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Abstract: Drought stress retards wheat plant’s vegetative growth and physiological processes and
results in low productivity. A stressed plant synthesizes ethylene which inhibits root elongation;
however, the enzyme 1-Aminocyclopropane-1-Carboxylate (ACC) deaminase catabolizes ethylene
produced under water stress. Therefore, the ACC deaminase producing plant growth promoting
rhizobacteria (PGPR) can be used to enhance crop productivity under drought stress. Biochar (BC)
is an organically active and potentially nutrient-rich amendment that, when applied to the soil,
can increase pore volume, cation exchange capacity and nutrient retention and bioavailability. We
conducted a field experiment to study the effect of drought tolerant, ACC deaminase producing PGPR
(with and without timber waste BC) on plant growth and yield parameters under drought stress.
Two PGPR strains, Agrobacterium fabrum or Bacillus amyloliquefaciens were applied individually and in
combination with 30 Mg ha−1 BC under three levels of irrigation, i.e., recommended four irrigations
(4I), three irrigations (3I) and two irrigations (2I). Combined application of B. amyloliquefaciens and
30 Mg ha−1 BC under 3I, significantly increased growth and yield traits of wheat: grain yield (36%),
straw yield (50%), biological yield (40%). The same soil application under 2I resulted in greater
increases in several of the growth and yield traits: grain yield (77%), straw yield (75%), above-
and below-ground biomasses (77%), as compared to control; however, no significant increases in
chlorophyll a, b or total, and photosynthetic rate and stomatal conductance in response to individual
inoculation of a PGPR strain (without BC) were observed. Therefore, we suggest that the combined
soil application of B. amyloliquefaciens and BC more effectively mitigates drought stress and improves
wheat productivity as compared to any of the individual soil applications tested in this study.

Keywords: activated carbon; biofertilizers; gas exchange attributes; wheat; water stress;
yield attributes

1. Introduction

Wheat is a staple and cash crop globally recognized for its nutritional and economic importance [1,2].
Wheat grain (flour) constitutes 20% of daily human diet and contains protein (8–12%) and a high
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amount of carbohydrates (55%). Drought is a worldwide, most critical abiotic factor due to which
sustainable wheat crop productivity is at risk [3–5]. Drought severity is predicted to successively
increase under climate change scenarios of atmospheric and soil warmings and altered precipitation
patterns [6–11]. Consistent and prolonged warming and drought conditions combined with associated
abiotic and biotic changes [12] may drastically retard crop productivity and risk food security [13,14].
Drought stress reduces nutrient uptake, which can cause poor development of roots, low transpiration
and photosynthetic rates, closure of leaf stomata and desiccation resulting in wilting of plants [15–17].
Like other abiotic stresses, the drought also stimulates stress ethylene synthesis through an elevated
level of 1-Aminocyclopropane-1-carboxylic acid (ACC; an ethylene precursor) via the methionine
pathway, in higher plants [18,19]. Accumulation of stress ethylene in-turn inhibits roots elongation
and consequently, shoot growth in plants [20].

Water management strategies and genetic engineering are useful tools to adapt to or mitigate
drought stress. While irrigation water is being managed in irrigation-dependent cropping systems,
genetic engineering to cope with water stress remains limited. However, a vital biological approach to
combat drought impacts is the soil inoculation of plant growth promoting rhizobacteria (PGPR). The
PGPR are frequently reported to efficiently elongate plant roots in the pot [21,22] and mitigate drought
impacts in field or greenhouse conditions [23,24], and mobilize the immobile nutrients that lead to
significant increases in plant vegetative growth [25] and crop yield [26,27]. PGPR produces ACC
deaminase enzyme, which catabolizes stress ethylene through cleavage of ACC into α-ketobutyrate and
ammonium ion (NH4

+) under drought stress, e.g., [28], thus reducing the level of stress ethylene [29,30].
Biochar (BC) is an organically active soil amendment with very high soil pore volume and cation

exchange capacity and has been reported to reduce drought stress in plants [31–34]. Biochar is a
nutrient-rich, black carbon soil amendment [35] that is produced through pyrolysis of waste feedstock
at high temperature [36] under anaerobic or partially anaerobic condition [37–39].

While individual soil application of ACC-deaminase containing PGPR or BC has been frequently
investigated for combating drought effects in pot experiments, controlled field experimentation for
evaluation of cumulative mitigating effects remains limited. Therefore, the objective of this research
was to observe the efficiency of combined application of ACC-deaminase producing PGPR and timber
waste BC in granting resistance to field-scale wheat crop against drought impacts. We hypothesized
that soil inoculation of drought-tolerant ACC-deaminase containing PGPR along with timber waste BC
amendment would be a more efficient technique to mitigate adverse drought effects on wheat growth
and yield traits.

2. Materials and Methods

We conducted this experiment in the research area of the Department of Soil Science, Bahauddin
Zakariya University, Multan, Pakistan, in November 2016. A total of 54 same size plots (9 m2) were
prepared and randomly divided into six triplicate treatments (T) (6 × 3 = 18) with each applied at
three levels of irrigation (I), (i.e., 4I, 3I and 2I) following a randomized complete block design (RCBD;
18 × 3 = 54 plots). The experimental area was cropped with wheat and maize (rotation) during the last
five years.

