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Abstract: The potential interactions of rhizobium bacteria in enhancing nodulation, nitrogen (N) fixation
for boosting N availability, and the yield of black gram under a temperate environment continue to
remain unexplored. Therefore, this study aimed to evaluate the agronomic performance of black gram
cultivars, their yield comparisons, and shoot-grain-soil N dynamics in a prevalently rainfed farming
system. Two black gram cultivars, NARC Mash-I and NARC Mash-II, were subjected to rhizobia
inoculation combined with different N doses (0, 25, 50, 75, 100 kg ha~1). The response variables included
root nodulation, agronomic yield attributes, grain yield, shoot-grain and soil N dynamics, and biological
productivity. Black gram cultivar NARC Mash-II showed the maximum nodule formation (41 per plant),
while each nodule obtained 0.69 g weight in response to RI combined with 25 kg N ha~!. Additionally,
this combination showed the highest pods per plant and thousand grain weight, which maximized the
grain yield (1777 kg ha~') and biological productivity (3007 kg ha~!). In contrast, NARC Mash-I under
50 kg N recorded the highest shoot N content, while the same cultivar under 100 kg N exhibited the
maximum soil N content. The correlation analyses indicated a significantly robust association among the
nodule numbers, grain weight, and N contents in different plant organs. These results give mechanistic
insights into plant-microbe interactions based on the eco-friendly, sustainable, and smart agricultural
practice of black gram production in a temperate environment.

Keywords: pulses; phenotypic divergence; root nodulation; temperate climate; nitrogen dynamics

1. Introduction

Declining soil fertility due to agricultural practices, unpredictable climate changes,
and shortages of water and minerals is challenging for an eco-friendly modern agricultural
system [1]. A gradual decrease in soil fertility has reduced the production of food crops,
leading to food and nutritional insecurity for an increasing number of the population,
especially in the Indo-Pak subcontinent [2]. Among the strategically crucial plant nutrients
required to achieve potential crop yields, N ranks at the top as it is required by crop plants
in larger quantities to attain potential vegetative growth, promote chlorophyll develop-
ment, and trigger the biosynthesis of amino acids, proteins, and nucleotides [3]. However,
resource-poor growers with small land holdings can ill-afford the skyrocketing cost of inor-
ganic fertilizers to compensate for N deficiency in agricultural soils. Furthermore, a variety
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of processes, especially sub-optimized N doses, cause losses of over 50% of soil-applied N
fertilizers, making it a prime source of environmental pollution [4]. Interestingly, numerous
studies have reported contrasting findings on N fertilization regimes for black gram under
tropical and subtropical environments, including Reddy et al. [5], Rathore et al. [6], and
Prasad et al. [7] who suggested 20 kg N ha~!, while Marimuthu and Surendran [8] recom-
mended 25 kg N ha—1. However, Chandrasekar and Bangarusamy [9] and Ahmed et al. [10]
suggested even higher quantities of N (30-55 kg ha~!). Research findings are scant for
temperate conditions; thus, increasing prices of N fertilizers and emerging agro-ecological
pollution have renewed research interest in scouting for optimal N doses and finding
biologically viable strategies to boost the crop yield and soil fertility status.

Several strategies have been applied for boosting mineral nutrition, abiotic stress
tolerance, and plant impartments in soils [11-15]. In place of mineral N fertilizers, legume-
rhizobium symbiosis might serve as a potent source of N and may reduce plants’ N
requirements and maintain crop yields as per varietal potential [16,17]. In addition, N fixed
through the biological N fixation (BNF) process has the advantage of being a renewable
source and there is scant probability of loss through leaching and volatilization [18]. The
other associated advantage offered by rhizobia symbiosis is its potential for building up
soil fertility and enhancing crop productivity in a sustainable and eco-friendly manner [4].
Previous studies have reported the positive effects of rhizobia inoculation for boosting the
crop productivity of Rhizobium trifolii in clover, Bradyrhizobium japonicum in common beans,
soybean, etc., Azorhizobium caulinodans in sesbania, sinorhizobium / Ensifer meliloti comb in
alfalfa, and Mesorhizobium mediterraneum in chickpeas [4,19-21].

For sustainable legume-rhizobium symbiosis, seed inoculation must bolster root
nodulation, which significantly improves N uptake and crop production [22,23]. Rhizobia
participate in the BNF process in the root nodules of legumes [16], leading to the conversion
of molecular N into ammonia [24]. Interestingly, non-inoculated plants are exposed to multi-
ple rhizobia, which significantly vary in their capacity to promote nodulation and N fixation.
Despite the wide abundance and effectiveness of natural rhizobia populations, maximized
N fixation by legume crops has rarely been achieved. Sanchez-Navarro et al. [18] inferred
that a wide array of microbiomes exist in the rhizosphere; however, rthizobium inoculation
could be useful even for soils where legumes have been cultivated for many years, owing
to the absence of crop-specific rhizobia [25]. It was also inferred that inoculation increased
the rhizobia population in the rhizosphere, which led to enhanced N fixation by legumes in
soil where there was a scarcity of crop-specific rhizobia. Additionally, it has been suggested
that rhizobia must survive in soil and utilize ecological niches created by plant roots for
fixing atmospheric N [26]. However, poorly fixed naturally occurring rhizobia strains
may become dominant and gain an advantage over inoculated strains [27]. Therefore,
Safronova et al. [28] suggested that the choice of rhizobia strains for seed inoculation must
be made keeping in mind their host specificity and the microbial genera present in the
rhizosphere. In order to maximize BNF, the inoculant strain must be efficient and match the
desired legume variety in a growing agro-ecological zone. The adaptation of host-specific
rhizobia strains to the local environment and soil conditions increases the chance of effective
nodulation [26]. However, research and knowledge gaps exist pertaining to the impact of
inoculation on N dynamics in the shoots and grains of legumes under temperate conditions,
which necessitate conducting fresh studies.

