 4.25 b

C.V. (%) 16.14 9.59

Means followed by equal letters in the column. do not difter by the Scott-Knott test (p < 0.05. Azospirillum brasilense strain 245 and

Herbaspirillum seropedicae strains 26H. 267. 2Z94. ZA25 and ZAL95.

At the end of the bioassay, no changes in the results in
relation to the first and second harvesting was observed, with
statistically non-significant values for number of tillers, leaf
area and also for the count of bacteria present in the shoot
and root. In addition, no significance for root and shoot of
fresh and dry mass were observed and can be associated with
the grain filling phase, in which there is a decrease in the
accumulation of biomass, at the time of leaf senescence
(Machado et al., 2006). There was no difference for the
variable weight of 100 grains in rice plants when inoculated

with bacteria and herbicide application. However, there was a
difference in the variable total grain mass (Figure 2), with
higher performance of Small red rice plants inoculated with
245 and ZA25 strains. This result may be related to the
dependence of grain yield on the various yield components
(numbers of spikelets and grains per panicle, panicle length,
etc.), which are controlled by genetic factors, by the
environment and by plant nutrition (Cargnin et al.,, 2010).
For plants inoculated with the other strains, no differences
were found for the grain mass.

25 25 25
20 20 20
2 s 15 15
:
'g 10 10 10
5 5 5
0 0 0

1 Quinclorac
bzzzz2 without herbicide

1 Penoxsulam
without herbicide

794 ZA257ZAL95

1 Cialofope-butilico
vz without herbicide

Figure 2. Grain mass of Red Small rice seedlings inoculated with strains of diazotrophic bacteria, in the presence or absence of the herbicides
Quinclorac, Penoxsulam and Cyhalofop-butyl. Azospirillum brasilense strain 245 and Herbaspirillum seropedicae strains 26H, 767, 294, ZA25 and
ZAL95. Lower case and upper case letters, respectively, in the presence or absence of each herbicide, do not difter by the Scott-Knott test (p>

0.05).

The auxin produced by bacteria can stimulate the
activity of the enzyme 1-aminocyclopropane-1-carboxylic
acid (ACC) synthase involved in the biosynthesis of ethylene
in root plants. In balanced concentrations auxin hormone
promotes the growth of root hair in plants (Cendales et al.,
2017), resulting in an increase in the uptake of both, water
and nutrients by the root system of plant, and consequently

https://doi.org/10.7824/ wcj.2023;22:00800

the growth, which can reflect in greater crop productivity.
Other authors have also described the importance of
phytohormones, such as auxin biosynthesized from
tryptophan transamination and decarboxylation. Auxin
control cell division, apical dominance, root initiation,
phototropism, and geotropism in plants (Gupta, 2015). The
inoculation with Azospzrillum provided increases of 7 to 14%

Weed Control J. 2023;22:€202300800


https://doi.org/10.7824/wcj.2023;22:00800

10

weedcontrol
journal

in the productivity of corn grains, even without the addition
of N (Lana et al., 2012). Corn grain yield was also increased
when the plants were inoculated, together with doses of 20-
24 kg ha! of N. It is evident the importance of using such
bacteria as plant growth promoters to contribute to better
crop performance, mainly the growth of the root system. The
increase in soil explored can increase the efficiency of
nutrient absorption, which may even reduce the use of
mineral fertilizers.

When comparing the factorial averages with the control
treatment, no statistical significance was observed for the
number of germinated seeds, the number of roots, fresh and
dry weight of shoot and root, length of shoot and root of rice
seedlings. As well as, leaf area, number of tillers, total
nitrogen over the harvesting (Table 7). At 30 days, the shoot
fresh mass was significant, with a yield of14% above the
control, as well as the root fresh mass with 16%, dry mass of
shoot with 12% and dry mass of root with 27% of superiority.

Machado AFL, Barbosa ES, Baldani VLD, Souza FR, Martins L.C, Borella J

At 60 days, the same trend of significance was observed, and
in the last one, significative values were observed for root
mass (fresh and dry), with an increase of 13% and 7%,
respectively, showing the potential of these bacteria in
promotion of plant growth. Besides, studies on field
conditions should be conducted to better understand the
genotype interaction of the plant and microorganisms. It is
noteworthy that the excessive use of herbicides in Brazilian
agriculture is due to the rapid response, reduced need for
labor and the great efficiency of this method in the control of
weeds. Thus, the results obtained in the present study
demonstrated that there is no impact of the tested herbicides
on the evaluated microbiological variables. However, more
detailed studies, with other active ingredients and with a
longer duration, should be developed in order to guarantee
the microbiological role upon herbicide application on arable
lands.

