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Abstract In modern conventional agriculture, herbicides

are frequently used to prevent yield losses due to

weeds. Herbicides also affect negatively the productivity of

legumes. With these considerations, we evaluated the effects

of soil applications of different concentrations of quizalafop-

p-ethyl and clodinafop on the performance of Rhizobium

inoculated pea, grown in clay pots. In this study, the con-

centration of herbicides higher than the recommended rates

of quizalafop-p-ethyl and clodinafop adversely affected the

dry matter accumulation, symbiotic properties, grain yield

and nutrient status of pea plants. Toxicity of quizalafop-p-

ethyl and clodinafop to pea plants increased progressively

with increase in rates of herbicides. Of the two herbicides,

quizalafop-p-ethyl was more toxic than clodinafop. In con-

trast, when herbicide tolerant Rhizobium strain MRP1 was

also used with herbicide, it increased the measured param-

eters at all concentrations. A maximum increase of 11%,

17%, 46%, 33%, 21% and 7% in the root N, shoot N, root P,

shoot P, seed yield and seed protein, respectively, was

observed when MRP1 was used with 120 lg quizalafop-p-

ethyl kg-1 soil while with 1,200 lg clodinafop kg-1 soil it

increased the root N, shoot N, root P, shoot P, seed yield and

seed protein by 20%, 9%, 56%, 56%, 29% and 7%, respec-

tively, compared with the un-inoculated but herbicide treated

control. This study suggested that the toxic effects of her-

bicides on pea plants could be attenuated by applying growth

promoting herbicide tolerant strain of Rhizobium under

herbicide stressed soil environment.
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In modern agronomic practices, herbicides are often used to

control weeds and consequently to improve plant produc-

tivity. However, the intensive and injudicious application of

herbicides lead to their accumulation in soils and may

deteriorate the quality of soil and water and also affect the

microbial population of soils (Aamil et al. 2004; Javier

Benitez et al. 2006; Nomal 2006). The rhizospheric micro-

organisms form an important component of soil and play a

pivotal role in augmenting the plant growth and protecting

the crop plants from stress factors and deleterious plant

pathogens. These organisms are also metabolically inacti-

vated by the excessive application of herbicides to soils

(Singh and Wright 2002a). The phytotoxic effects of various

herbicides on legumes including pea (Pisum sativum),

chickpea (Cicer arietinum), lentil (Lens esculentus) and

fababean (Vicia faba) have been reported (Avola et al. 2004;

Abbate et al. 2001; Wall 1996). Severity of these effects

depends upon the type and concentration of herbicides, the

Rhizobium species, and plant genotypes (Sawicka and Sel-

wet 1998; Khan et al. 2004). However, reports of herbicidal

effects on legumes and its symbionts (rhizobia) are contra-

dictory. For instance, a significant reduction in the rhizobial

growth has been observed for some herbicides (Santos et al.

2005) while two times of the field dose rates of herbicides did

not influence rhizobial growth but reduced the subsequent

ability of rhizobia to form nodules. However, the growth of

rhizobia is only one aspect of symbiosis, which also depends

on nodule formation, nodule growth and nodule function; all

these processes can be affected by the herbicide applications.

In other study, herbicides have shown a considerable

reduction in the symbiotic efficiency and nitrogenase
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activity of Rhizobium leguminosarumin bv. trifolii, Sino-

rhizobiuni melilotii and Badyrhizobium sp. during symbiosis

with their host plants (Niewiadomska and Klama 2005).

However, the adverse effects of herbicides on nodulation and

nitrogen fixation of legume plants observed at concentrations

not normally expected to occur under field conditions could,

probably be due to their direct toxic effect on plant growth

without adversely affecting the symbiotic partner (Singh and

Wright 2002b). Pea is a leading legume of the world and is

cultivated over an area of 5.9 m ha with a production of

about 11.7 m t. In India, pea is grown over an area of

0.7 m ha accounting for about 0.6 m t and contributes 8% to

total pulse area and about 5% in total pulses production

(Ahlawat 2000). Though, a large number of reports on the

effects of herbicides on legume-Rhizobium symbiosis are

available, yet there is discrepancy in the reported results.

