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Abstract

Coupling of biochar along with microbial inoculants could increase the phosphorus (P) availability and efficiency under the
P-deficient environment. However, the effects of biochar and microbes on soil P retention remain still unconcerned in the
subtropical environment. In the present study, AMF Glomus mosseae and Bacillus J 119 were applied as microbial material
into two texturally different soils (soil A and soil B) amended with two different biochar (Rice husk biochar, RHBC; poplar
wood chip biochar, PWBC). Both soils and biochar properties significantly affected the mycorrhizal root colonization. Soil
amended with RHBC significantly improved the root colonization and root surface area in the no-P environment. Addition-
ally, plant root and shoot biomass significantly enhanced in the combination of B+ AMF. Moreover, B + AMF enhanced
macronutrients (N, P, K, and Ca) and micronutrient concentration (Mg, Mn, Cu, and Zn) in plant root and shoot with biochars
and in the no-P application. Overall, biochar application in both soils might increase the availability of nutrients especially
P for maize plants. However, the responses of both biochar and microbial inoculants were varied with soil and biochar types
which need in-depth investigations, especially its residual effects at field conditions in different climatic conditions before

final recommendations.
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Introduction

Phosphorus (P) is a requirement for all living organisms. P
is a non-renewable resource, which is essential for the pre-
sent agriculture system. Currently, the global food industry
depends on P which is taken from phosphate rock reserves
which are confined to a few countries (Solovchenko et al.
2016). Phosphate rock is the main source of phosphorus in
the world which is becoming very costly and scarce day by
day (Cordell et al. 2011; George et al. 2016). Plant roots
often react to P deficiency by assigning more carbon to
roots, which results in enhanced root growth, lateral root for-
mation, more exposure to the surface soil, more and lengthy
root hairs and release of root exudates (Souri and Hatamian

Communicated by O. Ferrarese-Filho.

P4 Hafiz Muhammad Rashad Javeed
Rashadjaveed @cuivehari.edu.pk

Extended author information available on the last page of the article

2019). Thus, human beings would start to use P much more
efficiently (Khan et al. 2018; Zhu et al. 2018).

Roots are linked with soil microbes using different pro-
cesses to get various benefits such as nutrient acquisition
(Naiji and Souri 2018). In soils, there are a lot of bacteria
and fungi and these are beneficial for plant growth and devel-
opment. The fungi are divided into two groups: pathogenic
fungi, which cause negative effects on crops, and mycor-
rhizal fungi, which are good for crops, including arbuscular
mycorrhizal fungi (AMF). The AMF symbiosis makes better
plant mineral nutrition, plant water uptake, and resistance to
contaminants (Smith and Read 2010). In addition to this, it
is estimated that AMF usually enhances host plant resistance
against phytopathogens, reduces the symptoms and disease
severity, and ultimately helps the plant in survival and bio-
mass production (Spagnoletti et al. 2018).

In the soil system, the AMF especially ectomycorrhiza
and its hyphal bundles or ectomycorrhizal roots enhanced
the diversity of bacterial communities and other soil
microbiomes. (Hao et al. 2020). It has been noted that root
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mycorrhizal colonization can lead to improve phosphorus
uptake by ten times over to root hairs only (Malik et al. 2019;
Rafique et al. 2020). Moreover, inoculation with AMF can
increase the plant performance and improve plant resistance
to various biotic stresses (Mustafa et al. 2016).

Biochar (BC) is a key amendment that upgrades the fertil-
ity status of soil and is carbon-rich and also has a significant
amount of certain nutrients (Hardy et al. 2019). As com-
pared to other organic amendments, it is stable in soils for a
prolonged period (Ding et al. 2019). Moreover, BC improve
the P use efficiency of fertilizers by improving the soil phys-
icochemical attributes (Rafique et al. 2019). Previously, the
effect of BC and phosphorus solubilizing bacteria (PSB) on
P fractions in the soil was well known (Alshankiti and Gill
2016; Ding et al. 2016; Aller 2017; Blanco-Canqui 2017,
Ducey 2017). It is estimated that the combined application
of BC and PSB increase the inorganic P fractions that was
marked as plant available in the output composts (Wei et al.
2016; Li et al. 2020).

Limited knowledge about the co-application of BC with
microbial inoculant for P adsorption into differently textured
soils is present. We hypothesized that both BC along with
AMF and bacillus strain would improve the soil nutrients
availability to maize plant roots under the P-limited envi-
ronment. Additionally, these microbial inoculants may also
improve the root characteristics and increase the uptake of
micro and macronutrients. Thus, the present study was car-
ried out to evaluate the objectives that (1) how the biochar
and microbial inoculants sustain the plant growth, root char-
acteristics and improve the nutrients uptake and (2) whether
BC, B and AMF may help to mediate the modern agricul-
ture system where P-deficient environment is threatening the
crop growth in near future.