Table 7. Average values of the factorials compared to the control treatment of Small Red rice plants, inoculated with diazotrophic bacteria
strains, in the presence or absence of the herbicides Quinclorac, Penoxsulam and Cyhalofop-butyl.

SIFM RFM SDM RDM

30 days

F 10.8 A 285 a 0.8 44 A

C 9.2 B 23.9 7 32 B
60 days

F 35.0 A 350 a 2.0 49 A

C 275 B 284 b 1.7 b 38 B

End cycle
F 63.6 A 46.1 a 70 a 79 A
C 589 A 39.8 b 7.3 a 7.3 B

Means followed by equal letters in the column, do not ditter by the I test of the analysis of variance (p < 0.05). SEM: shoot fresh mass; RFM:
root fresh mass; SDM: shoot dry mass; RDM: root dry mass; I: average of the factorial; C: mean of the control.

4. Conclusions

The herbicides quinclorac, penoxsulam and cyhalofop-
butyl do not impact the bacterial strains of Azospirillum
and  Herbaspirillum. 'The inoculation with bacterial
strains contributes to increasing the number of roots, shoot
and root biomass, and grain mass of rice. The variety
Small Red shows better performance when inoculated

References

with strains 245 and ZA25.

Acknowledgements

This study was financed in part by the Coordenagio
de Aperfeicoamento de Pessoal de Nivel Superior- Brasil
(CAPES)- Finance Code 001.

Banik A, Dash GK, Swain P, Kumar U, Mukhopadhyay SK,
Dangar TK. Application of rice (Oryza sativa L.) root
endophytic diazotrophic Azotobacter sp. strain Aviz (MCC
3432) can increase rice yield under green house and field
condition. Microbiological research. 2019; 219: 56-65.
Available from: https://doi.org/10.1016/
J-micres.2018.11.004

Cargnin A, Souza MA, Pimentel AJB, Fogaca CM. Genetic
diversity in rice cultivars and correlations between
agronomic traits. Revista Ceres. 2010; 57: 53-59. Available
from: https://doi.org/10.1590/50034-737X2010000100010

Weed Control J. 2028;22:¢202300800

Cassan F, Vanderleyden J, Spaepen S. Physiological and
agronomical aspects of phytohormone production by model
plant bacteria-promoting rhizobacteria (PGPR) belonging to
the genus Azospirillum. Journal of Plant Growth Regulation.
2014; 383:44-59. Available from: https://doi.org/10.1007/
$00344-013-9362-4

Castillo JM, Casas J, Romero E. Isolation of an endosulfan
degrading bacterium from a coffee farm soil: persistence and
inhibitory effect on its biological functions. Science of the
Total Environment. 2011; 412: 20-27. Available from:

https://doi.org/10.7824/wc).2023;22:00800


https://doi.org/10.7824/wcj.2023;22:00800

weedcontrol
journal

https://doi.org/10.1016/j.scitotenv.2011.09.062

Cendales TC, Gonzilez CAR, Cudsquer CPV, Alzate OAT,
Rodriguez AH. Bacillus effect on the germination and
growth of tomato seedlings (Solanum lycopersicum L). Acta
Biolégica Colombiana. 2017; 22: 37-44. Available from:
http://dx.doi.org/10.15446/abc.v22n1.57375

Conab. Companhia Nacional de Abastecimento. Monitoring
the Brazilian grain harvest. Brasilia-DF, 2023; 18. Available
from:< https://www.conab.gov.br/info-agro/safras/graos/
boletim-da-safra-de-graoshttps://www.conab.gov.br/info-
agro/safras>.

Concengo G, Aspiazu I, Ferreira EA, Galon L, da Silva AF.
Physiology of crops and weeds under biotic and abiotic
stresses. Embrapa Agropecuaria Oeste-Livro cientifico
(ALICE); 2012. Available from: https://
ainfo.cnptia.embrapa.br/digital/bitstream/item/64909/1/
Germani.pdf.