Black gram (Vigna mungo (L.) Hepper) is a mash bean that is widely cultivated in the
Indo-Pak sub-continent and Bangladesh [29] and ranks as the third major pulse crop of
Pakistan [30]. Black gram is an excellent source of protein for human and animal nutrition.
It comprises over 24% protein, 60% carbohydrates, and 1.5% fat, and finds use as whole
seed and dehusked splits (cotyledons), as well as in a variety of fermented products,
like dosa. Interestingly, it is subjected to fermentation with rice blends for preparing
fermented steamed products and different types of roasted pancakes [31]. In black gram,
the assimilated translocation to the constantly growing vegetative sinks even after the
initiation of the reproductive phase considerably reduces the grain yield, owing to N
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supply limitations [26]. This might be rectified by optimizing N doses and performing seed
inoculation with appropriate rhizobia strains. Another serious constraint in black gram
production is flower and fruit drop caused by N deficiency, which requisites conducting
fresh studies on optimizing N fertilization regimes.

Thus, under a changing climate, it is of strategic pertinence to bridge the research
and knowledge gaps pertaining to N dose optimization to enhance biological N fixation
through the inoculation of rhizobia strains under a temperate environment. Additionally,
the field testing of black gram cultivars for assessing the grain yield potential offers a
bright perspective to enhance productivity and profitability. Thus, this field research tested
the hypothesis that the optimization of N fertilization regimes and seed inoculation of
rhizobia might increase the black gram grain yield, N dynamics, and soil fertility. Thus, the
objectives of this study were to explore the genetic potential of black gram cultivars under
a temperate environment through the optimization of N doses and rhizobia inoculation to
enhance the nodulation properties, agronomic yield traits, and productivity, along with
plant and soil N dynamics.

2. Materials and Methods
2.1. Experimental Site’s Meteorological Features

The field trial was conducted during the crop growth seasons of 2019 and 2020 in the farm
area of the Faculty of Agriculture, University of Poonch Rawalakot, Azad Jammu and Kashmir,
Pakistan. The geographical coordinates of the study locality are depicted in Figure 1. The
study site has a sub-mountainous topography of valleys, temperate climatic characteristics,
and an altitude of 1633 m. The average temperature and the mean annual precipitation of the
region are 15 °C and 360 mm, respectively [32]. The texture of the experimental block was silty
clay loam. Pre-sowing soil sampling was performed in order to estimate the physico-chemical
properties of experimental sites which exhibited a pH and electrical conductivity of 7.4 and
0.37, respectively. Additionally, the available phosphorous and N content were 2.56 mg kg~
and 0.41%, respectively, while organic matter was 1.21%. Moreover, soil organic carbon, bulk
density, and soil porosity were 6.38 g ka1, 1.34%, and 43%, respectively.
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Figure 1. The trial’s location (Rawalakot, Azad Kashmir, Pakistan) map prepared with the help of
QGIS software (version 3.24.3, Bern, Switzerland), whereby the black point highlights the trial’s
location while the half-arrow is pointed toward the north direction.
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2.2. Experimental Design, Rhizobia Inoculum, and Nitrogen Supplementation

The experiment was comprised of a control treatment (without inoculation and fertil-
ization), two cultivars of black gram (V; = NARC Mash-I and V; = NARC Mash-II), and
four N fertilization regimes (25, 50, 75, and 100 kg N ha~'). The details of the employed
treatments are presented in Table 1. The trial was conducted using a randomized complete
block design (RCBD) with split plot arrangement and there were three replications. The
trial was comprised of 36 experimental plots in total, while the net size of each plot was
9 m? (after excluding the walking paths and plot boundaries). Black gram varieties (NARC
Mash-I and NARC Mash-II) were used as planting materials and their seeds were acquired
from the National Agriculture Research Center (NARC), Islamabad, Pakistan. Both cul-
tivars were bold-seeded, high-yielding, and resistant to yellow mosaic virus (YMV) and
urdbean leaf crinkle virus (ULCV). These cultivars are being grown on a wide scale in the
irrigated and rainfed areas of the Punjab and Sindh provinces of Pakistan [33]; however,
no research-based findings are available regarding their performance under the temperate
environment of the Azad Jammu and Kashmir region of Pakistan. A low soil temperature
delays germination, and thus seed hydro-priming was performed by dipping the seeds into
water for 12 h followed by shade drying for 5 h, as recommended by Golezani et al. [34]. The
sowing was conducted on 27 and 29 April of 2019 and 2020, respectively, and harvesting
was manually performed on 23 and 24 August using sickles.