Materials and methods
Biochar production

Two types of biochar feed stuff, i.e., rice husk (RH) and
poplar wood chip (PW) were used. Biochar feedstuft (FS)
was collected from the rice field situated 20 km from the
COMSATS Islamabad Vehari Campus (2019 crop sea-
son) while poplar wood chip stuff was collected from the
timber market, Vehari-Punjab, Pakistan. Both the feed-
stuff was sun dried for four days and then cut into small
pieces of 2-3 cm. For biochar (BC) production, both FS
were pyrolyzed at 400 °C for 4 h in a locally manufac-
tured electrical heating system under anaerobic condi-
tions (Gangil and Wakudkar 2013). Low-temperature
BC production increases the bioavailability of carbon
with higher N-mobilization and finally improved the soil
microbial activities in the soil (Deenik et al. 2009; Wang
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et al. 2019). Hence, these biochar materials increased soil
nutrient availability in phosphorus-limited soils. Both the
feedstuff, i.e., RH and PW were not treated with any chem-
icals before the production of BC. After the production of
both biochar materials i.e., rice rusk biochar (RHBC) and
poplar wood chip biochar (PWBC) were allowed to cool
down at room temperature and then passed through 2 mm
sieve for uniform size and shape.

Biochar and soil analysis

The RHBC and PWBC sample was taken and analyzed for
pH, EC, CEC, total carbon contents (TC), total nitrogen con-
tents (TN), NO, ™" and NH, before application as treatments
by following the standard methods.

In COMSATS University Vehari campus, soil sample was
taken from the experimental site and is marked as soil A. and
from Cholistan desert, Bahawalpur, Punjab, Pakistan sandy
soil sample was collected and marked as soil B. The sandy
soil samples were fetched from O to 20 cm depth and mixed
vigorously until a homogenous mixture appeared. Then the
samples were carried to the laboratory, dried in sun, and
sieved (2 mm). Then various physiochemical analysis was
done, i.e., pH, cation exchange capacity (CEC), electrical
conductivity (EC), total organic carbon (TOC), CaCOj;
mineral nitrogen, available phosphorous (P) and available
potassium (K) and soil samples were added to pots. Organic
matter was measured, while pH and EC were measured by
pH meter and EC meter accordingly (Nelson and Sommers
1996). The soil-water mixture was formed by making the
suspension (1:2.5; soil: water) and then placed it for 30 min
at room temperature to be balanced and this mixture was
employed for checking the EC and pH. EC meter was stand-
ardized with KClI solution (0.01 N) at 25 °C (Page 1982).
The same soil filtrate was used to check the soil Na and K
using flame photometry (Estefan et al. 2013). The CaCO,
was checked by adopting the method of Loeppert and Suarez
(1996). The soil carbon contents were checked by wet oxida-
tion of soil samples using hydrogen peroxides, sulfuric acid
and chromic acid (Walkley and Black 1934). Soil NO;-N
contents were determined by subtracting.

NH*"-N was calculated from soil samples by subtract-
ing the total nitrogen NH**-N. The whole process was done
using extraction methods (40 g soil +200 ml KCI;2 M). The
distillation was performed on this soil mixture and then the
titration process was done. Soil N was and measured by sub-
tracting organic N contents from total N contents (Abbasi
and Khaliq 2016). Total N concentration, i.e., soil and plant
samples, was recorded by the Kjeldahl digestion method
(MAFF 1973). Available P and K contents from the soil
were and determined by following the process as described
by Houba et al. (1989).
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Arbuscular mycorrhizal fungi inoculum (AMF)

Growth medium containing three parts of sand and one
part of vermiculite (mixture was pasteurized twice with
steam for 1 h and then followed by cooling for 24 h) for
the culture of Glomus mosseae (AMF) using the method
is described by Brundrett et al. (1996). The AMF growing
culture was allowed to grow for 4 months in a makeshift
glass house with a temperature of 30 °C and photoperiod
(14-16 h) and DI water was applied to the pot. After four
months of growth, the AMF culture did not irrigate further,
and the topes were cut. The pot contained sand, AMF spores,
sporocarp, hyphae, and infected root segments and all the
materials were sundried for three days in the glass house
(Feldmann and Idczak 1992). The potential of this AMF
inoculum was tested following the method of MP bioassay
(Rashid et al. 1997) and was found approximately 300 prop-
agules per g. Control was prepared by mixing all the stuff
with 100 ml DI water into sand culture except the AMF
inoculum and then filtrate passed through filter paper (8 um)
as described by Khan (1988).