De Quadros PD. Field agronomic performance of corn
hybrids inoculated with Azospirillum. Ceres. 2014; 61: 209 —
2018. Available from: http://dx.doi.org/10.1590/S0034-
787X2014000200008

Déobereiner J, Baldani VLD, Baldani JI. How to isolate and
identify diazotrophic bacteria from non-legume plants.
Brasilia: 1995. 42 p.

Farooq M, Barsa SMA, Wahid A. Priming of field-sown rice
seed enhances germination, seedling establishment,
allometry and yield. Plant Growth Regulation. 2006; 49: 285-
294. Available from: https://doi.org/10.1007/510725-006-
9138-y

Fernandes MF, Procépio SO, Teles DA, Sena Filho JG,
Cargnelutti Filho A, Machado TN. Toxicity of insecticides
used in sugarcane crops to the diazotrophic bacteria
Herbaspirillum seropedicae. Amazonian Journal of Agricultural
and Environmental Sciences. 2012; 55: 318-326. Available
from: http://dx.doi.org/10.4322/rca.2012.077

Freire LR. Liming and Fertilizing Manual of the State of Rio
de Janeiro. Brasilia: 2013. 430 p.

Guimardes SL, Campos DTS, Baldani LDB, Jacob-Neto J.
Diazotrophic bacteria and nitrogen fertilization in rice
cultivars. Revista Caatinga. 2010; 23(4): 32-39.

Gupta G. Plant growth promoting rhizobacteria (PGPR):
current and future perspectives for the development of
sustainable agriculture. J. Microb. Biochem. Technol. 2015;
7: 96-102.

Hayat R, Ali S, Amara U, Khalid R, Ahmed 1. Soil beneficial
bacteria and their role in plant growth promotion: a review.
Annals of Microbiology. 2010; 60: 579-598. Available from:
https://doi.org/10.1007/5s13213-010-0117-1

Herrera SD, Grossi C, Zawoznik M, Groppa MD. Wheat
seeds harbour bacterial endophytes with potential as plant

https://doi.org/10.7824/ wcj.2023;22:00800

Herbicide effect on bacteria growth

growth promoters and biocontrol agents of Fusarium
graminearum. Microbiol Res. 2016; 186: 37—43. Available
from: https://doi.org/10.1016/).micres.2016.03.002

Hossain MA, Hossain KS, Akter M. Challenges faced by
plant growth-promoting bacteria in field-level applications
and suggestions to overcome the barriers. Physiol. Mol.
Plant Pathol. 2023; 126:102029. Available from: https://
doi.org/10.1016/j.pmpp.2023.102029.

Kniss A. Long-term trends in the intensity and relative
toxicity of herbicide use. Nat Commun. 2017; 8: 14865.
https://doi.org/10.1038/ncomms14865

Kong I, Wang A, Ren HY, Huang L, Xu M, Tao H.
Improved dechlorination and mineralization of 4-
chlorophenol in a sequential biocathode—bioanode
bioelectrochemical system with mixed photosynthetic
bacteria. Bioresource technology, v. 158, p. 32-38, 2014.
Available from:  https://doi.org/10.1016/
J-biortech.2014.01.142

Kumar R, Choudhary JS, Mishra JS. Outburst of pest
populations in  rice-based cropping systems under
conservation agricultural practices in the middle indo-
Gangetic Plains of South Asia. Sci Rep. 2022; 12:3753.
Available from: https://doi.org/10.1038/541598-022-07760-
w

Kuss AV, Kuss VV, Lovato T, Fléres MV. Nitrogen fixation
and indoleacetic acid production in vitro by diazotrophic
endophytic bacteria. Pesquisa Agropecudria Brasileira. 2007;
492:1459-1465. Available from: https://doi.org/10.1590/
S0100-204X2007001000013

Lana MC, Dartorall J, Marinill D, Hann JE. Inoculation of
Azospirillum and Nitrogen Fertilizantion in Maize. Revista
Ceres. 2012; 59: 899-405. Available from: https://
doi.org/10.1590/50034-737X2012000300016

Ma Q, Li Q, Wang J, Parales RE, Li L, Ruan Z. Exposure to
three herbicide mixtures influenced maize root-associated
microbial community structure, function and the network
complexity. Environm. Poll. 2023; 336: 122393. Available
from: https://doi.org/10.1016/].envpol.2028.122393.