And, hence, a firm conclusion on the phytotoxic effects of

herbicides on legumes-Rhizobium symbiosis can not be

drawn. Moreover, the reports on toxicity of quizalafop-p-

ethyl and clodinafop on legumes are scarce. Due to lack of

adequate data and conflicting reports on the effects of her-

bicides on legumes, the present study was conducted to

assess the impact of technical grade herbicides, quizalafop-

p-ethyl [ethyl (RS)-2-(4-6-chloroquinoxolin-2-yloxy) phen-

oxy] propionate] and clodinafop [(R)-2-[4-(5-chloro-3-

fluoro-2-pyridyloxy) phenoxy] propionic acid], on biologi-

cal and chemical properties of Rhizobium inoculated pea

plants, grown in sandy clay loam soils, treated with or

without herbicides.

Materials and Methods

Strains of Rhizobium were isolated from nodules borne on

the root system of pea plants grown in experimental fields of

Faculty of Agricultural Sciences, Aligarh Muslim Univer-

sity, Aligarh, India, using yeast extract mannitol (YEM)

medium. The rhizobial strains were tested for their sensi-

tivity/resistance to technical grade quizalafop-p-ethyl and

clodinafop (a.i. 98% for each herbicide; Parijat Agrochem-

icals, New Delhi, India) by agar plate dilution method using

minimal salt agar medium. Indole-3-acetic acid (IAA) pro-

duced by rhizobial strain was quantitatively assayed by the

method of Gordon and Weber (1951) later modified by Brick

et al. (1991). The rhizobial strains were further screened for

production of siderophores on the Chrome azurol S (CAS)

agar medium by the method of Alexander and Zuberer

(1991). The siderophore produced by the test strain was also

quantitatively assayed for salicylic acid (SA) and 2,3 dihy-

droxybenzoic acid (DHBA) in the supernatant by the method

of Reeves et al. (1983). Moreover, the exo-polysaccharide

(EPS) production by the rhizobial strains was evaluated

under in vitro conditions as described by Mody et al. (1989).

The experimental soil was an alluvial sandy clay loam (sand

667 g kg-1, silt 190 g kg-1, clay 143 g kg-1, organic

matter 6.2 g kg-1, Kjeldahl N 0.75 g kg-1, Olsen P

16 mg kg-1, pH 7.2 and water holding capacity 0.44

mL g-1, cation exchange capacity 11.7 and 5.1 cmol kg-1

anion exchange capacity). Seeds of pea var. C 235 were

surface sterilized with 70% ethanol, 3 min followed by 3%

sodium hypochlorite, 3 min, washed six times with sterile

water and dried. The sterilized seeds were inoculated with

Rhizobium strain MRP1, grown in YEM broth, by dipping

the seeds in liquid culture medium for 2 h using 10% gum

arabic as adhesive to deliver *108 cells per seed. The non-

coated sterilized seeds were soaked in sterile water only and

served as control. The non-inoculated and inoculated seeds

(10 seeds per pot) were sown in clay pots (25 cm high, 22 cm

internal diameter) using 3 kg unsterilized soils with control

(without quizalafop-p-ethyl and clodinafop) and three

treatments with 40 (recommended), 80 and 120 lg kg-1 soil

of quizalafop-p-ethyl and 400 (recommended), 800 and

1,200 lg kg-1 soil of clodinafop. For each treatment, six

pots were used and arranged in a complete randomized

design. Three plants were maintained in each pot 1 week

after emergence. The pots were watered with tap water when

required and were maintained in an open field conditions.

The experiments were repeated for two successive years to

ensure the reproducibility of the results. All plants in three

pots for each treatment were removed 90 days after seeding

(DAS) and were observed for the extent of nodulation. The

roots were carefully washed and nodules were detached,

counted, oven dried (at 80�C) and weighed. Plants uprooted

at 90 DAS were oven-dried at (80�C) and the dry matter was

measured. The leghaemoglobin (Lb) content in fresh nodules

removed from the root system of plants was quantified at 90

DAS (Sadasivam and Manikam 1992). Total N and P content

in roots and shoots was measured at 120 DAS by micro-

Kjeldahl (Iswaran and Marwah 1980) and Jackson (1967)

method, respectively. The remaining pots (three pots) for

each treatment having three plants per pot were maintained

until harvest (120 DAS) and seed yield and grain protein

(Sadasivam and Manikam 1992) was determined. Since the

experiment was conducted for 2 consecutive years under the

identical environmental conditions using the same treat-

ments and the data obtained were homogenous, the data of

the measured parameters were pooled together and subjected

to analysis of variance. The difference among treatment

means was compared by high range statistical domain (HSD)

using Tukey test at 5% level of probability.