Table 1. Details of treatments regarding Rhizobia inoculation and N fertilization regimes for black
gram cultivars tested during the course of this study.

Treatments Description Abbreviation
Control (Ty) Control [V7 and V] (no inoculation, no N fertilization) T1Vq and T1V,
NoRI (T») Inoculation [V and V5] (inoculum, no N fertilization) T,Vy and T,V
NysRI (T3) 25kg Nha~! + RI[V; and V,] T3Vy and T3V,
NsoRI (T4) 50 kg Nha=! + RI [V} and V,] T,V; and T4V,
N75RI (T5) 75 kg N h371 +RI [V1 and Vz] T5V1 and T5V2
N100RI (T6) 100 kg N 1’1&1_1 + RI [V1 and Vz] T(,Vl and T(,Vz

V1 = NARC Mash-I, V, = NARC Mash-II, RI = rhizobia inoculation.

The crop was sown using 30 cm R x Rand 10 cm P x P spacing (30 rows per plot). The
sowing was conducted using a hand drill. The phosphorous (P = 60 kg ha™?) fertilizer was
applied as a basal dose in a slightly higher quantity than suggested by Qayyum et al. [30]
(50 kg ha™! in order to compensate for the significantly lower available P of 2.56 mg kg ! of
soil in all experimental plots). All agronomic management practices (e.g., land preparation,
priming duration, seed rate, plot size sowing time and technique, plant—plant and row-row
spacings, weeding frequency, etc.) except those employed as treatments (N dose, cultivars,
and rhizobium inoculation) were kept uniform to inhibit the influence of any external factor
which could have altered the treatment effects on the response variables under investigation.
The seeds of black gram cultivars were inoculated with 10% brown sugar (to attain the dual
purposes of thickening the solution for enhancing adherence to the grain surface and to
provide an instant source of energy for microbes) solution containing the Bradyrhizobium
strain of TAL-169 (2 weeks old rhizobia culture acquired from NARC, Islamabad, Pakistan). It
was prepared by following the protocol of Saleem et al. [2] in such a way that the inoculum
was completely stuck on the grains of the black gram [14,15]. The solution was prepared by
adding sugar to water, while black gram grains were placed in a large open-top tub. The grains
were mixed with the inoculant using an inoculant/grain weight ratio of 1:100, as suggested
by Temprano et al. [35]. The continuous stirring of grains in the solution was performed
by mixing a cup of the sugar solution at continuous intervals. The stirring was continued
until the seeds were damp but not saturated by ensuring that there was no standing liquid.
Once the grains were thoroughly mixed with the thick solution, the inoculant powder was
gradually added. This procedure was performed using small batches of grains because a
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mechanical mixer was not available for this purpose. After inoculation, grains were sown
within eight hours to ensure the viability of the rhizobia.

2.3. Collection of Root Nodules and Plant Samples

In the grain filling stage, ten plants were randomly selected from the middle rows of
each experimental plot and uprooted with the help of a spade. For the purpose of loosening
the sticky soil from roots, plants were placed into the plastic buckets filled with water.
Thereafter, soil adhering to the roots was manually removed. Subsequently, plants’ roots
were separated and nodules were picked from roots for data recording. In the maturity
stage, plant samples from an area of one square meter were randomly harvested from all
experimental plots for the estimation of different agronomical traits, including the number
of pods per plant, thousand grain weight, biological and grain yields, etc.

2.4. Estimation of Physio-Chemical Parameters of the Soils

After crop harvesting, soil sampling was conducted from 0 to 15 cm and 15 to 30 cm
depths, while the soil sampling points included the four corners and middle of the ex-
perimental block. Thereafter, the soil samples were thoroughly mixed and preserved
in zip-lockable bags for N estimation, following the Kjeldahl method [36]. The soil or-
ganic carbon (SOC) and organic matter (SOM) were analyzed by following the standard
methods [37].

2.5. Determination of Shoot and Grain N

For the estimation of the N content of the shoot and grains, 1 g of crushed matter
(using mortar and pestle) was mixed with 50 mL of H,SOy4 and 10 g of Kjeldahl Catalyst
(Cu-Se) that was subsequently placed in the digestion flasks for two hrs. Thereafter, 100 mL
of water was added in the flasks of each sample, which was shaken using a shaker for
10 min. Finally, all samples were put in the analyzer (Kjeltec Auto 1030 Analyzer) for N
estimation [38].

2.6. Statistical Analysis

The collected data were subjected to Bartlett’s test which exhibited a non-significant effect of
the year, and thus data were transformed into mean values. Subsequently, the transformed data
were analyzed using SPSS statistics computer software (version 17.0) by employing the analysis
of variance (ANOVA) technique to measure the significant difference at p < 0.05. Additionally,
two-way factor interaction (treatments x cultivars) was conducted and comparisons of means
were performed using Tukey’s honest significant difference (HSD) test at a 5 percent probability
level [39]. Moreover, to determine the relationship among response variables, the Pearson
correlation coefficient was found using the same statistical package. Furthermore, for the
exploration of the multivariate variability caused by employed treatments for the grain, shoot,
and soil N accumulation in the plant—soil system, principal component analysis (PCA) was
employed using PAST-Paleontological Statistics [40].