Machado AFL, Ferreira FA, Fialho CMT, Tufi Santos LD,
Machado MS. Digitaria insularis growth analysis. Planta
Daninha. 2006; 24: 641-647. Available from: https://
doi.org/10.1590/50100-83582006000400004

Mehnaz S, Mirza MS, Haurat J, Bally R, Normand P, Bano
A, et al. Isolation and 16S rRNA sequence analysis of the
benefcial bacteria from the rhizosphere of rice. Can J
Microbiol. 2001; 47:110-117. Available from: https://
doi.org/10.1189/w00-132

Mapa. Ministério da Agricultura, Pecudria e Abastecimento.
Rules for Seed Analysis. Brasilia: 2009. 399p.

Procépio SO, Fernandes MF, Teles DA, Sena Filho JG,
Vargas L. Tolerance of the diazotrophic bacteria

Weed Control J. 2023;22:€202300800


https://doi.org/10.7824/wcj.2023;22:00800
http://dx.doi.org/10.1590/S0034-737X2014000200008
http://dx.doi.org/10.1590/S0034-737X2014000200008
https://doi.org/10.1007/s10725-006-9138-y
https://doi.org/10.1007/s10725-006-9138-y
https://doi.org/10.1016/j.micres.2016.03.002
https://doi.org/10.1038/ncomms14865
https://doi.org/10.1016/j.biortech.2014.01.142
https://doi.org/10.1016/j.biortech.2014.01.142
https://doi.org/10.1038/s41598-022-07760-w
https://doi.org/10.1038/s41598-022-07760-w
https://doi.org/10.1016/j.envpol.2023.122393

12

weedcontrol
journal

Gluconacetobacter  diazotrophicus  to herbicides used in
sugarcane cultivation. Rev. Bras. de Ciénc. Agrarias. 2013; 8:
610-617. Available from: http://doi.org/10.5089/
agraria.v8i4a3433

Rice L, Bonomo R. Genetic and Biochemical mechanisms of
bacterial. In: Victor L.M.D. editor. Antibiotics in Laboratory
Medicine. New York: 2005. p. 899.

Sabino DCC. Diazotrophic bacteria as early development
promoters of rice seedlings. Enciclopédia Biosfera. 2012; 8:
2337-2345.

Shabanamol S, Divya K, George TK, Rishad KS, Sreekumar
TS, Jisha MS. Characterization and in planta nitrogen
fixation of plant growth promoting endophytic diazotrophic
Lysinibacillus sphaericus isolated from rice (Oryza sativa).
Physiological and Molecular Plant Pathology. 2018; 102: 46-
54. Available from: https://doi.org/10.1016/
J-pmpp.2017.11.003

Shen J, Luo W. Effects of monosulfuron on growth,
photosynthesis, and nitrogenase activity of three nitrogen-
fixing cyanobacteria. Arch Environ Contam Toxicol. 2011;
60:84—438. Available from: https://doi.org/10.1007/500244-
010-9534-1

Wu P, Mo W, Chen Z, Wang Y, Cui Y, Zhang Y, et al. The
removal of cyhalofop-butyl in soil by surplus
Rhodopseudanonas palustris in wastewater purification.
Journal of environmental management. 2019; 245:168-172.
Available from: https://doi.org/10.1016/
JJenvman.2019.03.027

Yang Y, Singh RP, Song D, Chen Q, Zheng X, Zhang C, et
al. Synergistic effect of Pseudomonas putida II-2 and
Achromobacter sp. QC36 for the effective biodegradation of
the herbicide quinclorac. Ecotoxicology and environmental
safety. 2020; 188:109826. Available from: https://
doi.org/10.1016/j.ecoenv.2019.109826

Weed Control J. 2028;22:¢202300800

Machado AFL, Barbosa ES, Baldani VLD, Souza FR, Martins L.C, Borella J

https://doi.org/10.7824:/wcj.2023;22:00800


https://doi.org/10.7824/wcj.2023;22:00800
http://doi.org/10.5039/agraria.v8i4a3433
http://doi.org/10.5039/agraria.v8i4a3433
https://doi.org/10.1007/s00244-010-9534-1
https://doi.org/10.1007/s00244-010-9534-1
https://doi.org/10.1016/j.ecoenv.2019.109826
https://doi.org/10.1016/j.ecoenv.2019.109826