Recommended nitrogen (N), phosphorus (P) and potassium (K) fertilizers (RNPKF) were applied
at the rates of 120, 60 and 60 kg ha−1 [40,41]. Full doses of P (as diammonium phosphate) and K (as
sulphate of potash), and a 1/3rd dose of N were incorporated to topsoil at the seedbed preparation stage,
and the remaining two splits of N were top-dressed after 30 and 60 days of seeding. We used standard
crop management practices such as irrigation, fertilization, weeding, hoeing and plant protection
to grow wheat crop during the study season. Timber-waster biochar (BC) was applied at a rate of
1.5%, i.e., 30 Mg ha−1. Treatments included: Control (No PGPR + No BC + RNPKF), A. fabrum, B.
amyloliquefaciens, 30 Mg ha−1 BC, A. fabrum + 30 Mg ha−1 BC and B. amyloliquefaciens + 30 Mg ha−1 BC.

The two most competent drought-tolerant ACC-deaminase producing PGPR strains, Agrobacterium
fabrum (NR_074266.1) and Bacillus amyloliquefaciens (FN597644.1), as documented by Danish and
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Zafar-ul-Hye [22], were provided from the collection of Soil and Environmental Microbiology
Laboratory, Bahauddin Zakariya University Multan, Pakistan. Both strains were initially tested
and found eligible to grow in Dworkin and Foster (DF) minimal salt medium at −0.78 Mpa osmotic
potential, generated by 20% polyethylene glycol 6000 (PEG) [22]. For experimental purpose, DF
minimal salt medium without agar was used to prepare inoculum of desired PGPR strains [42]. For
measuring ACC-deaminase produced by PGPR strains (A. fabrum = 349.6 ± 21.4 and B. amyloliquefaciens
= 313.2 ± 34.3 µmol α-ketobutyrate mg−1 protein h−1), we followed El-Tarabily [43]. Glickmann and
Dessaux methods [44] was used for assessment of indole acetic acid with (A. fabrum = 58.8 ± 3.27
and B. amyloliquefaciens = 17.3 ± 2.34 µg/mL) and without 0.5 gL−1 L-tryptophan (A. fabrum = 2.43 ±
0.34 and B. amyloliquefaciens = 1.12 ± 0.60 µg/mL) using Salkowski reagent. Vazquez et al. [45] and
Sheng and He [46] methodologies were followed for determination of P (A. fabrum = 16.2 ± 1.48 and
B. amyloliquefaciens = 20.9 ± 2.48 µg/mL) and K solubilizing activities (A. fabrum = 26.7 ± 1.49 and B.
amyloliquefaciens = 23.4 ± 1.92 µg/mL) [22].

Initially, timber waste was sun-dried and then pyrolyzed at 389 ◦C in a pyrolyzer for 80 min [22].
pH and ECe of BC were also assessed following Danish and Zafar-ul-Hye [22]. Biochar was digested
with di-acid (HNO3: HClO4) mixture [47] for determination of total P using a UV-VIS spectrophotometer
(Model 6305, Jenway, UK) at 430 nm wavelength following Tandon et al. [48]. For the development of
colour, ammonium molybdate and ammonium metavanadate were used [49]. The K and sodium were
determined on flame photometer (Model EEL 410, Watford, UK) [49]. For assessing nitrogen, H2SO4

digestion [49] was carried out, followed by Kjeldahl’s distillation [49]. Volatile matter and ash content
of BC were measured by heating BC in a muffle furnace at 450 and 550 ◦C respectively. Fixed carbon
was calculated following Ronsse et al. [50] (Table 1).

Table 1. Characteristics of soil and timber waste biochar (BC).

Soil Unit Value Biochar Unit Value

Sand % 55 pH - 7.26
Silt % 25 ECe dS m−1 1.22

Clay % 30 Volatile
Matter % 8.96

Texture Sandy Clay Loam Ash Content % 28.9
pHs - 8.52 Fixed Carbon % 62.1
ECe dS m−1 3.69 Total N % 0.21

Organic Matter % 0.45 Total P % 0.62
Total N % 0.02 Total K % 1.61

Extractable P mg kg−1 5.26 Total Na % 0.19
Extractable K mg kg−1 170

The hydrometer method was used for the textural class analysis of soil [51]. Using the United
States Department of Agriculture triangle (USDA triangle), the textural class was assessed as “sandy
clay loam”. The Walkley method [52] was used for the determination of soil organic matter. The
following equation was used to calculate organic soil N:

Organic N (%) = Soil Organic Matter/20 (1)

Extractable soil P was determined by the Olsen and Sommers methodology [53]. The Chapman
and Pratt [47] protocol was followed for the determination of extractable K. The physiochemical
characteristics of soil are provided in Table 1.

Wheat seeds (Glaxay-2013) were purchased from the Government of Punjab certified seed dealer.
Weak seeds were initially screened out manually. Seeds sterilization was done with sodium hypochlorite
(5%). Finally, seeds were ethanol (95%) washed thrice, followed by three times sterilized distilled
water washings [54]. For inoculation, 100 g of sterilized seeds were inoculated with 1 mL of PGPR
inoculum having optical density 0.5 at 535 nm wavelength along with 10% sugar (glucose) solution.
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After sticking of inoculum and sugar solution uniformly [55], seeds were top dressed in BC. Before
inoculation of seeds, the BC was sterilized for 20 min at 121 ◦C in an autoclave [56]. For the control
treatment, seed top dressing was also done with BC along with 10% sugar solution [57].