3. Results
3.1. Rhizobia Inoculation Combined with N Supplementation Enhanced Root Nodulation

The nodulation potential of the black gram cultivars was evaluated in terms of number
and dry weight of nodules under rhizobia inoculation (RI) and varying N fertilization regimes,
while the results exhibited noticeable diversity in these traits (Table 2). Overall, the mean
values of the nodulation characteristics under N doses with RI were considerably higher than
for the unamended control treatment. It was revealed that the highest number of nodules
per plant (41 £ 2.5) was recorded for the NpsRI treatment (NARC Mash-I cultivar), which
remained statistically at par with NoRI for NARC Mash-II; however, it was 32% higher than
for the unamended control treatment. It was followed by NpsRI, which performed at par
with N5gRI for NARC Mash-II. Likewise, the maximum nodule dry weight was recorded for
NARC Mash-II in response to the treatment of NpsRI (0.69 £ 0.02), which was 37% higher
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than for the control treatment. The minimum nodule number (27 + 2.0) was recorded in
the control treatment with the lowest nodule dry weight (0.41 £ 0.03) for NARC Mash-],
which was statistically at par with the N1pgRI treatment. Moreover, N1goRI could not match
the nodulation recorded by N75RI, which in turn remained inferior to N5oRI. Furthermore,
Ni5oRI exhibited significantly lower nodule numbers and dry weight than NjsRI. To sum up, a
significant genotypic difference was recorded, because NARC Mash-I depicted the maximum
number of nodules, while NARC Mash-II remained superior for nodule dry weight when
inoculated with rhizobia under limited N supply.

Table 2. The variations in the root nodules of black gram cultivars under rhizobia inoculation and N
fertilization regimes in a temperate climate.

No. of Nodules per Plant

Nodule Dry Weight (g)

Treatments

Genotypes Mean Genotypes Mean

NARC
Mash-I (V1)

NARC
Mash-II (V)

NARC
Mash-I (V4)

NARC
Mash-II (V,)

Control (T7)
NoRI (T>)
NaosRI (T3)
NsoRI (Ty)
N75RI (Ts)

Ni1goRI (Ts)

Mean

274204
36 + 4.5 abe
41+252
35 + 4.5 abed
31 =+ 3.0 bed
30 + 2.0 bed
3345558

29 4+ 3.0
40+722
39 + 57104
38 +2.50ab
34 + 3.4 abcd
32 4+ 3.1 abed
36 +5.67 4

28+26C
38 £ 5.5 AB
40+374
37 + 4.5 4B
33 +3.58C
32+25€
35+ 5.6

0.41 +0.038
0.58 =+ 0.02 bed
0.63 + 0.03 abe
0.54 4 0.02 «de
0.48 + 0.03 °f8
0.44 4+ 0.06 8
0.51 +0.08 B

0.49 + 0.06 ©f&
0.66 + 0.03 2b
0.69 +0.022
0.60 + 0.03 abed
0.55 + 0.03 «de
0.52 4 0.04 def
0.58 4+ 0.09 A

044 +£0.05E
0.62 + 0.05 AB
0.66 +0.04 2
0.57 4 0.04 BC
0.52 4+ 0.04 €P
0.48 4 0.05 PE
0.55 + 0.09

CV (%)

8.247

12.430

10.043

11.874

14.513

10.058

Small and capital letters depict significant difference among treatment effects and their mean values, respec-
tively. Tq = control, no inoculation and fertilization, T, = inoculation but no fertilization, T3 = 25 kg N ha™1,
Ty =50kg Nha!, Ts =75 kg Nha~!, Ts = 100 kg N ha~!, V1 = NARC Mash-I, V; = NARC Mash-II, RI = rhizobia
inoculation, CV = coefficient of variation.

3.2. Yield Attributes under Rhizobia Inoculation and N Fertilization Regimes

The effect of cultivars and employed treatments (rhizobia inoculation and N fertiliza-
tion regimes) was significant, as depicted in Table 3. The maximum pod numbers per plant
(46 £ 3.1) and thousand grain weight (62 £ 5.5) were exhibited by NpsRI for NARC Mash-II
and were 33% and 19%, respectively, higher than for the unamended control treatment. In
addition, the NgRI and N5pRI treatments recorded statistically similar results in terms of
pod numbers and thousand grain weight. In contrast, the minimum number of pods per
plant and thousand grain weight were recorded for NARC Mash-I in the control treatment,
while the N5gRI and Ny5RI treatments remained statistically at par with each other (60 £ 4.5
and 59 £ 2.1, respectively) for thousand grain weight in NARC Mash-II. Likewise, NARC
Mash-II in response to the NpsRI treatment showed the highest pod numbers and thousand
grain weight; however, it remained at par with NARC Mash-I under the same treatment. In
terms of the pod numbers per plant, the NpsRI and N5gRI treatments exhibited unmatched
results for NARC Mash-II, while both cultivars under the control treatment recorded the
minimum pod numbers and thousand grain weight.