Experimental setup

The experiment was carried out at the research area of
COMSATS University Islamabad, Vehari in a completely
randomized design (CRD) with factorial arrangements and
replied four times. The study contained four treatments,
i.e., control (CT), Bacteria (Phosphorus-solubilizing bac-
teria; PSB, Strain J 119, B), Arbuscular Mycorrhizal Fungi
(AMF) and B + AMF. AMF inoculum of Glomus mosseae
(5 g) from the pot culture (see above; 2.3) comprising sand,
AMF roots and sores, infected root segments was added into
the soil while the bacterial counts were 1078 cfu/ml. Two
types of soils were used, i.e., clay loam and loamy clay. Each
pot was filled with 7 kg of soil (11-inch height and 11-inch
width and 5-inch base) and the total pots were 32. Before
filling the pots, the soil was sieved through 2 mm. Biochars,
i.e., RHBC and PWBC were mixed with soil at the rate of
2% wiw. Maize (Zea mays L.) cultivar, i.e., P1429 was used
(marketed by Dupont Company). The recommended dose
of NPK was applied in the form of urea (0.81 g per pot),
DAP (0.71 g per pot) and SOP (0.51 g per pot). Half dose of
phosphorus was used than the recommended dose. Initially,
three seeds were sown in the pots at the depth of 3 cm and
then thinned to one for the remaining period of the experi-
ment. The seeds were pretreated with fungicide. Distilled
water was applied to achieve the 75% field capacity using the
speedy moisture meter on daily basis. The pots were placed
in the wirehouse having sunlight (D/N, 10/14 h), tempera-
ture (22-30 °C) and humidity (70-75%). To make negligi-
ble the effect of microclimate on the experiment, the pot

position was changed fortnightly. The maize crop was sown
on February 01, 2020, and harvested on April 14, 2020.

Sampling

The maize plant was harvested after 55 days of emergence.
The fresh and dry biomass of the maize plants were deter-
mined. The above-ground maize plant biomass was collected
by cutting plants near the soil surface. The stem samples
were chopped to 2-3 cm and then dried in a hot air oven
at 70 °C until a constant weight was achieved. The soil
was moistened before taking the root samples. Roots were
extracted from each pot, washed thoroughly with deion-
ized water and then dry under the sun for 2 days. Then root
samples were put into a hot air oven at 70 °C until a con-
stant weight was achieved. The shoot and root samples were
ground in the automatic grinder and then saved into plastic
jars for elemental analysis.

Nutrients analysis in root and shoot

The content of mineral nutrients of N, P, K, Zn, Ca, Mg,
Mn, and Cu in the root and shoot of maize was measured by
taking plant materials (1 g) in the 25 ml digestion flask. The
plant sample was put overnight by adding 5 ml concentrated
H,SO, (Sigma Aldrich, USA). Plant samples were heated on
the electric hot plate at 150 °C for I h. Then added 5 ml di-
acid mixture (HC1O, and HNO;) with 2:1 ratio and heated
the mixture for one more hour at 150 °C and cooled. The
mixture was filtered using Whatman filter paper and diluted
(with 50 ml DI water). No plant sample was added to prepare
the blank sample. The nutrient concentrations (N, P, K, Zn,
Ca, Mg, Mn, and Cu) were measured by atomic absorption
spectrophotometer (Perkin Elmer, Singapore) using their
respective standards (Richards 1954).

Root characteristics

After washing the maize roots with DI water, then scanned
through high definition digital scanner (600 DPI). Grayscale
images of roots were analyzed for root length, root surface
area, and root volume using WINRHIZO Pro. Software
(Regent Instruments, QC, Canada) (Himmelbauer 2004).

AMF root colonization

AMF root fungal infection was determined following the
method of Phillips and Hayman (1970) with some modifi-
cations. Briefly, the maize roots were cut into small pieces
(2-3 inches) with a hand cutter and then stained with non-
vital stain trypan blue (0.05%). The fungal colonization was
measured following the equation (Giovannetti and Mosse
1980);
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Mycorrhizal colonization (%)

Number of root segements colonized
= % 100

Number of root segementsexamined

Statistical analysis

The statistical analysis of the data was arranged in Excel and
Statistix software (STATISTIX V.8.1, Analytical Software,
Tallahassee, FL, USA) was used to find out the interaction
of microbial inoculants and biochars on the nutrient’s avail-
ability to maize plants. The difference among means was
tested using the LSD test at 5% probability level. Maize
plant fresh and dry biomasses, AMF root colonization and
the soil nutrients were the dependent variables.