In each of the 18 plots (9 m2), six rows of seeds were sown using the drill method. Four irrigations
were applied according to the production technology of wheat recommended and published by the
Directorate of Agricultural Information Punjab [58]. There was no precipitation event during the study
period, therefore, no precipitation-induced soil moisture variations were monitored. To create a mild
drought, three irrigations were applied (one irrigation was skipped at the tillering stage). However,
severer drought stress was induced by using two irrigations (two irrigations were skipped; one at the
tillering stage and other at the milky stage). The irrigation schedule was:

1st = 25 days after sowing (Crown root Initiation)
2nd = 55 days after sowing (Tillering stage)
3rd = 80 days after sowing (Heading stage)
4th = 110 days after sowing (Milky stage/soft dough)

After 65 days of sowing (vegetative phase), we collected vegetative samples from four random
spots in each plot for the determination of chlorophyll contents, gas exchange attributes, electrolyte
leakage and nutrient concentrations in the shoot. At the vegetative phase, samples were collected only
from 4I (control) and 3I (mild drought) treatments (no 2I (severe drought) treatment was available at
this point of time). Skipping one irrigation created mild drought treatment as compared to skipping
two irrigations (2nd and 4th) which created severe drought treatment. The drought and control
treatments were sampled at maturity point of time for estimating yield attributes.

We followed Kumar et al. [59] for root sampling and Newman [60] for root length measurement at
120 days after seeding. Briefly, an augar of 10 cm internal diameter was used and the core samples were
taken at 10 cm depth intervals to a total depth of 90 cm. Random sampling locations within each plot
included sampling at row and midway between rows for collecting four, 90 cm depth samples. Soil/root
cores were placed on a 32 cm mesh screen and gently washed in water [59]. Root length was measured
by the line intercept technique of Newman [59,60]. For yield attributes and grain analyses, harvesting
was done at the time of maturity when soil and plants were fully dried. The plant height, spike length,
grains spike−1, spikelets spike−1, 1000-grains weight, grains yield, straw yield and biological yield
(aboveground + root biomass) data were collected at the time of maturity (approx. 140 days).

Leaf samples were digested in sulfuric acid for analysis of nitrogen on Kjeldahl’s distillation
apparatus [49]. Leaf P concentration was determined using the yellow colour development method and
spectrophotometric absorbance at 420 nm [49]. Total K concentration in shoot and grain were found
out by digesting the samples in di-acid (HNO3-HClO4) mixture [49] and using a flamephotometer
(Model EEL 410, Watford, UK).

CI-340 Photosynthesis system (Bio Science Inc., WA, USA), Infra-Red Gas Analyzer (IRGA–EGM-4,
PP Systems, USA) was used for assessment of net transpiration rate, stomatal conductance and
photosynthetic rate [61]. On a sunny day, all readings were taken at a saturating intensity of light
between 10:17 and 11:56 AM [62].

For the determination of photosynthetic pigments, the methodology of Arnon [63] was followed.
Leaf samples were initially ground in a mortar by adding acetone (80%) solution. After that, absorbance
was taken on a spectrophotometer at 645 and 663 nm wavelengths. Final chlorophyll contents were
calculated by using equations;

Chlorophyll a (mg/g) = 12.7 (OD 663) − 2.69 (OD 645) V/(1000 ×W) (2)

Chlorophyll b (mg/g) = 22.9 (OD 645) − 4.68 (OD 663) V/(1000 ×W) (3)

Total Chlorophyll (mg/g) = Chlorophyll a + Chlorophyll b (4)

where OD = Optical density (nm), V = Final volume made (mL), W = Fresh weight of sample (g).
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The Lutts et al. [64] method was adopted for the determination of electrolyte leakage (EL). All the
leaves samples were washed with deionized (DI) water for the removal of dust particles. After that,
discs of uniform size were cut with a steel cylinder of 1 cm diameter. Finally, one gram of equal discs
was dipped in a test tube containing 20 mL DI water and incubated at 25 ◦C for 24 h. First electrical
conductivity (EC1) was determined using a pre-calibrated EC meter. Second EC (EC2) was noted after
heating the test tubes at 120 ◦C for 20 min in a water bath. We calculated the final value of electrolyte
leakage (EL) by using the equation:

Electrolyte Leakage (%) = (EC1/EC2) × 100 (5)

Maximum increase (%) was calculated by using the formula:

Maximum Increase (%) = (Highest Value − Control treatment value/Control treatment value) × 100
(6)

Statistical analysis was performed using standard statistical procedures as described by Steel and
Torrie [65]. Two factorial ANOVA was applied on Statistix 8.1 software for determination of treatments
significance under various levels of irrigations. Tukey’s test at p ≤ 0.05 was applied for comparison of
the treatments.

3. Results

3.1. Plant Height, Root Length and Spike Length

Both the individual and interactive effects of T and I were significant on plant height and root
length. For spike length, the main effects were significantly different while the interactive effects (T × I)
remained nonsignificant. Application of BC, A. fabrum + BC and B. amyloliquefaciens + BC significantly
improved plant height compared to control, with 4I and 2I (Table 2). The treatments A. fabrum, B.
amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly from control
at 3I for plant height. A maximum increase of 0.31-fold in plant height was observed in A. fabrum +

BC at 4I while 0.81-fold in B. amyloliquefaciens + BC with 2I from control. However, plant height was
the maximum (0.42-fold) from control, in responses to A. fabrum + BC and B. amyloliquefaciens + BC
treatments. For root length, the BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly
from control at 4I and 3I. The B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC
were significantly better from control for root length with 2I (Table 2). Maximum increases, i.e., 0.49,
1.11 and 0.90-fold in root length were noted over control in B. amyloliquefaciens + BC with 4I, 3I and 2I,
respectively. In the case of spike length, all the treatments were statistically alike but different from
control (Table 2).