Table 3. The grain yield attributes of black gram cultivars under rhizobia inoculation and N fertiliza-
tion regimes in a temperate climate.

No. of Pods per Plant

Thousand Grain Weight (g)

Treatments

Genotypes Mean Genotypes Mean

NARC

Mash-I (V7)

NARC
Mash-II (V,)

NARC
Mash-I (V7)

NARC
Mash-II (V,)

Control (Tq)
NoRI (T7)

29+41b

36 + 4.5

49 +32¢€
57 +£2.64B

52 +2.6°bc
58 + 2.0

31+50€
38 +5.14B

47 +£30¢
57 4+ 3.52b

33+6.0P
41 + 4772
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Table 3. Cont.
No. of Pods per Plant Thousand Grain Weight (g)
Treatments Genotypes Mean Genotypes Mean
NARC NARC NARC NARC
Mash-I (V7) Mash-II (V,) Mash-I (V7) Mash-II (V,)
N,sRI (T3) 40 +4.272b 46 +£3.1° 43+ 474 61+36° 62+552 61 +424
NsRI (Ty) 354 5.0 45+40° 42+ 7148 54 4 4.5 ab¢ 60 + 452 58 4 5.1 AB
N75RI (Ts) 324360 42441 36 + 5.8 ABC 55 4 1.5 2b¢ 59 4+2.1° 59+ 334
NigoRI (T¢) 30 +3.7° 37 +£50® 34 +478¢ 51 4+32°b¢ 53 + 5.0 3¢ 52 4+ 4.1 8¢
Mean 33+£5.178B 41+6424 37 £ 6.68 54 +5.28 B 57 £5.324 56 + 5.4
CV (%) 10.241 14.257 8.054 15.348 12.042 13.255
Small and capital letters depict significant difference among treatment effects and their mean values, respec-
tively. Ty = control, no inoculation and fertilization, T, = inoculation but no fertilization, T3 = 25 kg N ha~?,
Ty =50kg Nha=!, Ts =75 kg Nha~!, Ts = 100 kg N ha~!, Vi = NARC Mash-I, V; = NARC Mash-II, RI = rhizobia
inoculation, CV = coefficient of variation.
3.3. Grain and Biological Yields under Rhizobia Inoculation and N Fertilization
Black gram cultivars depicted significant diversity in terms of grains and biological
yields under the influence of RI and N fertilization regimes (Table 4). All of the fertilization
regimes performed superiorly over the unfertilized control treatment, especially for the
NARC Mash-II cultivar. The results revealed that the maximum grain yield (1777 £ 118)
and biological yield (3007 + 105) were recorded for NARC Mash-II in response to NpsRI,
and were 58% and 37% higher compared to the unfertilized control treatment. Interestingly,
NARC Mash-II remained statistically at par with NpsRI, NoRI, and N75RI in terms of grain
yield. In contrast, NARC Mash-II under NsRI exhibited a statistically similar biological
yield (3007 & 105) as that of N5gRI (2893 + 110). Among the fertilizer regimes, NjooRI could
not perform at par to the rest of the treatments; however, it remained statistically equal to
the control treatment in terms of both grain yield and biological productivity. Following
the trend, the Mash-II cultivar surpassed the Mash-I cultivar under NpsRI by recording
significantly higher grains and biological yields.
Table 4. Grain yield and biomass productivity of black gram cultivars under rhizobia inoculation
and N fertilization regimes in a temperate climate.
Grain Yield (kg ha—1) Biomass Yield (kg ha—1)
Treatments Genotypes Mean Genotypes Mean
NARC NARC NARC NARC
Mash-I (Vy) Mash-1II (V3) Mash-I (V1) Mash-II (V,)

Control (Ty) 1124 £ 72f 1272 £ 80 def 1208 +114 € 1951 + 834 2182 + 193 «d 2066 + 183 P
NoRI (T2) 1547 £ 11224 1738 £ 562 1643 £ 13148 2504 £ 16535 2688 2003 259 + 193 B
N,sRI (T3) 1630 & 128 b 1777 + 1182 1703 + 136 A 2812 + 160 b 3007 + 1052 2910 4+ 162 A
Ni5oRI (Ty) 1430 + 133 bed 1557 4 52 abe 1493 + 1158 2358 + 190 bed 2893 41102 2625 4 325 AB
NysRI (Ts) 1334 + 66 odef 1754 + 80 2 1544 + 239 AB 2205 + 157 <d 2556 4+ 256 3¢ 2381 + 270 BC

NioRI (Tg) 1166 £ 80 1419 +160Pcde 1292 4180 € 22253004 2322 +£322bcd 2273 + 284 €D

Mean 1372 +£210B 1589 + 206 A 1480 £ 232 2342 4320 B 2608 + 350 A 2475 + 356
CV (%) 8.235 10.249 12.346 7.438 10.025 12.342

Small and capital letters depict significant difference among treatment effects and their mean values, respec-
tively. T; = control, no inoculation and fertilization, T2 = inoculation but no fertilization, T3 = 25 kg N ha=1,
Ty =50kg Nha!, Ts =75 kg Nha~!, Ts = 100 kg N ha~!, V1 = NARC Mash-I, V; = NARC Mash-II, RI = rhizobia
inoculation, LSD = least significant difference, CV = coefficient of variation.