Results
Root and shoot fresh weight (g)

Root fresh weight (RFW) was enhanced significantly by
55% in B + AMF treatments of soil A (in no-P soil) along
with RHBC addition. However, we compared between the
biochar treatments (RHBC and PWBC) and noted that

Fig. 1 Influence of biochar and
microbial inoculants on root
and shoot fresh biomass under
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PWBC. Fungus with bacterial inoculation enhanced the
SFW by 46% in RHBC amended soil and 21% was recorded
in PWBC treatments (in no-P application). Bacillus strain
J119 was improved the SFW by 46% in no-P treatments with
RHBC while 16% in PWBC treatments with respect to con-
trol (Fig. 2).

Root and shoot dry biomass (g)

Root dry biomass (RDB) was enhanced by 67% in B + AMF
treatments of soil A amended with RHBC (in no-P appli-
cation), whereas in PWBC amended soil A improved the
RDB by 41% with respect to control (Fig. 3). Moreover,
when a half dose of P,O5 was added to soil A, then Bacil-
lus strain J119 inoculant significantly contributed to 35%
increase in RDB. As regards soil B, AMF inoculation sig-
nificantly enhanced the RDB by 31% in RHBC amended soil
(in no-P application) while by 11% in PWCB amended soil
(in no-P application). However, a half dose of P,O5 along
with the B + AMF Glomus mosseae and AMF-alone inocu-
lation improved the RDB by 28% and 16% in RHBC root
amended soil respectively, over control treatments (Fig. 4).
RDB also improved in the RHBC amended soil by 21% and
14% for B+ AMF Glomus mosseae and AMF-alone inocula-
tion respectively than control (Fig. 4).

Root colonization (%)

The root colonization was relatively higher in soil A as com-
pared to soil B but have a similar date trend of increase in
both soils (Table 2). Additionally, soil A had better coloniza-
tion in no-P soil treatments as compared to with limited-P
treatments. Moreover, for all treatment combinations in both
soils, the B+ AMF Glomus mosseae inoculation has pro-
moted root colonization than the sole inoculation of AMF
and bacteria alone. In both soils, B-treatments had signifi-
cantly less colonization (by 11%) with respect to CT-treat-
ments in RHBC amended soil A (in no-P soil). The B+ AMF
inoculation showed 81% colonization, whereas it was 68% in
AMEF inoculant in RHBC amended soil A (in no-P applica-
tion). Overall, it was observed that B+ AMF inoculation was
contributed more by 70-86% in both soils. In soil B, 55%
higher root colonization was noted in B + AMF with RHBC
amended soil, whereas 41% higher was recorded in PWBC
amended soils (in no-P soil application).

Root characteristics

Data in Table 1 indicated that root length was significantly
enhanced by 81% in soil A amended with RHBC (in limited-
P application) with respect to control. Besides the biochar
types, the microbial inoculants improved the root length and
increased by 57% in B+ AMF with RHBC amended soil
A (in no-P application) over to control. In soil B, the soil
amended with RHBC showed similar results with respect
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Fig. 3 Influence of biochar and
microbial inoculants on root
and shoot dry biomass under
P-deficient and texturally differ-
ent soil (Soil A)

Fig.4 Influence of biochar and
microbial inoculants on root
and shoot fresh biomass under
P-deficient and texturally differ-
ent soil (Soil B)
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Table 1 Physiochemical properties of both soils before the start of
the experiment

Particular Clay loam soil Loamy Clay
Soil A Soil B
Textural analysis (%)
Clay 69.0 26.0
Loam 22.0 61.0
Sand 9.0 13.0
Soil physicochemical properties
SOC (%) 0.61 0.49
pH (1:1) 7.96 7.78
CEC (dSm™ 1) 1.74 141
FC (%) 24.69 22.18
WP (%) 7.81 6.87
Bulk density (g cm™?)
CaCo3 (%) 345 11.42
Soil nutrient contents
N (mg kg™ ") 6.11 5.24
P (mgkg™ ) 7.21 6.04
K (mgkg™!) 16.48 14.89

SOM soil organic matter, CEC cation exchange capacity

to root length improvement (by 31%) for B+ AMF Glomus
mosseae treated soil as compared to control (in no-P applica-
tion). Like root length, the root surface area was significantly
increased by the biochar types and microbial inoculants.
The B + AMF inoculation promoted the root surface area
by 58% in RHBC amended soil (in no-P application) while
the increase was only 23% in case of limited-P application
(Table 2) with respect to control. On the other hand, in soil
B, the root surface area was not increased too much, but this
increase was only 18% for B+ AMF treatments in RHBC
amended soil in comparison to control (in limited-P applica-
tion). Similarly, the root volume tended to increase in both
soils, i.e., soil A and soil B. The root volume was promoted
up to 44% in RHBC amended soil A for B+ AMF treatments
(in no-P application), whereas only 18% root volume was
recorded in the same treatment for limited-P soil (Table 2).