3.2. Grain, Straw and Biological Yield

Both the individual and interactive effects of T and I were significantly different for grain, straw
and biological yield of wheat. The A. fabrum + BC and B. amyloliquefaciens + BC differed significantly
from control for grain yield with 4I (Figure 1). Applications of A. fabrum, B. amyloliquefaciens, BC,
A. fabrum + BC and B. amyloliquefaciens + BC differed significantly from control for grain yield at 3I.
However, the BC, A. fabrum + BC and B. amyloliquefaciens + BC showed significantly better results over
control for grain yield at 2I. The maximum increases, i.e., 0.29, 0.36 and 0.77-fold in grain yield were
noted from control in B. amyloliquefaciens + BC with 4I, 3I and 2I, respectively. For straw yield, the
B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly from control
with 3I and 2I (Figure 2). Maximum increases of 0.25, 0.50 and 0.75-fold in straw yield were noted from
control in B. amyloliquefaciens + BC. In case of biological yield, the B. amyloliquefaciens, BC, A. fabrum +

BC and B. amyloliquefaciens + BC differed significantly from control with 4I and 2I. From control, the
A. fabrum, B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly at
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3I for biological yield (Figure 3). The maximum increases of 0.28, 0.40 and 0.77-fold in biological yield
were noted from control in B. amyloliquefaciens + BC with 4I, 3I and 2I, respectively.

Table 2. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
plant height, root length and spike length of wheat cultivated in drought-stressed field conditions.

Treatments

Plant Height (cm) Root Length (cm) Spike Length (cm)

No. of Irrigations (I)

IE (T × I) ME
(T)

IE (T × I) ME
(T)

IE (T × I) ME
(T)4I 3I 2I 4I 3I 2I 4I 3I 2I

Control 59.0
d–f

48.1
g,h 33.0 i 46.7

D
8.82
d–f

5.65
h,i 4.46 i 6.31

D 5.75 4.86 4.34 4.98 B

A. fabrum 65.5
c–f

58.3
e,f

40.1
h,i

54.6
C

10.1
b–d

7.08
f–h

6.22
g–i

7.79
C 6.68 6.22 4.87 5.92

A

B.
amyloliquefaciens

66.2
b–e

60.0
d–f

39.6
h,i

55.3
B,C

10.3
b–d

7.46
f–h

6.36
g,h

8.03
C 6.69 6.27 4.78 5.91

A

BC 71.2
a–c

60.9
d–f 45.6 h 59.2 B 11.5

a–c
9.67
c–e

7.81
e–g 9.67 B 6.67 6.46 4.96 6.03

A

A. fabrum + BC 76.8 a 68.3
a–d

56.5
f,g

67.2
A 12.8 a 11.2

a–c
8.46
d–f

10.8
A 7.13 6.33 5.10 6.19

A

B.
amyloliquefaciens

+ BC

75.5
a,b

68.3
a–d

59.7
d–f

67.8
A

13.1 a 11.9
a,b

8.49
d–f

11.2
A

7.12 6.55 5.05
6.24

A

ME (I) 69.0
A 60.7 B 45.8

C
11.1

A 8.83 B 6.97
C

6.67
A 6.1 B 4.85

C

Means sharing different letters are significantly different (p ≤ 0.05). ME = indicates main effect; IE = interactive
effect; 4I = 4 irrigations; 3I = 3 irrigations; 2I = 2 irrigations.
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Figure 1. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
grains yield (tons acre−1) in wheat cultivated in drought-stressed field conditions.

3.3. Spikelets Spike−1, Grains Spik−1 and 1000 Grain Weight

Main effects of T and I differed significantly for spikelets spike−1, grains spike−1 and 1000 grain
weight but the interaction (T × I) was significantly different only for 1000 grain weight. From control,
the applications of B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed
significantly from control for spikelets spike−1 (Table 3). The treatment B. amyloliquefaciens + BC
differed significantly over BC and B. amyloliquefaciens for spikelets spike−1. Similarly, A. fabrum + BC
differed significantly as compared to A. fabrum but did not differ significantly as compared to BC for
spikelets spike−1. A maximum increase of 0.24-fold in spikelets spike−1 was noted from control in B.
amyloliquefaciens + BC. In the case of grains spike−1, the BC, A. fabrum + BC and B. amyloliquefaciens + BC
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were statistically alike but differed significantly from control (Table 3). Inoculation of B. amyloliquefaciens
also differed significantly from control for grains spike−1. A maximum increase of 0.51-fold in grains
spike−1 was noted from control in B. amyloliquefaciens + BC. For 1000 grain weight, the A. fabrum + BC
differed significantly from control with 4I. It was noted that A. fabrum + BC and B. amyloliquefaciens +

BC differed significantly from control at 3I for 1000 grain weight (Table 3). However, the applications of
B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly from control
with 2I for 1000 grain weight. A maximum increase of 0.20-fold in 1000 grain weight was noted as
compared to control in A. fabrum + BC with 4I. With 3I, the application of B. amyloliquefaciens + BC gave
a maximum increase of 0.29-fold as compared to control in 1000 grains weight. However, the BC and
A. fabrum + BC gave a maximum rise of 0.46-fold as compared to control in 1000 grain weight with 2I.Agronomy 2019, 9, x FOR PEER REVIEW 7 of 20 
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Figure 2. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1)
on straw yield (tons acre−1) in wheat cultivated in drought-stressed field conditions.
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Figure 3. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1)
on biological yield (tons acre−1) in wheat cultivated in drought-stressed field conditions.
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Table 3. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1)
on spikelet’s spike−1, grains spike−1 and 1000 grains weight of wheat cultivated in drought-stressed
field conditions.