3.4. Nitrogen Accumulation Grains and Shoots

The findings regarding grain and shoot N content displayed significant variation
among black gram cultivars and fertilization regimes (Figure 2). NARC Mash-II outper-
formed NARC Mash-I, especially under the fertilization regime of N»sRI, by recording a
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47% higher grain N content than the unfertilized control treatment, while this treatment
combination performed statistically at par to NoRI (Figure 2A). In contrast, NARC Mash-I
under the fertilization regime of NsRI gave maximum grain N content that was 33% higher
compared to the control treatment and thus, in this way, NARC Mash-II accumulated 14%
higher grain N content than NARC Mash-I under NysRI. Overall, all of the fertilization
regimes recorded comparatively higher N content of grain compared to the unfertilized
control treatment. As far as shoot N content of black gram was concerned, NARC Mash-I
in response to NpsRI exhibited the maximum shoot N value, which was 112% higher than
the control treatment (Figure 2B). Moreover, this treatment combination remained statisti-
cally non-significant compared to the same cultivar under the N75RI fertilization regime.
Moreover, the minimum N content of the shoot was recorded for NARC Mash-I under the
unfertilized control treatment that performed statistically similarly to NARC Mash-II under
no fertilization, as well as the N1ggRI fertilization regime.

25

ab
abcd bed
bed ey , b bed o bed
C

15

Seed nitrogen (%)

0.5

Tivi T2vi T3Vl T4vl TS/1 Tevl TIV2 T2V2 T3V2 T4/Z2Z TS5V2  Tev2

Treatments

25

ab abe abc b
15 bc be c

Shoot nitrogen (%)
o

0.5

TVl T2vl T3Vl T4Vl TS5Vl Tevl  Tiv2z  T2vz  T3vV2  T4v2z  Ts5v2  Tev2

Treatments

Figure 2. Content of grain nitrogen (A) and shoot nitrogen (B) of black gram cultivars supplemented
with rhizobia inoculation and N fertilization in a temperate climate. Different letters on the bar column
indicate significant differences at p < 0.05. All of the results are presented as mean =+ SE of at least three
independent replications. Here, T1 = control, no inoculation and fertilization, T, = inoculation but no
fertilization, T3 = 25 kg N ha~!, Ty =50 kg N ha~!, T5 = 75 kg N ha~!, Tg = 100 kg N ha~!, V1 = NARC
Mash-1I, Vo, = NARC Mash-II, RI = rhizobia inoculation.

3.5. Analysis of Soil N Dynamics

The results revealed that all of the N fertilization regimes outperformed the unfertil-
ized control treatment in terms of soil N content (Figure 3). The maximum soil N buildup
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(40% higher N compared to the unfertilized control treatment) was noted for experimental
plots where NARC Mash-I was sown under the fertilization regime of NjpRIL It per-
formed statistically at par with NARC Mash-II under the same fertilization regime that
recorded 38% higher soil N compared to the unfertilized control treatment. Interestingly,
NARC Mash-II sown in unfertilized plots remained statistically at par with the inoculated
but unfertilized treatment, while NARC Mash-I and NARC Mash-II cultivars under the
fertilization regimes of NpsRI, N5gRI, and N7s5RI remained at par in terms of soil N content.

0.8

0.7

0.6

0.5

0.4

0.3

Total soil nitrogen (%4)

0.2

0.1

abe Elb c abc ﬂb c ah ' ab
abc

TVl T2Vl T3Vl T4Vl TS5Vl TevVl T1v2z T2v2z T3V2 T4v2 TsV2 TVl

Treatments

Figure 3. Accumulation of total nitrogen in soil under black gram cultivars supplemented with
rhizobia inoculation and N fertilization in a temperate climate. Different letters of the bar column
indicate significant differences at p < 0.05. All of the results are presented as mean =+ SE of at least
three independent replications. Here, T = control, no inoculation and fertilization, T, = inoculation
but no fertilization, T3 =25 kg N ha=!, T; =50 kg N ha=!, Ts =75 kg N ha~!, Ts = 100 kg N ha~ !,
V1 = NARC Mash-I, V, = NARC Mash-II, RI = rhizobia inoculation.

3.6. Principal Component Analysis and Correlation of Different Yield Attributes

The correlation analysis indicated a highly significant association among yield at-
tributes (number of pods per plant, thousand grain weight, etc.) with the grain yield as
well as the biological yield of black gram (Table 5). Moreover, in accordance with principal
component analysis (PCA), the observation point made by a combination of PC1/PC2
and PC1/PC3 depicts the general variance described by the five major components. The
maximum loading was noted for the PC1 component, while the minimum loading was
observed in the PC3 component for the N content of the grain, shoot, and soil. Furthermore,
PC4 and PC5 were not plotted as they do not furnish any further information. Obviously,
the PCA showed that the control treatments of both genotypes were less affected by the
grain, shoot, and soil N accumulation in the plant-soil system in comparison with RI alone
or in association with the N fertilization treatments (Figure 4A,B). Actually, the points of
the control treatments found were closer compared with the other amended treatments
regarding both genotypes, and also nearer to the central point of the PCA components.
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Table 5. Correlation analyses of different agricultural attributes of black gram (mean values
of both cultivars and years) tested under rhizobia inoculation and N fertilization regimes in a
temperate climate.