Root and shoot nutrients analysis

In soil A, AMF + B and AMF-alone significantly improved
the nitrogen (N) contents by 29% and 14% respectively in
RHBC amended soil (in no-P application) while in limited-
P treatments, only B-alone treatments were significantly
enhanced the N contents by 39%, and followed by B + AMF
(by 29%) as compared to their respective control in plant
shoot (Table 2). B-alone inoculation only increased the N
contents by 7% as compared to no inoculants (control) in
shoot samples, while similar effects were noted in plant root
samples (Table 2). As we looked at the effect of PWBC,

B + AMF and B-alone increased the N contents by 25% and
16% respectively compared to their control (in no-P appli-
cation), while the N contents were improved along with the
application of limited-P, and it was increased by 5% and 2%
compared to no-P treatments. The behavior of biochar types
in soil B was different, B+ AMF and B-alone increased the
N contents by 29% and 17% (in no-P application) while with
limited-P, maximum N contents were recorded in B+ AMF
by 23% and alone B by 18% in RHBC amended soil over to
their respective control. An almost similar trend was noted in
root samples with a maximum noted in B + AMF, followed
by B-alone treatments (Table 2).

In soil A, M and B + AMF treatments significantly
improved shoot P by 33% and 20% respectively in RHBC
amended soil (in no-P application), while in limited P, only
B treatment significantly increased by 52% and AMF treat-
ment by 24% than control. When PWBC was applied in soil
A (in no-P application), B + AMF treatments improved P
concentration in shoot parts by 12% compared to control
(Table 2). Soil B response was quite different and 27%
increase was noted in AMF treatments of RHBC amended
soil (in no-P application) than control. In addition to RHBC
in soil B, 13% increase in shoot P was observed in B treat-
ment, whereas 32% improved in AMF treatments (in no-P
application) than in control. Only 2% increase was observed
for B treatment with limited P than control. Soil inoculants
significantly enhanced the root P for soil A amended with
PWBC (in no-P application). The P uptake in root portion
was also increased by the addition of P,Os in the soil. A sig-
nificant increase of 31% in P contents was observed in AMF
inoculated plants compared to control for soil B amended
with RHBC (in no-P application).

In RHBC amended soil A, B+ AMF and AMF-alone
significantly increased the concentration of K in the root
by 81% and 73% (in no-P application) as compared to their
respective controls (Table 2). As far as soil B was concerned,
root k concentration in B+ AMF and AMF-alone was
improved by 80% and 77% over to control, but this increase
was dropped in AMF and B+ AMF by 13% and 12% (in lim-
ited-P application). On the other hand, in PWBC amended
soil A, a significant improvement was observed in K accu-
mulation in the root by 69 and 63% in B+ AMF and AMF
treatments with no-P application, while this increase was
decreased in limited-P application treatments with B+ AMF
and AMF amended soil by 39% and 26%. In soil A, shoot
K concentration was increased in B+ AMF and AMF-alone
by 25% and 19% respectively in contrary to control (in no-P
application), but K concentration in the shoot was decreased
to 19% and 15% in soil B. An almost similar pattern was
noted in PWBC amended soil A and soil B.

A significant increase in Ca contents (by 34% and 50%)
was noticed in root and shoot inoculated with B + AMF treat-
ment in soil A amended with RHBC (in no-P application)
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Table 2 Influence of different biochars and microbial inoculation on the root characteristics of spring maize under the phosphorous deficient