Treatments

Spikelets spike−1 Grains Spike−1 1000 Grains Weight (g)

No. of Irrigations (I)

IE (T × I) ME
(T)

IE (T × I) ME
(T)

IE (T × I) ME
(T)4I 3I 2I 4I 3I 2I 4I 3I 2I

Control 15.3 13.0 10.7 13.0
D 37.7 27.7 22.0 29.1

C
35.3
b–d

28.2
f,g 20.2 h 27.9

C

A. fabrum 16.0 13.7 13.0 14.2
C,D 38.3 33.7 26.7 32.9

B,C
34.2
c–f

30.7
c–g

25.5
g,h

30.2
B,C

B.
amyloliquefaciens 16.0 13.3 12.7 14.0

C 39.3 35.0 29.7 34.7 B 35.2
b–e

31.0
c–g 26.8 g 31.0 B

BC 16.3 14.3 13.0 14.6
B,C 47.3 42.0 32.7 40.7

A
36.3
a–c

31.1
c–g

29.4
d–f 32.3 B

A. fabrum + BC 17.0 15.3 14.3 15.6
A,B 45.3 40.7 39.0 41.7

A 42.5 a 34.7
b–e

29.4
d–f

35.5
A

B.
amyloliquefaciens

+ BC
17.3 15.7 15.3 16.1

A 49.0 43.0 39.3 43.8
A

40.8
a,b

36.5
a–c

28.9
e–f

35.4
A

ME (I) 16.3
A 14.2 B 13.2

C
42.8

A 37.0 B 31.6
C

37.4
A 32.0 B 26.7

C

Means sharing different letters are significantly different (p ≤ 0.05). ME = indicates main effect; IE = interactive
effect; 4I = 4 irrigations; 3I = 3 irrigations; 2I = 2 irrigations.

3.4. N, P and K Concentration in Grains

Both the main and interactive effects of T and I were significant for N, P and K concentrations in
wheat grains. All the treatments were statistically alike with 4I for grains N concentration. Applications
of BC, A. fabrum + BC and B. amyloliquefaciens + BC performed significantly better from control with
3I and 2I for grains’ N concentration (Table 4). The maximum increases of 0.13, 0.37 and 0.57-fold in
grains’ N concentration were noted in B. amyloliquefaciens + BC with 4I, 3I and 2I, respectively. In the
case of grains’ P concentration, B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC
remained statistically alike but only A. fabrum + BC and B. amyloliquefaciens + BC differed significantly
from control with 4I. The A. fabrum, B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens +

BC were significantly better from control with 3I and 2I for grains P concentration (Table 4). Both the
A. fabrum + BC and B. amyloliquefaciens + BC showed a maximum increase of 0.32-fold in the grains’ P
concentration from control with 4I. However, with 3I and 2I, the B. amyloliquefaciens + BC gave the
maximum increases of 0.91 and 1.64-fold in grains P concentration from control, respectively. For the
grains’ K concentration, the A. fabrum, B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens
+ BC were statistically similar to each other while, the BC, A. fabrum + BC and B. amyloliquefaciens +

BC differed significantly from control with 4I (Table 4). The A. fabrum + BC and B. amyloliquefaciens +

BC differed significantly with 3I from control for the grains’ K concentration. However, the A. fabrum,
B. amyloliquefaciens, BC, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly over control
for the grains’ K concentration with 2I. The maximum increases of 0.22, 0.27 and 0.61-fold in the grains’
K concentration were noted in B. amyloliquefaciens + BC with 4I, 3I and 2I, respectively.

3.5. N, P and K Concentration in Shoot

Both the individual and interactive effects of T and I differed significantly for shoot nitrogen
compared to only individual effects of T and I were significant for P and K concentrations in wheat.
All treatments were statistically alike with 4I for shoot nitrogen concentration. The A. fabrum +

BC, B. amyloliquefaciens + BC and BC differed significantly from control at 3I for shoot nitrogen
concentration (Table 5). A. fabrum and B. amyloliquefaciens were non-significant over control for shoot
nitrogen concentration. A maximum increase of 0.32-fold in shoot nitrogen concentration was noted
from control with 3I in both the B. amyloliquefaciens + BC and A. fabrum + BC treatments. For P



Agronomy 2019, 9, 343 9 of 16

concentration in the shoot, B. amyloliquefaciens + BC differed significantly from control. A. fabrum
and B. amyloliquefaciens and BC also differed substantially from control (Table 5). Maximum increases
of 0.44-fold in shoot P concentration were noted from control in B. amyloliquefaciens + BC treatment.
However, wheat cultivation with 4I gave 0.44-fold higher P shoot concentration from 3I. For shoot K
concentration, A. fabrum + BC and B. amyloliquefaciens + BC remained statistically alike but significantly
better from control. Both the A. fabrum and B. amyloliquefaciens inoculations also differed significantly
from control for shoot K concentration. We observed that BC was significantly different from A. fabrum,
B. amyloliquefaciens and control treatments for shoot K concentration (Table 5). Maximum increases
of 0.51-fold in shoot K concentration were noted from control in A. fabrum + BC. However, wheat
cultivation with 4I gave 0.13-fold higher K shoot concentration from 3I treatment.

