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Abstract

Due to inadequate efforts to reinforce nitrogen fixation capability of bean via symbiosis
with rhizobia, improvement of bean productivity is still highly dependent on chemical fer-
tilization. An advanced understanding of agro-ecosystem-bean-Rhizobium interaction is
required to improve symbiosis efficiency. Thus, seasonal development of rhizobial nodu-
lation was characterized according to 20 agro-ecological properties for 122 commercial
bean fields. Principal component analysis identified soil texture as a major descriptor of
agrosystem-bean-disease-Rhizobium interaction. Nonparametric correlation analysis indi-
cated significant associations of root nodulation with bean class, fungicidal treatment of
seed and soil, Fusarium root rot index, planting date and depth, soil texture, clay and sand
content. Ordinal regression analysis demonstrated that rhizobial nodulation was improved
by applying initial drought, heavier soil textures with greater organic matter and neutral
pH, using herbicides and manure, growing white beans, irrigating every 7-9 days, later
sowing in June, reducing disease and weed, shallower seeding, sowing beans after alfalfa,
avoiding fungicidal treatment of seed and soil, and omitting urea application. This large-
scale study provided novel information on a comprehensive number of agronomic prac-
tices as potential tools for improving bean-Rhizobium symbiosis for sustainable legume
production systems.
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Introduction

Dry (common) bean (Phaseolus vulgaris L.) is the
most widely cultivated pulse crop worldwide. In 2014,
the level of production in Iran was 226,369 t, 15% of
which was concentrated in Zanjan province, in north-
western Iran. It is much desired by local bean grow-
ers to lower the environmental costs of intensive ag-
riculture through sustainable agronomy practices and
to improve crop productivity. Although the ability of
bean crops to provide nitrogen-fixing symbiosis with
rhizobial bacteria has been known for many years,
nitrogen deficiency still limits bean productivity and
increases demands for chemical fertilizers. A well-es-
tablished rhizobial nodulation in bean crops reduced
root rot diseases caused by soil-borne pathogens and

enhanced seed production (Naseri 2013a, 2014a; Ka-
lantari et al. 2018). Efficient rhizobial nodulation
can measurably decrease the demand for chemical
N-fertilizers. In Brazil, cost savings of $1.3 billion per
year have been achieved in soybeans inoculated with
rhizobia (Coutinho et al. 2000). The effectiveness of
this crop management practice depends on provid-
ing agro-ecological conditions favorable to symbiotic
N fixation and plant productivity (Naseri 2019). For
instance, it is believed that greater soil clay content for
rhizobia protection and moisture retention, greater
soil residues maintained following no-tillage, sowing
in field soil with neutral, to above-neutral pH levels,
regular cultivation of rhizobia-inoculated chickpea
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and avoiding saline soils allow for the development of
soil rhizobial communities in chickpea cropping sys-
tems (Elias and Herridge 2015). Furthermore, the as-
sociations of soil moisture (Slattery et al. 2001), clay
content (Howieson and Ballard 2004), pH (Elias and
Herridge 2015), seed treatment with benlate and man-
cozeb (Naidu 2000), soil depth (Rupela et al. 1987),
sowing date (Elias and Herridge 2015), N-fertilizer
(Chemining'wa and KevinVessey 2006), growth stage
and temperature (Rennie and Kemp 1983), and crop
rotation (Kucey and Hynes 1989) with legume-rhizo-
bia symbiosis have been previously reported. However,
a joint comparison of agro-ecological traits associated
with seasonal patterns of root-nodulation by rhizobia
under commercial bean production is still needed.
A systematic understanding of agro-ecological features
influencing rhizobial nodule-development during the
growing season will assist in optimizing the effective-
ness of bean-Rhizobium symbiosis for agricultural
sustainability. Furthermore, large-scale findings can
extend the applicability of outcomes to cropping sys-
tems different from those studied. Therefore, the major
objective of this study was to characterize relationships
between rhizobial nodulation and a comprehensive set
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of agro-ecological variables examined over two grow-
ing seasons in 122 commercial bean fields.