environment
Parameters Treatments  Rice husk biochar Poplar wood chip biochar
Colonization (%) Soil-A NOP Limited P NOP Limited P
CT 16.25 +1.21 423+ 1.11 0 2.15+0.11
B 7.26 +1.05 2.45 +0.61 12.36+1.81 1.25+0.06
AMF 81.45 +9.78 66.78 + 7.56 61.47+5.36 44.75+4.69
B+AMF 71.48 + 6.45 83.47 £ 6.22 76.89+8.26 59.45+3.48
Soil-B
CT 8.45+1.14 423 +0.51 0 0
B 0 3.12 +0.88 0 0
AMF 61.48 + 6.54 44.79 +7.26 53.78+8.69 38.79+6.24
B+AMF 71.59 +9.11 63.48 + 14.36 63.48+6.48 58.96+11.23
Root length (cm) Soil-A
CT 31245.8 + 6578.4d 28697.6 + 9875.5 fg 24789.23+15478.3 kl 21367.4+11457.5 Im
B 32478.5 + 12458.6 df  28784.2 + 10458.2 fg 26784.1+11457.3 h-m 29687.1+18476.3 fg
AMF 36789.2 + 8547.1 be 34478.1 £ 12784.6 ¢ 34569.1+9874.4 ¢ 31478.2+10475.2 def
B+AMF 34782.4 + 10856.2 ¢ 41789.3 +9874.3 a 29786.4+14562.2 fg 31984.2+10874.9 ef
Soil-B
CT 22457.6 + 14573.41m  23478.3 +£ 10478.3Im  19257.3 +£9745.1 n 19783.5+8714.2 n
B 25698.4 + 112549kl 261242 +9874.6 h-m  21645.8 + 12741.9k 22478.1+9814.6
AMF 32478.9 + 14587.5d-f 29147.3 + 12367.5fg  28477.2 + 11235.8 fg 27124.1+10485.3 ef
B+AMF 29473.1 + 10896.2 37564.2 + 14357.2b-d 254739 + 10783.8 kl 29145.6+12658.5 fg
Root surface area (cm?)  Soil-A
CT 2478.6 +458.3 jk 3145.8 +478.3 e-j 1779.3 + 145.2 mn 2789.3 +345.6 fg
B 2649.1 + 396.2 hi 3469.4 + 4019 cd 1801.3 + 248.6 mn 3048.6 + 301.7 e-j
AMF 2798.4 + 658.1 fg 3879.5 +478.3 b-d 2314.8 + 1914 1-n 3475.1 +285.4 cd
B+AMF 2974.1 +361.2 e-j 41152 +4582a 2587.6 + 224.7 jk 3147.6 + 405.6 e-j
Soil-B
CT 1914.2 + 191.3 mn 2645.7 + 448.7 fg 10124 +291.1n 2446.1 + 315.7 jk
B 2048.2 + 289.6 mn 3178.6 +415.3 e-j 1289 + 2143 n 2215.7+207.6
AMF 2456.5 +301.7 jk 33019 +314.7 cd 1448.6 +451.2 mn 31473 + 189.4 e-j
B+AMF 2601.5 +201.4 fg 36124 +4159b-d 1659.3 + 348.8 mn 2678.2 +349.5 fg
Root volume (cm?) Soil-A
CT 1.31 +0.06 g-j 1.81 +0.46 cd 1.21 £0.11 Im 1.11 + 0.05 mn
B 1.54 £ 0.51 jk 2.20 + 0.69 bc 1.46 £ 0.61 hi 1.79 + 0.45 de
AMF 1.91 +0.69 cd 231 +0.51 be 1.78 £ 0.48 de 1.61 +0.31 c-g
B+AMF 2.11 £0.44 c-e 251+031a 1.61 £ 0.81 de 1.82 +0.78 de
Soil-B
CT 1.10 +£ 0.24 mn 2.10+ 041 c-e 0.88+0.12n 1.52 +0.51 hi
B 1.24 £ 0.41 g-j 1.96 + 0.36 cd 1.11 £ 0.41 Im 1.75 +0.36 cd
AMF 1.52 £ 0.26 ef 2.10+0.28 c-e 1.24 + 0.84 jk 2.10+0.23 c-e
B+AMF 1.88 +0.18 e-g 233 +£0.14 bc 1.46 + 0.38 j-1 1.82 +0.44 cd

The values after + are the standard error while the small alphabets are showing the significant variation at 5% probability level. Abbreviation: CT
(control), B (Bacteria, i.e., Phosphorus-solubilizing bacteria; PSB Strain J 119), AMF (Arbuscular Mycorrhizal Fungi i.e. Glomus mosseae) and
B + AMF (Bacteria+ Arbuscular Mycorrhizal Fungi)

contrary to control (Table 3). While in soil B, this increase
was only 16% and 39% in Ca contents for RHBC amended
soil inoculated with B + AMF (in no-P application) contrary
to control. Similarly, in PWBC amended soil A, Ca contents

@ Springer

were significantly increased by 40% (in no-P application)
in the root, but in soil B, this was improved by 20% over to
control. Moreover, in the shoot, Ca contents were enhanced
by 42% in soil A and by 34% in soil B (in no-P application)
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while by 25% in soil A and by 32% in soil B with the lim-
ited-P application (Table 3).