Table 4. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
nitrogen, phosphorus and potassium concentration in wheat grain cultivated in drought-stressed field
conditions *.

Treatments

Grains Nitrogen (%) Grains Phosphorus (%) Grains Potassium (%)

No. of Irrigations (I)

IE (T × I) ME
(T)

IE (T × I) ME
(T)

IE (T × I) ME
(T)4I 3I 2I 4I 3I 2I 4I 3I 2I

Control 2.58
a–e

1.99
h–j 1.54 k 2.04

D
0.66
d–g 0.43 i 0.25 j 0.44

D
0.50
b–e 0.45 e 0.31 f 0.42

D

A. fabrum 2.78
a,b

2.21
f–i

1.79
j,k

2.26
C

0.71
c–f

0.60
f–h 0.45 i 0.59

C
0.55
a–c

0.47
d,e 0.43 e 0.48

C

B.
amyloliquefaciens

2.73
a–c

2.33
e–h

1.86
i–k

2.31
C

0.75
a–e

0.61
e–h

0.48
h,i

0.61
B,C

0.56
a–c

0.48
c–e 0.46 e 0.50

C

BC 2.74
a–c

2.55
b–f

2.13
g–j 2.47 B 0.78

a–d
0.68
c–g

0.54
g–i 0.67 B 0.58 a 0.50

b–e 0.46 e 0.51
B,C

A. fabrum + BC 2.87
a,b

2.68
a–d

2.33
d–h

2.63
A,B

0.87
a,b

0.73
b–f

0.62
e–h

0.74
A 0.60 a 0.54

a–d
0.49
c–e

0.55
A,B

B.
amyloliquefaciens

+ BC
2.92 a 2.76

a–c
2.42
c–g

2.70
A 0.87 a 0.82

a–c
0.66
d–g

0.78
A 0.61 a 0.57

a,b
0.50
b–e

0.56
A

ME (I) 2.77
A 2.42 B 2.01

C
0.77

A 0.65 B 0.50
C

0.57
A 0.50 B 0.44

C

Followed Danish and Zafar-ul-Hye, 2019 [22] for comparisons. Means sharing different letters are significantly
different at p ≤ 0.05. ME = indicates main effect; IE = interactive effect; 4I = 4 irrigations; 3I = 3 irrigations;
2I = 2 irrigations.

3.6. Gas Exchange Attributes

Main effects of T and I differed significantly but the interactive effect (T × I) was non-significant
for photosynthetic rate and stomatal conductance. For the photosynthetic rate, the BC, A. fabrum
+ BC and B. amyloliquefaciens + BC were statistically alike but differed significantly from control
(Table 6). Applications of A. fabrum and B. amyloliquefaciens were non-significant from control for
the photosynthetic rate. A maximum increase of 0.48-fold in the photosynthetic rate was observed
from control in B. amyloliquefaciens + BC treatment. However, wheat cultivation with 4I showed
0.35-fold higher photosynthetic rate from 3I. In case of transpiration rate, A. fabrum + BC and
B. amyloliquefaciens + BC were statistically similar to each other but differed significantly from
control. A. fabrum, B. amyloliquefaciens and BC proved significantly better treatments from control for
transpiration rate (Table 6). A maximum increase of 0.81-fold in the rate of transpiration was noted
from control in B. amyloliquefaciens + BC. However, wheat cultivation with 4I showed 0.32-fold higher
transpiration rate from 3I. For stomatal conductance, the BC, A. fabrum + BC and B. amyloliquefaciens +

BC treatments remained statistically alike but were significantly different from A. fabrum and control
(Table 6). The A. fabrum and B. amyloliquefaciens were statistically similar to control for stomatal
conductance. The maximum increases of 0.42-fold in stomatal conductance were noted from control
in B. amyloliquefaciens + BC treatment. However, wheat cultivation with 4I showed 0.24-fold higher
stomatal conductance from 3I.
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Table 5. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
nitrogen, phosphorus and potassium concentration in wheat shoot cultivated in drought-stressed field
conditions *.

Treatments

Shoot Nitrogen (%) Shoot Phosphorus (%) Shoot Potassium (%)

No. of Irrigations (I)

IE (T × I)
ME (T)

IE (T × I)
ME (T)

IE (T × I)
ME (T)

4I 3I 4I 3I 4I 3I

Control 1.88 a 1.33 c 1.60 B 0.42 0.26 0.34 C 1.85 1.56 1.71 D

A. fabrum 1.85 a 1.58 b,c 1.71 A,B 0.46 0.36 0.41 B 2.20 1.97 2.09 C

B. amyloliquefaciens 1.85 a 1.57 b,c 1.71 A,B 0.45 0.38 0.42 B 2.20 2.01 2.11 C

BC 1.88 a 1.59 b 1.73 A,B 0.48 0.42 0.45 A,B 2.56 2.17 2.37 B

BC + A. fabrum 1.93 a 1.75 a,b 1.84 A 0.51 0.43 0.47 A 2.69 2.47 2.58 A

BC + B.
amyloliquefaciens 1.94 a 1.75 a,b 1.85 A 0.53 0.45 0.49 A 2.68 2.44 2.56 A

ME (I) 1.89 A 1.59 B 0.47 A 0.39 B 2.37 A 2.10 B

* Followed Danish and Zafar-ul-Hye, 2019 [22] for comparisons. Means sharing different letters are significantly
different at p ≤ 0.05. Means sharing no letters are non-significant at p ≤ 0.05. ME = indicates main effect;
IE = interactive effect; 4I = 4 irrigations; 3I = 3 irrigations.