Materials and Methods

To provide a comprehensive, useful and reliable de-
scription of the agro-ecosystem-bean-nodulation in-
terplay, the study included a total of 122 commercial
fields (experimental sites) across Zanjan’s main bean
growing regions (Fig. 1) and were assessed during two
growing seasons. The date of planting ranged from the
second week of May to the third week of June across
the commercial fields studied during the two years of
research. Harvest time also varied from early Septem-
ber to early October. The averages of mean monthly
air-temperature and total monthly rainfall over the
two growing seasons for May, June, July and August
were 14.2°C and 21.2 mm, 18.3°C and 19.0 mm,
22.6°C and 8.9 mm, 21.1°C and 0.6 mm, respective-
ly. This research framework was conceived to involve
highly diverse agro-ecosystems in interaction with
rhizobial nodulation in bean crops in order to achieve
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Fig. 1. A map of Zanjan province indicating main bean growing districts (Abhar, Khodabandeh, Khorramdarreh, Soltaniyeh) studied
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a systematic understanding of the bean-Rhizobium
symbiosis. All the farmers’ fields were examined by
the second author at V3 (opening of the first trifoli-
ate leaf in full), R6-7 (flowering-podding) and R9 (pod
maturation) stages of bean growth (van Schoonhoven
and Pastor-Corrales 1987). A full description of the
method for measuring rhizobial nodulation on bean
roots has been documented previously (Naseri 2013a).
The status of nodule formation on the root was based
on a modified scale as follows to simplify symbiosis as-
sessments across a large number of bean fields: 0 - no
nodule was formed on the root system, 1 - low nodula-
tion with one to three small nodules < 1 mm diameter
per rootlet, and 2 - high nodulation with more than
four medium to large-sized nodules > 1 mm diameter
per rootlet (Naseri 2013a). In each field, nodulation
status was determined for three to four bean plants at
three randomly chosen spots of 0.25 m squares, which
included about six plants in relation to planting den-
sity. Soil samples collected from the fields at V3 were
analyzed to determine organic matter, pH and texture
fractions based on standard methods as described pre-
viously (Naseri 2013a).

Farmers were interviewed for details of their ag-
ronomic practices regarding the date of planting, ir-
rigation frequency, the crop grown before bean, and
applications of fertilizers and herbicides. As presented
in Table 1, bean fields were classified into the three
groups of bean market class (red, pinto and white),
fertilization (not applied, chemical fertilizer and
manure), herbicide use (not applied, trifluralin and
others: paraquat or bentazon), and rhizobial nodula-
tion on roots (absent, low and high). There were two
classes of fungicidal treatment of bean seed and field
soil, and initial drought (not applied and applied). The
initial drought variable was defined as the period of
15-45 days from seeding to the first irrigation of the
field. The field soils were classified into four main tex-
ture groups: light (sand, loamy sand and sandy loam),

medium (loam, silt loam and silt), heavy (sandy clay
loam, clay loam, silty clay loam and sandy clay), and
highly heavy (silty clay and clay). The seven classes of
preceding crops were described as follows: alfalfa, bar-
ley, bean, maize, potato, tomato, and wheat.

The plant and weed densities (the number of plants
or weeds per quadrat), and seeding depth were also re-
corded at V3, R6-7 and R9. In addition, the incidence
(the percentage of symptomatic plants per quadrat)
and severity of Fusarium root rot, caused by Fusarium
solani, were examined on the three sampling dates. To
rate disease severity, the percentage of symptomatic
root tissues (discoloration, lesions, or necrosis) was de-
termined for three diseased plants per quadrat. Then,
for each quadrat, a root disease index was determined
as follows: disease incidence x disease severity/5 (Na-
seri 2008).

To facilitate interpretation of associations between
rhizobial nodulation, Fusarium root rot and 19 agro-
ecological variables, a principal component analysis
(PCA) based on correlation matrix was used to esti-
mate the loading values for variables. A loading value
> 0.35 was considered significant (Kranz 1974). An
eigenvalue > 1.0 was used for interpretation (Sharma
1996). To examine the significance of agro-ecosystem-
disease-symbiosis interactions, nonparametric correla-
tions between the rhizobial nodulation, Fusarium root
rot and agro-ecological variables assessed at V3, R6-7
and R9 growth stages of bean crops were performed
with SPSS software for Windows (2016). Furthermore,
an ordinal regression analysis of the large-scale-study
data simplified interpreting a large number of signifi-
cant relationships. In this study, multiple regressions
defined the contribution of agro-ecological traits to
the status of rhizobial nodulation in commercial bean
fields. The contribution of an independent descriptor
to the bean-Rhizobium symbiosis during the growing
season was regarded as significant if p < 0.10 for the
parameter estimated.