No. of

Thousand

Nodules per Nodule Dry  No. of Pods Grain Weight Grain Yield Bio-Yield Grain Shoot
Plant P Weight (g) per Plant (kg ha*1§ (kg ha-1) (kg ha-1) Nitrogen (%) Nitrogen (%)
*3%
Nodule dry weight 0'07320
*3% *%
No. of pods per plant 0.630 0714
0.000 0.000
EEd % *%
Thousand grain weight 0.793 0.724 0.652
0.001 0.000 0.000
Grain vield 0.743 ** 0.838 ** 0.758 ** 0.773 **
¥ 0.000 0.000 0.001 0.000
Bio-vield 0.752 ** 0.848 ** 0.800 ** 0.750 ** 0.747 **
y 0.000 0.000 0.001 0.000 0.000
Grain nitrogen 0.636 ** 0.696 ** 0.589 ** 0.494 ** 0.753 ** 0.574 **
8 0.000 0.000 0.001 0.000 0.002 0.000
Shoot nitrogen 0.651 ** 0.682 ** 0.515 ** 0.672 ** 0.670 ** 0.627 ** 0.582 **
& 0.000 0.002 0.001 0.000 0.000 0.000 0.000
Soil nitrogen 0.054 —0.062 —0.011 —0.119 —0.076 0.037 —0.167 0.048
8 0.756 0.719 0.949 0.488 0.659 0.831 0.329 0.778

** indicates highly significant association, while-sign depicts negative association.

A
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Figure 4. The principal component analysis (PCA) of black gram cultivars subjected to rhi-
zobia inoculation (A) and varying N fertilization regimes (B) in a temperate climate. Here,
T = control, no inoculation and fertilization, T, = inoculation but no fertilization, T3 = 25 kg N ha1,
T4 =50kg Nha~!, Ts =75 kg N ha~!, Tg = 100 kg N ha~!, V; = NARC Mash-I, V, = NARC Mash-1I,

RI = rhizobia inoculation.
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4. Discussion

Increasing crop yields through microbial inoculation and N fertilizer supplementation
is a biologically viable way to move toward modern agricultural production systems.
The RI of leguminous crops, especially on virgin soils, constitutes a sustainable approach
toward boosting crop productivity [17,20]. In this study, the RI and N fertilization regimes
significantly boosted the nodulation of black gram cultivars. The RI tends to promote the
grain yield of leguminous crops by boosting root nodulation, which results in the higher
fixation of atmospheric N through the BNF process [41]. Similar to our findings (sole RI
and N fertilization in association with RI significantly promoted black gram nodulation), it
was reported that RI proved to be an eco-friendly and cost-effective technique for boosting
root nodulation in mung bean, peas, and red clover [42,43]. However, a previous study
suggested that RI reduces the requirement of N fertilizer due to increased N fixation in
many crops [44]. Additionally, it helped to activate the response of ineffective rhizobium
strains present in the soils which later on became involved in the N fixation process [45].

Interestingly, RI along with low N supply improved N fixation by producing a greater
number of functional nodules [46]. In this present study, the better response of RI even
without N supplementation opened a new avenue for sustainable, eco-friendly, and smart
agriculture by utilizing rhizobia for promoting N fixation. In contrast, the suppression of
nodulation in response to a high N dose indicates the inhibitory effects of high N content
on nitrogenase activity in the root nodules. A negative correlation was found between
the supplementation of N and the number of formed root nodules [47]. Robust vegetative
growth was recorded as seen through higher N doses in legumes and grain crops [48]; how-
ever, nodule formation was governed by soil rhizobia population and soil N content [49].
In this study, the nodulation was influenced by RI combined with N supplementation in
black gram. A number of studies reported that RI considerably improved plant growth,
nutritional accumulation, and plant fitness to changing environments [9,13,50,51]. More-
over, varying genotypic potential existed among soybean cultivars, along with RI which
significantly increased the nodule dry weight [52,53]. However, the nodule number could
vary due to genetic potential, and agronomic management practices might impart signifi-
cant influence on the nodule development of leguminous crops [54]. Likewise, it has also
been inferred that genotypic divergence in black gram cultivars existed, which resulted in
varying levels of nodulation in terms of the number of functional nodules along with fresh
and dry weight of nodules per plant [54-57].