In no-P application treatments, Mg contents were
increased in the root by 59% (in soil A) and 16% (in soil B),
while a less increase in Mg contents was noticed in PWBC
that was by 37% (in soil A) and 12% (in soil B) (Table 4). In
soil A, the concentration of Mn in root was improved accord-
ing to biochar type while the use of PWBC decreased Mn
uptake in plant root samples (Table 4). A similar trend was
observed in soil B. The AMF, i.e., Glomus mosseae signifi-
cantly increased the Mn uptake. The presence of Cu contents
in different treatments of RHBC amended soil A with no-P
application ranged from 19.53 to 11.70 ppm, whereas in
PWBC amended soil A, it ranged from 13.46 to 6.40 ppm
(Table 3). Biochar types had a nominal effect on the increase
of Cu uptake, RHBC amended soil had more Cu in compari-
son to PWBC amended soil. However, a significant improve-
ment (40%) was observed in B + AMF treatments with no-P
soil amended with RHBC. Moreover, a similar trend was
noted by Zn contents in the root. Plants grown in soil A had
more Zn contents in their root and shoots and soils while the
limited P have less concentration of Zn than no-P applied
to soil (Table 4). A significant increase (32 and 38%) in Zn
uptake was noticed in B + AMF treatment of soil A and soil
B amended with RHBC (in no-P application) in comparison
to control.

0.91+0.05 hi

0.69 +0.06 j-1
0.86+0.06 hi
1.09+0.06 ij

Shoot

1.38+0.09 de

01.08 £0.08 k1

Limited P
1.26+0.09 gh
1.19+0.06 k

Root

1.24+0.09 gh

0.82+0.07 hi

1.54+0.1 de
0.71+0.08 k

Shoot

1.63+0.03 f

Poplar Woodchip Biochar
0.91+0.32 hi

1.08+0.04 ij

1.14+0.05 ij

No P
Root

1.16+0.03 ij

0.65+0.03 j-1
0.51+0.03 j-1
0.76+0.03 k

Shoot

Discussion

In the current study, both soils with different textures and
chemical properties were used to understand the behavior
of two biochars (RHBC and PWBC) on the growth and
nutrient update of maize crop in the presence of limited P
and microbes. Moreover, both soils were inoculated with
microbial materials, i.e., Bacillus J 119 (B), AMF Glo-
mus mosseae (AMF) and a combination of both inoculants
(B + AMF). The study of the root phenotype and root inocu-
lated microbes is very important in the current era of agri-
culture in subtropical conditions but poorly explored topic.

The higher root colonization was observed in no-P soils
perhaps more carbon utilization toward the formation and
maintaining of fungal tissues and thus, it is getting the ben-
efits of additional P. Moreover, from the mycorrhization
process, both hosts, i.e., plant and fungal are equally getting
benefits in the form of resources but usually, it is depend-
ent on the other factors (Wang et al. 2016). Additionally,
the mycorrhizal colonization of fungi also altered the root
morphology and architecture, i.e., root length, root volume
and root surface area and enhanced the P acquisition in a low
P environment. Biochar, i.e., RHBC also increased the root
colonization (Fig. la and b) that could be due to transfer of
fungal spores through air currents. Besides that, an increase

1.56+0.04 de

1.68+0.04 £

1.35+0.04 gh

Limited P
0.92+0.02 hi

Root
phabets are showing the significant variation at 5% probability level. Abbreviation: CT (control), B (Bacteria, i.e., Phosphorus-solubi-

lizing bacteria; PSB Strain J 119), AMF (Arbuscular Mycorrhizal Fungi, i.e., Glomus mosseae) and B+ AMF (Bacteria+ Arbuscular Mycorrhizal Fungi)