Table 1. Frequencies of commercial bean fields classified into categories of agro-ecological traits studied at vegetative (V3), flowering-

-podding (R6-7) and pod maturity (R9) growth stages

Variables Categories/Frequencies

Bean class red/180 pinto/69 white/117

Initial drought not applied/170 applied/196

Fertilization not applied/142 chemical/209 manure/15
Growth stage V3/122 R6-7/122 R9/122
Herbicide not applied/117 trifluralin/219 bentazon/paraquat/30
Previous crop alfalfa/18 barley/18 | bean/72 | maize/18 potato/15 tomato/13 wheat/210
Rhizobial nodulation absent/145 | low/146 high/75

Seed fungicide treatment not applied/339 applied/27

Soil fungicide treatment not applied/324 applied/42
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Results

The seasonal development of bean-Rhizobium symbio-
sis was characterized in a total of 122 commercial fields
by using 20 agro-ecological traits at vegetative, flower-
ing-podding, and pod maturity stage of bean growth
(Table 1). From the PCA, six principal components,
accounting for 62% of the total variance, characterized
the development of rhizobial nodules over two grow-
ing seasons in highly diverse bean cropping systems
(Table 2). The first principal component accounted
for 17.6% of the variance in agro-ecosystem-disease-
-Rhizobium data. This factor showed moderate posi-
tive loadings for the two soil descriptors, soil texture
and clay content, and also a significantly negative load-
ing for the sand content. The second principal com-
ponent, which accounted for 14.7% of the data vari-
ance, concerned only the silt content. The significant
contribution of these four soil-textural descriptors to
the first and second principal components, accounting
for 32.4% of the total variance, recognized soil texture
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as the superior descriptor of the agro-systems-bean-
-Fusarium-Rhizobium interaction studied. These load-
ing values also verified the same or similar contribu-
tions of the soil texture and textural fractions (clay,
sand and silt) into the bean farming systems examined
at vegetative, flowering-podding, and pod maturity
stages over two growing seasons and on a large scale.
Therefore, only the texture variable was used for the
remainder of the multivariate analysis.

The third principal component, which accounted
for 10.2% of the data variance, can be interpreted as an
overall description of the extent of Fusarium root rot
development over time depending on planting depth
(Table 2). This principal component gave similar mod-
erate positive loadings for the disease index and plant-
ing depth. The fourth principal component, accounting
for 7.8% of total variance, gave significantly positive
and negative loadings for planting-date and soil-pH
variables, respectively. This factor was highlighted
considering the date of planting and pH of field soil in
order to examine the bean-Fusarium-Rhizobium inter-
action. The fifth principal component, explaining 6.0%

Table 2. Principal component analysis results for bean symbiosis data collected over two growing seasons according to Fusarium root

rot and agro-ecological variables

Principal components

Variables

1 2 3 4 5 6
Bean class 0.06 -0.16 0.16 0.31 -0.12 0.46
Fertilization 0.23 0.30 0.05 -0.24 -0.01 0.07
Fusarium root rot index -0.23 -0.08 0.47 0.01 -0.07 0.04
Herbicide 0.25 0.32 0.01 -0.06 -0.06 0.07
Initial drought 0.20 0.25 0.25 -0.16 0.07 -0.41
Irrigation interval 0.05 -0.28 -0.30 -0.09 0.14 0.37
Planting date 0.15 0.12 -0.11 0.41 -0.14 -0.21
Planting density 0.21 0.25 -0.10 0.07 0.01 0.23
Planting depth -0.13 -0.02 0.49 -0.14 -0.19 0.08
Previous crop -0.20 -0.12 0.09 0.05 0.26 -0.39
Rhizobial nodulation 0.12 0.02 -0.11 0.28 -0.46 -0.20
Seed fungicide treatment -0.01 0.23 0.13 0.14 0.56 -0.05
Soil fungicide treatment -0.02 0.19 0.23 0.06 0.35 0.34
Soil clay 0.44 -0.19 0.22 0.05 -0.01 -0.00
Soil sand -0.40 0.31 -0.17 0.02 -0.08 0.05
Soil silt 0.22 -0.40 0.06 -0.12 0.18 -0.10
Soil organic matter 0.09 -0.23 -0.25 -0.31 0.12 -0.18
Soil pH 0.12 0.02 -0.00 -0.54 -0.15 0.14
Soil texture 0.39 -0.13 0.24 0.18 -0.03 -0.02
Urea use -0.16 0.01 0.20 -0.25 -0.33 -0.03
Weed density -0.25 -0.31 0.10 0.12 0.02 -0.03
Eigenvalues 3.71 3.09 213 1.63 1.27 1.18
Variation [%] 17.6 14.7 10.2 7.8 6.0 5.6
Accumulated variation [%] 17.6 324 425 50.3 56.3 61.9