Legumes are the most effective crops which contribute N to soils through N fixation
and ultimately improve soil fertility. Our study also reports the benefit of exogenous N
supplementation and RI, which significantly enhanced the pod number per plant, thousand
grain weight, grain yield, and biological biomass production in black gram cultivars. Thus,
effective plant-microbe interactions, the enhancement of root nodulation, and increase in
N fixation tend to improve the growth and yield attributes of black gram [58]. In contrast,
the mismatching of RI with higher N doses might reduce root development and water
and nutrient uptake in soils. Furthermore, RI under limited N supply tends to trigger
various vital processes such as N fixation, nitrate reductase activity, the biosynthesis of
crucial plant hormones such as auxins, gibberellins, and cytokinins, and the boosting of
phosphate solubilization, which enhanced the legume yield [59]. In this study, shoot N
status showed that the least N supply with RI significantly improved the black gram grain
yield and shoot N content compared to the control treatment. It might be concluded that
RI in association with reduced N doses remained effective in boosting the BNF fixation
process, and ultimately, a greater concentration of N accumulated in the grains and shoots.
A previous study has suggested that RI with N supplementation enhanced nitrogenase
activity, which improved the total N content in plants [40]. In addition, it was also inferred
that a limited supply of inorganic N fulfilled the immediate N needs of crop plants, while a
slow and steady provision of N produced through the BNF process resulted in greater N
content of grains. Moreover, meager N supply triggered rhizobia activity and ultimately
better N accumulation was recorded in the leaves, shoots, and grains of the crops [1].
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However, RI with a limited N supply increased the N content of the plant—soil system,
owing to improved N absorption and higher N use efficiency [60].

Soil N content is a vital factor that determines rhizobia’s ability to fix N through
the BNF process. The higher doses of inorganic N with RI improved the soil N status
in comparison to lower N doses, indicating that higher N doses were over and above
the crop plants’ requirements and remained unutilized, which led to N buildup in the
soil. These results might be linked to the black gram tendency to uptake lower amounts
of supplemented N, which ultimately resulted in the accumulation of higher N in the
rhizosphere [53]. However, RI combined with a moderate N supply improved the total
soil N contents compared to limited N doses [61,62]. Interestingly, a lower N dose with
RI has been reported to increase shoot and soil N contents [60]. The Pearson correlation
analysis amongst black gram nodulation, yield attributes such as number of pods per
plant and their dry weight, and grain and biological yields, along with plant and soil N,
indicated a stronger linear relationship, which highlights the role of these yield components
in boosting the grain yield of black gram. These traits have been reported to be of great
pertinence for the selection and establishment of breeding criteria to increase the grain
yield of legumes. These findings are in accordance with a previous study, where it was
reported that the determination of pod numbers per plant and thousand grain weight
were the most crucial strategies for projecting the grain yield, because these were linearly
associated with the grain yield of legumes [63,64]. Contrastingly, a greater number of
pods per plant contained a lower number of grains per pod, and thus this was negatively
associated with the thousand grain weight of black gram. However, our findings were
supported by previous studies where the yield attributes including the pod numbers and
grain weight were linearly associated with the grain yield and N content of the shoots and
grains in black gram [65-68]. Moreover, shoot N increased in the presence of greater soil
N content. However, the legumes’ grain yield increment was directly associated with the
robustness of the nodulation and amount of N fixed through the BNF process [41].

PC analysis can identify the traits that account for variation in crop yields [64-69], and
thus, it may be employed for confirming the most influential response variables [70-72].
According to the PC1/PC2 combination analysis in this study, the unamended control
treatment remained the least affected compared with the amended treatments for both
cultivars of black gram. Furthermore, higher N doses applied with RI recorded significantly
less N content in the shoots and grains of black gram. However, yield traits had a negative
correlation with soil total N contents. Similarly to our findings, El-Sorady et al. [40] inferred
that two PCs accounted for over 92% of the total variation among employed treatments.
Likewise, our findings also remained in concurrence with the results of a previous study
whereby PC analysis highlighted the major variability among the treatments [73,74]. These
research findings can be of great assistance to black gram growers for boosting productivity
and soil fertility in a sustainable and eco-friendly way.

5. Conclusions

The research findings provide a mechanistic insight into plant-microbe interactions
and N-fertilization-based improvement in the yield attributes and grain yield of black gram.
This study found that considerable yield potential variation existed among black gram
cultivars which was significantly influenced by RI and different doses of N fertilization
under a temperate environment. The NARC Mash-II cultivar remained superior under the
Np5RI fertilization regime by recording significantly higher root nodulation, pod numbers
per plant, and thousand grain weight than the unfertilized control treatment did. The
same treatment combination outmatched the control treatment in terms of grain yield
and biological yield, along with the N content of the grain, while NARC Mash-I resulted
in higher N accumulation in the shoot and soil. This study further suggests that a high
level of N supply (>25 kg N ha~!) reduced the nodule formation and pod setting, while
25 kg N ha~! combined with RI improved all of the response variables except for shoot and
soil N content. This combination of cultivar (NARC Mash-II) and 25 kg N ha~! combined
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with RI might be recommended to growers for boosting the nodulation, N dynamics,
agronomic yield attributes, and productivity of black gram. However, future research
needs to focus on determining the influence of higher N doses on nodulation and soil-plant
N dynamics to assess the possible negative effects of nitrate on nodule formation and root
N levels.
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