Results and Discussion

The Rhizobium inoculated and non-inoculated pea plants

grown in soil treated with quizalafop-p-ethyl and
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clodinafop demonstrated a variable plant growth. In the

absence of bioinoculant, 40, 80 and 120 lg kg-1 quizala-

fop-p-ethyl significantly (p B .05) decreased the dry matter

by 51%, 66% and 74% at 90 DAS while 44%, 57% and

65% at 120 DAS, respectively (Table 1). Similarly, the

sole application of clodinafop substantially declined the

dry mass by 8%, 33% and 39% (at 90 DAS) and by 14%,

32% and 45% (at 120 DAS) at 400, 800 and 1,200 lg kg-1

soil, respectively, relative to the control. When Rhizobium

strain MRP1 was also used with quizalafop-p-ethyl at 40,

80 and 120 lg kg-1 soil and clodinafop at 400, 800 and

1,200 lg kg-1 soil, the dry matter decreased by 32%, 41%

and 48% (for quizalafop-p-ethyl) and 9%, 21% and

41% (for clodinafop), respectively, at 90 DAS and 23%,

49% and 59% (for quizalafop-p-ethyl) and 12%, 19% and

38% (for clodinafop), respectively, at 120 DAS. In general,

with increase in concentration of each herbicide, a pro-

gressive decrease in the measured parameters was

observed. Moreover, the bioinoculant when used with

higher concentration of quizalafop-p-ethyl (120 lg kg-1

soil) significantly (p B .05) subsided the toxic effects on

pea plants and increased the dry matter accumulation by

140% while 800 lg kg-1 clodinafop showed a maximum

increase of 57% in dry matter production at 90 DAS

compared to non-inoculated but treated with the same dose

of clodinafop. Similarly, when used with inoculant, quiz-

alafop-p-ethyl increased plant dry matter maximally by

58% at 40 lg kg-1 of soil and clodinafop increased

maximum dry matter accumulation at a concentration

of 800 lg kg-1 soil by 34% at 120 DAS (Table 1).

Quizalafop-p-ethyl at 40 lg kg-1 soil decreased the nodule

numbers by 74% while at 80 and 120 lg kg-1 soil, it

completely inhibited the nodule formation. In comparision,

clodinafop at 400, 800 and 1,200 lg kg-1 soil decreased

the nodule numbers by 30%, 39% and 59%, respectively,

relative to control at 90 DAS. A trend similar to 90 DAS

was observed for 120 DAS with all concentrations of the

two herbicides except 40 lg kg-1 of quizalafop-p-ethyl

that completely diminished nodule formation. Interest-

ingly, the two herbicides though reduced the symbiosis

even in the presence of bioinoculant but the effect was

lesser compared to only herbicide treated plants. For

instance, in the presence of inoculant MRP1, quizalafop-p-

ethyl (80 lg kg-1 soil) and clodinafop (1,200 lg kg-1

soil) decreased nodule numbers maximally by 84% and

65%, respectively at 90 DAS. At 120 DAS, all concen-

trations of quizalafop-p-ethyl inhibited nodulation whereas

800 lg kg-1 soil of clodinafop decreased nodule number

by 53%, compared to control. While comparing the effects

of each concentration of the two herbicides used either

alone or in the presence of MRP1, a maximum increase of

85% and 26% in nodule numbers was observed when strain

MRP1 was used with 40 lg kg-1 quizalafop-p-ethyl and

400 lg kg-1 clodinafop, respectively, at 90 DAS com-

pared to the sole application of herbicides (Table 1). The

trend similar to nodule numbers was observed for nodule

mass. For example, quizalafop-p-ethyl when used alone,

decreased nodule dry mass by 38% at 40 lg kg-1 soil

while clodinafop decreased the nodule mass by 11% at

400 lg kg-1 soil, compared to control at 90 DAS. In

Table 1 Effect of three concentrations of quizalafop-p-ethyl and clodinafop on biological properties of pea plants grown in soil inoculated with

and without Rhizobium sp. strain MRP1

Herbicides Dose rate

(lg kg-1 soil)