Bold numbers refer to significant loading values equal to or above 0.35
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of the variance, identified the significance of fungicidal
treatment of bean seed and the soil in estimating the
development of bean-Rhizobium symbiosis during the
growing season. In fact, this factor provided moder-
ate positive loadings for the treatment of seed and soil
with fungicides, and a moderate negative loading for
the rhizobial nodulation descriptor. Finally, the sixth
principal component demonstrated the close relation-
ships of bean class, initial drought, irrigation interval,
and previous crop. Our PCA showed that the devel-
opment of rhizobial nodulation in bean crops was de-
pendent mainly on the soil texture (factors 1 and 2),
Fusarium root rot index and planting depth (factor 3),
soil pH and planting date (factor 4), fungicidal treat-
ment of seed and soil (factor 5), bean market class, ir-
rigation program and previous crop (factor 6).

According to nonparametric correlation analysis,
the strongest associations between the nodulation and
agro-ecological variables were determined for Fusa-
rium root rot index [correlation coefficient — (-0.19)],
the planting date (correlation coefficient - 0.21), and soil
texture (correlation coefficient — 0.20; Table 3). There
were positive associations of root nodulation with bean
class, planting date, soil clay and texture. Negative link-
ages of the nodule-formation status to Fusarium root
rot index, fungicidal treatment of seed and soil, plant-
ing depth and soil sand were determined.

The multivariate description of rhizobial nodula-
tion according to the bean class, initial drought, irri-
gation intervals, fertilizer and herbicide applications,
fungicide-treated seed and soil, Fusarium root rot in-
dex, plant and weed density, planting date and depth,
previous crop, seed and soil treatments with fungi-
cides, soil organic matter, pH, texture and urea usage
was significant (ordinal regression: n = 355; Chi Prob.
Model < 0.001). Based on the ordinal regression analy-
sis, the above-mentioned agro-ecological and disease

Table 3. Non-parametric correlations of rhizobial nodulation with
agro-ecological traits studied in 122 commercial bean fields

Variables Correlajcion Sig.* No. of
coefficient (2-tailed) observations
Bean class 0.116 0.027 366
Fertilization 0.005 0.928 366
Fusarium root rot index -0.188 0.0001 364
Herbicide 0.098 0.061 366
Initial drought 0.041 0.435 366
Irrigation interval -0.030 0.566 366
Planting date 0.207 0.0001 366
Planting density 0.027 0.607 366
Planting depth -0.125 0.017 366
Previous crop -0.068 0.197 364
Seed fungicide treatment  -0.108 0.039 366
Soil fungicide treatment ~ -0.132 0.012 366
Soil clay 0.134 0.011 366
Soil sand -0.111 0.033 366
Soil silt 0.019 0.723 366
Soil organic matter -0.068 0.196 366
Soil pH -0.086 0.100 366
Soil texture 0.198 0.0001 366
Urea use -0.063 0.229 365
Weed density -0.024 0.652 362

*significance

descriptors (except the plant-density variable) con-
tributed significantly to nodule formation by rhizobial
bacteria across the 122 bean cropping systems studied
(Table 4). The market class of bean crops, planting
date, and the two-way interaction of Fusarium root rot
index with planting depth contributed the most to the
variability of bean-Rhizobium symbiosis. The two-way
interaction of weed density and herbicide descriptors

Table 4. Ordinal regression analysis of rhizobial nodulation according to Fusarium root rot (FRR) index and agro-ecological traits in