Table 6. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
gas exchange attributes of wheat cultivated in drought-stressed field conditions *.

Treatments

Photosynthetic Rate
(µmol (CO2) m−2 s−1)

Transpiration Rate
(mmol (H2O) m−2 s−1)

Stomatal Conductance
(µmol (CO2) m−2 s−1)

No. of Irrigations (I)

IE (T × I) ME IE (T × I)
ME (T)

IE (T × I)
ME (T)

4I 3I (T) 4I 3I 4I 3I

Control 14.5 9.07 11.8 C 4.35 2.97 3.66 D 150.7 105.3 128.0 C

A. fabrum 16.1 10.7 13.4 C 4.90 4.23 4.56 C 148.3 125.7 137.0 C

B. amyloliquefaciens 15.9 10.1 13.0 B,C 5.41 4.17 4.79 B,C 166.7 127.7 147.2
B,C

BC 17.4 13.5 15.5 A,B 6.27 4.64 5.46 B 181.3 145.0 163.2
A,B

A. fabrum + BC 18.6 15.6 17.1 A 7.35 5.85 6.60 A 193.0 156.3 174.7 A

B. amyloliquefaciens
+ BC 19.1 15.8 17.5 A 7.86 5.43 6.64 A 193.3 172.3 182.8 A

ME (I) 16.9 A 12.5 B 6.02 A 4.55 B 172.2 A 138.7 B

* Followed Danish and Zafar-ul-Hye, 2019 [22] for comparisons. Means sharing different letters are significantly
different at p ≤ 0.05. Means sharing no letters are non-significant at p ≤ 0.05. ME = indicates main effect; IE =
interactive effect; 4I = 4 irrigations; 3I = 3 irrigations.

3.7. Chlorophyll Content

The main effects of T and I were significantly different but interaction (T× I) was non-significant for
chlorophyll a, chlorophyll b and total chlorophyll contents in wheat leaves. In the case of chlorophyll
a, the A. fabrum + BC and B. amyloliquefaciens + BC were statistically similar, while both differed
significantly from control (Table 7). The BC also differed significantly from control for chlorophyll a
content. The A. fabrum and B. amyloliquefaciens did not vary significantly from control for chlorophyll
a content. A maximum increase of 0.40-fold in chlorophyll a was noted in B. amyloliquefaciens + BC
treatment over control. However, wheat cultivation with 4I showed 0.15-fold higher chlorophyll a
content from 3I. For chlorophyll b, the B. amyloliquefaciens + BC and A. fabrum + BC treatments differed
significantly from control. The BC also differed significantly from control for chlorophyll b. While, A.
fabrum and B. amyloliquefaciens, did not differ significantly from control for chlorophyll b, maximum
increase of 0.42-fold in chlorophyll b was noted from control in B. amyloliquefaciens + BC treatment.
However, wheat cultivation with 4I showed 0.20-fold higher chlorophyll b content from 3I. In case
of total chlorophyll, A. fabrum + BC and B. amyloliquefaciens + BC differed significantly from control.
Inoculation of A. fabrum and B. amyloliquefaciens did not vary significantly but BC was significant from
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control for total chlorophyll (Table 7). A maximum increase of 0.41-fold in total chlorophyll was noted
over control due to B. amyloliquefaciens + BC application. However, wheat cultivation with 4I showed
0.17-fold higher total chlorophyll content from 3I.

Table 7. Effect of Agrobacterium fabrum, Bacillus amyloliquefaciens with/without biochar (30 Mg ha−1) on
photosynthetic pigments synthesis in wheat leaves cultivated in drought-stressed field conditions *.

Treatments

Chlorophyll a

(mg g−1)
Chlorophyll b

(mg g−1)
Total Chlorophyll

(mg g−1)
Electrolyte Leakage

(%)

No. of Irrigations (I)

IE (T × I) ME
(T)

IE (T × I) ME
(T)

IE (T × I) ME
(T)

IE (T × I) ME
(T)4I 3I 4I 3I 4I 3I 4I 3I

Control 0.87 0.68 0.77
C 0.42 0.34 0.38

C 1.29 1.02 1.15
C 41.0 59.3 50.2

A

A. fabrum 0.91 0.78 0.85
B,C 0.47 0.39 0.43

B,C 1.38 1.17 1.28
B,C 40.3 55.3 47.8

A,B

B.
amyloliquefaciens 0.90 0.78 0.84

B,C 0.48 0.38 0.43
B,C 1.37 1.16 1.27

B,C 41.3 54.0 47.7
A,B

BC 0.99 0.85 0.92 B 0.48 0.42 0.45 B 1.47 1.27 1.37 B 41.0 47.0 44.0
A,B

A. fabrum + BC 1.16 0.98 1.07
A 0.53 0.45 0.49

A,B 1.68 1.44 1.56
A 39.0 41.0 40.0 B

B.
amyloliquefaciens

+ BC
1.10 1.06 1.08

A 0.59 0.49 0.54
A 1.69 1.55 1.62

A 37.0 42.3 39.7 B

ME (I) 0.99
A 0.86 B 0.49

A 0.41 B 1.48
A 1.27 B 39.9 B 49.8

A

* Followed Danish and Zafar-ul-Hye, 2019 [22] for comparisons. Means sharing different letters are significantly
different at p ≤ 0.05. Means sharing no letters are non-significant at p ≤ 0.05. ME = indicates main effect; IE =
interactive effect; 4I = 4 irrigations; 3I = 3 irrigations.