Dry weight (g plant-1) Nodulation

90 DAS 120 DAS

No. plant-1

90 DAS 120 DAS

UI I UI I UI I UI I

Control 1.71a(0.05) 2.07a(0.07) 2.99a(0.12) 3.39a(0.14) 27a(2.0) 36a(3.0) 15a(1.2) 19a(1.3)

Quizalafop-p-ethyl 40 0.84c(0.04) 1.40d(0.04) 1.66d(0.08) 2.62b(0.10) 7d(0.5) 13c(1.0) – –

80 0.58d(0.05) 1.22e(0.05) 1.28e(0.09) 1.74c(0.07) – 6d(0.5) – –

120 0.45d(0.03) 1.08f(0.03) 1.04f(0.06) 1.38d(0.04) – – – –

Clodinafop 400 1.58a(0.06) 1.89b(0.06) 2.58b(0.07) 3.00a(0.07) 19b(1.0) 24b(1.4) 9a(0.5) 18a(1.0)

800 1.14b(0.04) 1.63c(0.05) 2.05c(0.05) 2.75c(0.06) 16b(1.2) 20b(1.6) – 9b(0.7)

1,200 1.04b(0.05) 1.23e(0.04) 1.63d(0.04) 2.11d(0.07) 11c(0.7) 13c(1.1) – –

F value 231.8 248.8 1,104.2 1,088.9 42.9 96.4 3.5 117.3

In this and succeeding tables, values are mean of three replicates. Mean values followed by different letters are significantly different within a

row or column at p B 0.05 according to Tukey test. Values in parenthesis indicate standard deviation. UI = un-inoculated; I = inoculated.

Strain MRP1 tolerated quizalafop-p-ethyl and clodinafop 1,600 and 2,400 lg L-1, respectively, when grown in minimal salt agar medium. Strain

MRP1 produced 32, 28, 25 and 21 lg L-1 of salicylic acid (SA); 22, 20, 18 and 15 lg L-1 of 2,3 dihydroxy benzoic acid (DHBA) and 32, 30, 28

and 25 lg mL-1 IAA at 0, 400, 800 and 1,200 lg L-1 clodinafop and 32, 22, 19 and 14 lg L-1 of SA; 22, 15, 14 and 10 lg L-1 of DHBA and

32, 23, 21 and 18 lg L-1 of IAA at 0, 40, 80 and 120 lg L-1 quizalafop-p-ethyl, respectively

Bull Environ Contam Toxicol (2009) 82:761–766 763
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contrast, quizalafop-p-ethyl without inoculant completely

diminished nodule formation and hence, no nodule dry

mass was recovered while clodinafop decreased nodule dry

mass by 25% at 400 lg kg-1 soil compared to control and

at subsequent concentrations of clodinafop no dry mass

was obtained due to failure of nodule formation at 120

DAS. When used with MRP1, quizalafop-p-ethyl and

clodinafop at double the recommended rate, decreased

nodule dry mass by 67% and 28%, respectively, at 90 DAS

while MRP1 when used with the normal rates of quizala-

fop-p-ethyl and clodinafop decreased nodule dry mass by

42% and 54%, respectively, compared to control at 120

DAS. A strong correlation was found between nodule

numbers and nodule mass when pea was grown in the

absence (r = 0.91) and the presence (r = 0.94) of bioin-

oculant at 90 DAS (Table 2).

In this experiment, the nodules on the root system of pea

plants raised in soil treated with quizalafop-p-ethyl and

clodinafop had considerably a lower concentration of Lb.