122 commercial bean fields

Variables Estimate Standard error t prob.* ofI::::L?mgte
Bean class 0.469 0.123 0.001 1.598
Fertilization x previous crop -0.058 0.035 0.097 0.944
FRR index x planting depth -0.002 0.009 0.001 0.999
Herbicide x weed density 0.050 0.022 0.022 1.051
Initial drought X irrigation interval 0.106 0.049 0.029 1.112
Organic matter X soil texture -0.233 0.132 0.078 0.792
Planting date 0.034 0.009 0.001 1.035
Planting density -0.049 0.041 0.226 0.952
Seed fungicide treatment -0.776 0.462 0.093 0.460
Soil fungicide treatment -0.652 0.353 0.065 0.521
Soil pH X urea use 0.000 0.000 0.067 1.000

*t-test probability



KA AKADEMIA N

www.czasopisma.pan.pl P N www.journals.pan.pl
=

Leila Tabande and Bita Naseri: How stfahgly is rhizobial nodulation associated with bean cropping system? 181

was the second most important contribution to nodu-
lation variability. Multivariate analysis also indicated
that there was a minor contribution of the plant-den-
sity variable to the over-season development of bean-
-Rhizobium symbiosis varying among the farming sys-
tems investigated.

Based on the correlation coeflicients provided by
nonparametric correlations and parameters estimated
by ordinal regression, higher rhizobial nodulation
levels were associated with applying initial drought,
choosing heavier soil textures with greater organic
matter content and neutral pH, herbicide application,
fertilizing with manure, growing white beans, irrigat-
ing at 7-9 day intervals, later sowings in June, a lower
Fusarium root rot index, lower weed density, shallower
seeding, sowing beans after alfalfa, the lack of fungi-
cidal treatment of bean seeds and field soil, and the
lack of a urea application.

Discussion

The cultivation of legume crops is a well-established
strategy for increasing soil fertility and decreasing the
need for chemical N-fertilizers without serious envi-
ronmental hazards. Therefore, optimization of N fixa-
tion through rhizobial nodulation is a major goal in
common bean cultivation. Certain agricultural prac-
tices and environmental conditions have been known
to be effective in improving the efficiency of rhizobial
N fixation for sustainable farming systems. The present
findings extend our understanding of agro-ecological
factors controlling bean-Rhizobium symbiosis over
the growing season that will be useful for maximizing
symbiotic effectiveness for economical and sustainable
production. The ranking of 26 cultivars of common
beans for rhizobial nodulation was highly dependent
on the bean growth stage at the evaluation timepoint.
For instance, some cultivars established symbiosis
better when evaluated at anthesis but not at maturity
(Rennie and Kemp 1983). For this reason, a multiple-
-timepoint assessment of rhizobial nodulation was
considered in the present research.

Remans et al. (2008) demonstrated the signifi-
cant interaction of bean genotypes with Rhizobium-
Azospirillum co-inoculation across environments and
called for more field-scale experimentation in various
seasons and environments to describe relationships be-
tween genotype, inoculum and environment (Remans
et al. 2008). However, the association of bean market
class with rhizobial nodulation across different agro-
ecosystems is little understood. The ordinal regression
analysis in this study recognized bean class as the most
relevant variable to rhizobial nodulation among the
20 agro-ecological traits examined in 122 commercial

fields. This suggests that breeding bean crops for high
nodulation capacity should be a main part of crop-im-
provement programs, as favorable alleles are restricted
within certain bean classes.

Elias and Herridge (2015) reported planting date
(influencing crop water use efficiency) as a major
determinant of grain yield in Rhizobium-nodulated
chickpeas. However, they did not evaluate the impact
of sowing date on rhizobial nodulation. In southeastern
Australia, an earlier sowing (late April to early May)
of peas increased N fixation by 53% compared to late
sowing (late June to early July) and improved the to-
tal soil N via residue retention (O’Connor et al. 1993).
O’Connor et al. (1993) related the benefits from earlier
sowing to greater plant biomass and N concentration
coming from N fixation. In the present research, later
planting of bean crops in June (late spring) favored
rhizobial nodulation compared to earlier planting in
mid-late May (mid-spring). It has previously been es-
tablished that cowpea nodulation is significantly de-
pendent on glasshouse temperature with an optimum
temperature of 24°C (Dart and Mercer 1965). Further-
more, during the hyacinth bean growing season, lower
nodule weights were detected in winter (January) than
in summer (June; Habish and Mahdi 1976). Thus, leg-
ume nodulation appears to be improved under warmer
climatic conditions. In addition to appropriate climate,
the present large-scale findings may be partially at-
tributed to more severe root rot infections caused by
E solani, Rhizoctonia solani, Macrophomina phase-
olina, and E oxysporum in beans sown earlier under
colder and moister climatic conditions in May (Naseri
2013b; 2014a, b, ¢). It should be added that the present
findings recognized Fusarium root rot as one of the
most important indicators of rhizobial nodulation in
beans among the 20 agro-ecological variables studied.
To the best of our knowledge, this is the first report of
the bean-Fusarium-Rhizobium-sowing-date interaction.
Such information advances our understanding of sow-
ing date modification in ways that can be applied in the
control of bean root rot and improvement of nodule
formation for sustainable agriculture purposes.