3.8. Electrolyte Leakage

Main effects of T and I were significantly different from control for electrolyte leakage. The
A. fabrum + BC and B. amyloliquefaciens + BC treatments differed significantly from control for electrolyte
leakage (Table 7). The A. fabrum, B. amyloliquefaciens and BC were statistically similar to control for
electrolyte leakage. The B. amyloliquefaciens + BC exhibited significant reduction, i.e., 0.21-fold in
electrolyte leakage compared to control. However, with 4I application wheat plants showed a significant
reduction (0.20-fold) in electrolyte leakage from 3I.

4. Discussion

The sole application of BC under 2I significantly improved the root length and grain yield of wheat
as compared to control. Biochar is frequently reported to have very high pore volume, water holding
and cation exchange capacities, e.g., [66], and such properties stimulate root growth and facilitate
better water and nutrient uptakes resulting in improved vegetative and reproductive growth [67,68].
Significantly greater K concentrations in the shoot and grain and improved plant yield in this field and
in an earlier pot study [22] have validated the reportedly productive characteristics of BC. However,
the specific objective of this study was to investigate and present the cumulative role of drought
tolerant ACC-deaminase producing PGPR and BC in mitigating drought stress in wheat crop under
field conditions.

Combined application of ACC-deaminase producing PGPR Agrobacterium fabrum or Bacillus
amyloliquefaciens and timber-waste BC significantly improved the growth and yield of field grown
wheat under mild (3I) and severe drought (2I) conditions. Our field study results validate earlier pot
study results of improved growth and yield in response to comparable drought conditions [22–24].
Both the PGPR strains, A. fabrum and B. amyloliquefaciens along with BC significantly enhanced root
length and plant height compared to those under control condition. Similar results were also observed
in a previous pot study where A. fabrum and B. amyloliquefaciens significantly improved morphological



Agronomy 2019, 9, 343 12 of 16

growth attributes in wheat under drought stress [22]. As the A. fabrum, B. amyloliquefaciens were
capable of producing ACC-deaminase, improvement in root length and plant height might be due to a
reduction in ethylene level.

According to Mayak et al. [29], raised level of 1-aminocyclopropane-1-carboxylic acid (ACC) in
plants exposed to drought, raises ethylene concentration in root and shoot of plants. Roots secrete
accumulated ACC into rhizosphere which is cleaved by PGPR secreted ACC-deaminase into NH3 and
α-ketobutyrate, and ultimately ethylene level decreases. The decrease in ethylene concentration results
in better root coverage, which results in improvements in the uptake of water and nutrients due to the
enhanced rhizospheric area [69].

Significant improvements in grain yield, photosynthetic rate, transpiration rate, stomatal
conductance chlorophyll a, chlorophyll b and total chlorophyll validated the enhanced functioning of
the A. fabrum and B. amyloliquefaciens when applied in combination with BC, as compared to using
the same rhizobacteria without BC [25]. Secretion of growth hormone, i.e., IAA by the A. fabrum and
B. amyloliquefaciens and greater water holding capacity of BC in addition to ACC-deaminase production
are the allied factors responsible for the improvement in wheat growth. The findings of previous
pot studies also support this argument [22–24]. Xie et al. [70] described IAA as a co-factor, playing a
crucial role in crop growth enhancement. Moreover, increases in surface area and length of lateral and
adventitious roots due to high IAA secretion by PGPR play a vital role in better nutrient uptake [71].

This study finds that both the A. fabrum and B. amyloliquefaciens were solubilizing P and K, which
may explain why grain and shoot P and K concentrations were significantly improved [72,73] with and
without BC. Also, the increases in N, P and K contents in shoot and grain in responses to BC (without
rhizobacteria) might be due to the retention of N and presences of P and K in BC. Improvement in
cation exchange sites through BC addition also increases the retentions of mobile nutrients like N [74],
thus, enhancing its bioavailability by decreasing leaching and volatilization losses [75]. Significant
improvements in total chlorophyll, chlorophyll a, and chlorophyll b in the current study were probably
due to better uptake of N.

Singh et al. [76] stated that greater K concentration in BC ash also contributed to better K uptake.
Improvement in K concentration might have maintained the cell turgor pressure and regulated the
stomatal conductance by osmoregulation [77,78]. Novak et al. [79] and Lehmann et al. [80] also
observed a significant improvement in water holding capacity of soil where BC was applied. The
greater surface area and pore spaces of BC facilitate the retention of water when used in soil [33,79–81].
According to Singh et al. [76], the organic carbon in BC significantly facilitates PGPR for improvement
in their growth. Danish and Zafar-ul-Hye [22] also documented the synergistic effects of PGPR and BC
against drought. They argued that root elongation and retention of water and nutrients by PGPR and
BC respectively create a favourable environment in rhizosphere for plants to perform better under
drought. Specifically, significant increases in growth and yield of wheat through the co-application of
both ACC-deaminase PGPR (A. fabrum and B. amyloliquefaciens) along with BC might be due to better
survivability, activity and proliferation of PGPR in combination with the water and nutrients holding
potentials of BC under 3I and 2I.

5. Conclusions

Combined application of PGPR and biochar more effectively mitigates drought impacts as
compared to individual PGPR inoculation or BC application, in field-grown wheat crop. Specifically,
soil application of drought-tolerant ACC-deaminase producing PGPR Agrobacterium fabrum or Bacillus
amyloliquefaciens, in addition to timber waste BC (30 tons ha−1), significantly promotes growth and
yield traits of wheat under field drought conditions.
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