In contrast, bio-inoculant increased the Lb content under

the influence of quizalafop-p-ethyl and clodinafop. Lb

content of nodules in the absence of bioinoculant pro-

gressively decreased as the doses of both quizalafop-p-

ethyl and clodinafop was increased and a maximum decline

was recorded at 120 lg kg-1 soil for quizalafop-p-ethyl

and at 1,200 lg kg-1 soil for clodinafop in comparison to

un-inoculated control. In contrast, in presence of bioinoc-

ulant, the Lb content decreased maximally by 43% at

80 lg kg-1 soil of quizalafop-p-ethyl and by 9% at

800 lg kg-1 soil of clodinafop relative to control. The

bioinoculant increased the Lb content substantially when

compared to the treatments having only herbicides. For

instance, bioinoculant increased the Lb content maximally

by 130% and 50% in the presence of 80 and 800 lg kg-1

soil of quizalafop-p-ethyl and clodinafop, respectively. The

correlation between nodule mass and Lb content was more

pronounced in the absence of inoculant (r = 0.96) com-

pared to inoculanted treatments (r = 0.79). The total

chlorophyll contents in fresh foliage of pea plants were

decreased consistently as the rates of both herbicides was

increased. Generally, quizalafop-p-ethyl and clodinafop

declined the chlorophyll content marginally in this study,

both in the presence or absence of bioinoculant. A maxi-

mum increase of 6% and 7% in the chlorophyll content was

observed when strain MRP1 was also used with three times

the recommended rates of quizalafop-p-ethyl and clodina-

fop compared to the uninoculated but treated with the same

rates of two herbicides (Table 2).

The reduction in growth of pea plants following herbi-

cide application observed in this study could be due to the

adverse effects of quizalafop-p-ethyl and clodinafop on

plant organs, especially the function of nodules which

consequently diminishes the N2 fixation. Such inhibitory

effect following herbicide applications may possibly be

due to the inhibition of enzymes involved in growth and

metabolisms or due to disruption of signaling between

legume (host) plant-derived phytochemicals (luteolin, api-

genin) and Rhizobium Nod D receptors that is necessary for

initiation of nodulation and N2 fixation (Fox et al. 2007).

Reports on the effect of herbicides on effective symbiosis

of rhizobia with the legume host plants are, however,

contradictory. For example, sethoxydim, alachlor, fluazifop

butyl and metolachlor at recommended rates did not result

in detrimental effects on seed yields or N2 fixation in

soybean while paraquat significantly reduced the amount of

N2 fixed as measured by 15N dilution methods (Kucey et al.

1988). Similarly, the adverse effects of terbutryn/terbu-

thylazine and bentazone on the performance of pea

(Singh and Wright 2002b) and the phytotoxic effects

of chlorimuron-ethyl on Bradyrhizobium japonicum

Table 2 Effect of three concentrations of quizalafop-p-ethyl and clodinafop on biological and chemical properties of pea plants grown in soil

inoculated with and without Rhizobium sp. strain MRP1

Herbicides Dose rate

(lg kg-1 soil)

Nodulation Lb content (mM) Total chlorophyll (mg g-1)

Dry mass (mg plant-1)

90 DAS 120 DAS UI I UI I

UI I UI I

Control 283a(14) 373a(20) 65a(7.2) 124a(9.5) 0.17a(0.02) 0.23a(0.03) 224a(3.6) 240a(7.5)

Quizalafop-p-ethyl 40 176d(11) 190e(13) – – 0.10 cd(0.01) 0.16b(0.02) 220a(3.0) 232ab(4.5)

80 – 123f(15) – – – 0.13 cd(0.01) 218a(3.5) 230ab(3.8)

120 – – – – – – 216a(2.0) 228b(2.5)

Clodinafop 400 253b(19) 290b(27) 49b(5.5) 57b(4.7) 0.16ab(0.03) 0.22a(0.01) 224a(3.5) 239a(5.8)

800 210c(15) 270c(16) – 50c(3.0) 0.14ab(0.02) 0.21ab(0.01) 223a(2.5) 238ab(6.3)

1,200 170d(14) 236d(12) – – 0.13ab(0.01) 0.19ab(0.02) 221a(3.0) 237ab(6.0)