In this study, farmers widely treated bean seeds
and field soils with benomyl and mancozeb. Martens-
son (1992) observed the ability of R. leguminosarum
b.v. trifolii to multiply in the presence of benomyl and
mancozeb at rates equal to or higher than standard
doses. However, these two fungicides reduced rhizobi-
al-induced root deformations essential for nodule de-
velopment and mancozeb inhibited nodulation at high
doses (Méartensson 1992). Although treatment of bean
seeds with both benomyl and rhizobia decreased dras-
tically nodulating inoculants, the same fungicide treat-
ment followed by seed-furrow-inoculation of rhizobia
had no effect on inoculant survival (Ramos and Ribeiro
Jr. 1993). In India, pre- and post-inoculation of seeds
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treated with benomyl and mancozeb at label doses
were non-toxic to rhizobia and for benomyl, they were
even stimulatory (Naidu 2000). Elsewhere, single or
mixed applications of benomyl and bradyrhizobia in
laboratory, greenhouse and field trials in Brazil de-
creased nodulation by up to 87% (Campo et al. 2009).
The present large-scale findings revealed that fungi-
cidal treatment of bean seeds and field soils reduced
nodulation under commercial production conditions.
Thus, this study agrees with Campo’s et al. (2009) ad-
vice on fungicide applications with only pathogen-
contaminated seeds.

Soil populations of rhizobia detected in research
stations and farmers’ fields in diverse Indian chickpea
growing regions decreased with increasing soil depth
and the largest populations were observed at a 5 cm
depth (Rupela et al. 1987). However, information on
the impact of planting depth on bean-Rhizobium sym-
biosis is still lacking. Thus, the present finding on the
significantly negative association of nodulation with
this agronomic practice in commercial bean crops ap-
pears to have been reported for the first time. Further
plot-scale investigation on the bean-depth-Rhizobium
interaction is required.

Clay content positively influences rhizobial sur-
vival, presumably due to physical protection of the
bacteria, improved substrate availability and increased
soil moisture (Revellin et al. 1996; Elias and Herridge
2015). In agreement with previous reports on legume
nodulation, in this study, greater soil clay contents
(range 14-53% in 122 Iranian bean farming systems)
and heavier soil textures corresponded to higher rhizo-
bial nodulation under commercial production condi-
tions. In addition, sand content was negatively linked
to root nodulation.

Populations of naturally nodulating rhizobia in
legumes differed notably across diverse soil environ-
ments in southeastern Australia (Slattery et al. 2001).
Chickpea rhizobia populations in Indian soils of vari-
ous geographic areas were unrelated to soil nitrate-ni-
trogen status (Rupela et al. 1987). Elsewhere, nodula-
tion of bean cultivars was highly relevant to mineral
N levels and the application of N-fertilizer reduced N
fixation in most cultivars (Rennie and Kemp 1983). In
southern Manitoba, application of N-fertilizer reduced
pea nodulation by resident rhizobia or commercial
inoculants (Cheminingwa and KevinVessey 2006).
According to another study, cowpea nodulation in
a glasshouse differed with ammonium nitrate levels
depending on temperature and light intensity (Dart
and Mercer 1965). In this study, there was a significant
negative impact of urea applied to commercial bean
fields within the 0-500 kg - ha™' range on root nodula-
tion by natural rhizobia.

Elias and Herridge (2015) reported crop-avail-
able water as a major determinant of grain yield in
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chickpea-Rhizobium symbiosis systems. They ad-
vised farmers to develop soil rhizobia via zero tillage
and residue retention on the soil surface for moisture
maintenance. A positive linkage of soil moisture with
rhizobial-nodule numbers was reported by Slattery
et al. (2001). Although soil moisture is primarily af-
fected by the soil and climatic conditions, agronomic
practices, in particular irrigation or initial drought,
can influence the development of rhizobial nodula-
tion. Irrigation frequency affected the number and dry
weight of nodules in hyacinth bean fields and irrigat-
ing at 7 day intervals improved nodulation (Habish
and Mahdi 1976). In this research, the irrigation in-
terval, ranging from 2 to 9 days, had a significant im-
pact on root nodulation over the bean growing season
in 122 commercial fields. Although moisture stresses
reduced bean nodulation on a field scale (Sangakkara
1994), the initial drought stress due to the lack of ir-
rigation early in the season improved bean nodulation
in this regional-based study. Local farmers believe that
this practice lowers weed density and improves root
system expansion.

In Australia, effective N-fixation in legume crops
responded to soil pH depending on soil type and lo-
cation, and large resident populations were found on
alkaline soils (Slattery et al. 2001). In contrast, soil pH
within the ranges of 6.3-8.9 in Australia and 6.4-8.8
in India was unrelated to rhizobial-nodule numbers
in chickpea farming systems (Rupela et al. 1987; Elias
and Herridge 2015). Elias and Herridge (2015) advised
Australian farmers to develop rhizobial communities
by maintaining > 7 soil pH. Although the association
of soil pH with rhizobial populations is well-known,
the nodulation-pH interaction deserves further con-
sideration. A survey of 20 sites across geographi-
cal regions in eastern Canada showed reductions in
nodulation rates with decreasing soil pH from 8 to 6
(Chemining'wa and Kevin Vessey 2006). In the present
study of 122 field-sites, soil pH within the range of
7-8 was inversely related to bean nodulation.

Larger populations of chickpea rhizobia in highly
diverse Indian soils were detected after growing chick-
pea compared to pigeonpea, groundnut and corn,
while rice showed a nearly 100-fold smaller rhizobial
population (Rupela et al. 1987). Soil populations of
rhizobia in five bean, five pea, and two wheat fields
in southern Alberta indicated that legume cultivation
and use of commercial inoculants maintained large
populations of rhizobia after 4 years of fallow or non-
legume cultivation (Kucey and Hynes 1989). However,
the interaction of bean nodulation with the preceding
crop has received little consideration. The significant
association of rhizobial nodulation with legumes such
as alfalfa grown before bean in this study may be ex-
plained with the help of findings from Kucey and Hynes
(1989) on the long lasting beneficial impact of legume
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cultivation on soil rhizobial populations. It should be
noted that legumes like beans are major crops used for
rotation in the regions studied.

In southern Manitoba, the influence of soil elec-
trical conductivity on pea nodulation rates following
field application of commercial inoculants was attrib-
uted to the effects of soil texture and organic matter
(Chemining'wa and KevinVessey 2006). Amending
soil with corn leaf residues had no impact on bean
rhizobia, while alfalfa residues decreased populations
of these beneficial bacteria (Pena-Cabriales and Alex-
ander 1983). The present study revealed for the first
time the significant relevance of organic matter (which
ranged from 0.4 to 1.8% in agricultural soils across the
major bean growing area in Zanjan) to bean rhizobial
development.

In a study carried out by Bertholet and Clark
(1985), nodulation was not significantly decreased
due to trifluralin applications in faba bean fields. Al-
though high rates of trifluralin, which was non-toxic
to Rhizobium sp. in a disc inhibition study, decreased
nodule numbers in soybeans and lima beans, the rec-
ommended rates decreased soybean but not lima bean
nodulation (Yueh and Hensley 1990). According to
Martensson (1992), the development of nodules by
R. leguminosarum b.v. trifolii was inhibited at concen-
trations of bentazone higher than label rates. In this
study, the application of herbicides had a remarkable
association with rhizobial nodulation in bean fields
where trifluralin was the most commonly used herbi-
cide followed by bentazone and paraquat. This positive
impact of herbicide application may be explained with
the significant linkage of bean nodulation to lower
weed density evidenced in our study.

In South Australia, lucerne nodulation by Sinor-
hizobium meliloti naturalized in 50 cropping systems
was unrelated to plant density (range 3-66 plants - m™;
Ballard et al. 2003). Similarly, this study evidenced the
lack of a significant association between root nodu-
lation and plant density (range 4-68 plants - m™) in
commercial bean fields.
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