F value 2,615.6 1,197 575.6 1,575 11.3 22.5 1.2 4.6
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inoculated soybean (Zawoznik and Tomaro 2005) is

reported. Plant growth promoting rhizobacteria including

symbiotic N2 fixers can affect plant development either

indirectly by circumventing the toxic effects of pesticides

(Yang and Lee 2008) or directly by synthesizing the plant

growth regulating substances (Wani et al. 2008). Inocula-

tion of quizalafop-p-ethyl and clodinafop tolerant and

phytohormone producing Rhizobium strain MRP1 in this

study stimulated the growth of pea when strain MRP1 was

applied as seed inoculant in herbicide treated soil. Gener-

ally, the measured parameters were increased when

inoculant strain was used with quizalafop-p-ethyl and

clodinafop compared to plants grown in soils treated solely

with quizalafop-p-ethyl and clodinafop. The present

investigation suggested that the quizalafop-p-ethyl and

clodinafop tolerance of the strain MRP1 might have pro-

vided protection to pea plants against the inhibitory effects

of quizalafop-p-ethyl and clodinafop possibly due to

entrapment of herbicides within the exo-polysachharides,

released by the inoculant strain. In addition, the synthesis

of siderophore and IAA by the strain MRP1 might also

have enhanced root growth and uptake of soil minerals by

the host plant. Moreover, the bioinoculant significantly

increased the nodulation compared to un-inoculated control

consolidating the fact that the strain MRP1 might have

reduced the toxicity of quizalafop-p-ethyl and clodinafop

in sandy loam soil, as was evident through the growth of

this strain on minimal media using quizalafop-p-ethyl and

clodinafop as C source.

Nitrogen (N) and P content, seed yield (SY) and grain

protein (GP) decreased progressively with increase in the

rates of quizalafop-p-ethyl and clodinafop (Table 3) both

in the presence and absence of MRP1 strain. A maximum

reduction in the measured parameters was observed at the

highest rate of each herbicide. For example, at 120 lg

quizalafop-p-ethyl kg-1 soil, the percent decrease was 24,

36, 39, 36, 50 and 4 for root N, shoot N, root P, shoot P, SY

and GP, respectively, compared to the control. Similarly,

for 1,200 lg clodinafop kg-1 soil, the percent decrease was

15, 29, 24, 18, and 14 for root N, shoot N, root P, shoot P,

and SY, respectively, compared to the control. Similar

trend was also observed when inoculant strain was used

along with herbicides. However, the inoculant strain sig-

nificantly (p \ 0.05) increased the shoot and root N and P,

SY and GP at all concentration of herbicides compared to

the sole application of herbicides. For example, the inoc-

ulant strain when used with herbicide, increased the root N,

shoot N, root P, shoot P, SY and GP by 11%, 17%, 46%,

33%, 21% and 7%, respectively, at 120 lg quizalafop-p-

ethyl kg-1 soil and 20%, 9%, 56%, 56%, 29% and 7%,

respectively, at 1,200 lg clodinafop kg-1 soil compared

with only herbicide treated soils (Table 3). A comparable

observation on the effect of herbicides on legumes and T
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other crops has been reported (Khan et al. 2006a, b). The

reduction in the bio-chemical properties of inoculated or

uninoculated pea could possibly be due to the inactivation

of nitrogenase (Zablotowicz and Reddy 2004).

In this study, we demonstrated the deleterious effects of

quizalafop-p-ethyl and clodinafop on the performance of

pea plants, grown in herbicide treated alluvial soils. The

inoculation of Rhizobium sp. strain MRP1 used as seed

inoculant, however, not only protected the pea plants from

the toxicity of these herbicides but also increased the

growth, symbiotic properties, nutrient status and quantity

and quality of pea seeds. The increased growth of inocu-

lated pea plants even in the presence of herbicides as

observed in this study might have possibly been due to the

synthesis and release of plant growth promoting sub-

stances, and siderophores by strain MRP1 and reduced

availability of herbicides to plants due to EPS secreted by

rhizobial strain in the soil environment in addition to its

natural ability of fixing N. The rhizobial strain endowed

with such multiple properties of growth promotion could

be exploited as bioinoculant for the better performance of

pea even under herbicide stressed soil environment.
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