1.87+0.08 ef

1.14+0.08 hi

1.93+0.1 ef
1.56+0.07 de

Shoot

1.07 +0.06 ij
1.36+0.05 gh
1.27+0.06 gh

1.52+0.05 de

Rice Husk Biochar

No P
Root

Soil A
CT

B

AMF
B+ AMF

The values after +are the standard error while the small al

Parameters Treatments

Table 3 (continued)
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B in root colonization and root architecture in microbial and
- .. & = =2 biochar amended soil was also observed in different types
= =5 il . . . . .
- =% &| g of soils and biochar in the previous studies (House and
—_—e— O O = . .
H oH o+ H % Bever 2019; Malik et al. 2019). Better root architecture may
2]l v o . . .
é 222 e|8 decrease the metabolic cost of plants toward soil exploration
S A resulted into less nutrients and carbon demand for growth
: g
I = and construction of typical root structure (Naiji and Souri
L 0O O 0 < . .
Q59 QlE 2018; Saghaiesh and Souri 2018).
% IV 3 Soil nutrient status especially P availability in soil media
‘é 51229 E increased the mycorrhizal phenotype (Omondi et al. 2016).
— ] \ — .
Sl |98 8T < In our case, no-P soil treatments have developed mutual-
- - % - ism with maize plants and commensalism, or parasitism
22588 %" occurred in P available soils (White and Millner 2017).
[ee] . . .
sS333 5 T”; The mechanism involved in the reduced development of
g 5| & 5 5' \E g2 symbiosis into nutrient-rich soil media was described by
] — ) ! 3 == . .
8 ol § s Raya-Hernindez et al. (2020). Our results depicted that
g & =) microtrichial colonization was more prominent into no-P
§ . 'E 5 8| 25 soils as compared to P-limited soils (Liu et al. 2019). Thus,
§ Y2 T3 microbial inoculation and biochar dose improved the over-
o HoHHH| 2 all growth and survival of maize plants in nutrient-deficient
3 | n <+ O < > < 8 P
aS: 2 é s d ez % + environment (Chen et al. 2017b). Past studies described that
< o onoon S . . . . .
% 5 microbial inoculation (B + AMF) increased the plant growth
_ === a§ and development and nutrient adsorption. This inoculation
§ > X ® P increased the root surface area and networking, which are
- 939359 °¢ Z the major precursors in biochar mineralization. Additionally,
2|l & & ET jorp Y
glwwda x| gt dry and compacted soils may restrict the root growth and
S |lo =~ | &R y p y g
a8 length leading to poor root hair development and density.
< . . ..
-— g3 Present study results indicated that symbiosis of AMF
T 0O O O S . . o .
Scngao & 3 with maize root changed the root structure and P-acquisi-
N =i . .
o 23332 g tion efficiency of plants. However, Glomus mosseae (AMF)
Q [ . . . ..
SlslL @2 E| &3 efficiency was more prominent in P-limited treatments as
E|lg|lo x| S8
Slelasss =] % compared to control or no-P treatments (Table 1). Root cor-
E s tical aerenchyma (RCA) decreased the metabolic cost (C
o :'_f, P 8 E :ED and N) of the root tissues, and maize plants with higher
= . o .
Z oz b 3 § 2 RCA have resulted in poor root cell respiration, larger soil
= é' §f:| M iy g K exploration and higher interaction with soil nutrients under
§°) S g | &t the suboptimal presence of P to maize plants than that had
“ = O . . ~
= ; 3 poor RCA (Schneider et al. 2017, Galindo-Castafieda et al.
< . ~
E — B o 2 g % 2018, Galindo-Castaiieda et al. 2019).
S . . . .
4 Eldoles P deficiency could be resulted in disrupted carbohy-
Z S S S S| =3 24 . pec carbolly
T HHHH 23 drate metabolism and restricted leaf growth (Timlin et al.
= = .. . o
Sl15|8|lees 9|5 2017). Limited applied P had shown a positive effect on the
|l Z || oo < < 5 ize bi ducti d lati .
g S maize biomass production and more P accumulation into
; f: their body parts (Figs. 1 and 2). Xu et al. (2016) recorded
@ é % a linear correlation between the higher P availability and
5 S| g~ more P uptake by maize plants. Usually, the addition of bio-
£ < 5 o £ . - A . .
s Z | = E Tl =E char into soil improved the phosphate-binding with cations,
= wn . . .
s |F 2l0Om <l g 2 i.e., Ca’*, Mg?*, Mn?*, Zn **, Fe ** and AI** into the soil
5] H . . . .
= 5 & media (Dugdug et al. 2018). Biochar may increase the soil
= Sl . . . .
gl “f s phosphate holding capacity and result in more retention of P
S| g s . -
8 Z g for crop plants under no-P and limited-P environment (Yao
% = E & et al. 2013). Past studies depicted that biochar application
= o0 = . . . e .
s E s £ 8 increased nutrient availability, i.e., P and K to plant roots
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(Chintala et al. 2014; Cordell and White 2014). The present
study results stated that, irrespective of microbial inocula-
tion, biochar application significantly enhanced N, HPO;™,
K and Ca** availability in the soil media. Moreover, the
effects of biochars (RHBC and PWBC) on plant biomass
and nutrient uptake were less limited in limited-P treatments
than in the no-P-limited treatments. Such soils had enough
macro- and micronutrients for plant growth that may mask
the biochar and microbial effects which were clearly seen in
no-P treatments (Galindo-Castaifieda et al. 2018, Mohamed
et al. 2018; Spagnoletti et al. 2018). Recently, Li et al. (2020)
depicted that biochar application in P-limited environment
increased plant growth as compared to no biochar in P-lim-
ited soils. Additionally, biochar may sustain the nutrient
availability throughout the plant growth by retaining nutri-
ents into soil media that can improve the plant photosynthe-
sis and plant growth (Alori et al. 2017).

AMF (Glomus mosseae) can help in ameliorating the
P stress in maize under suboptimal nutrient conditions in
early and late plant growth stages as compared to control
(Tian et al. 2013; Gerlach et al. 2015). Additionally, AMF
(Glomus mosseae) alone or in combination is considered as
P-solubilize (Chen et al. 2017a). Moreover, AMF can help
in pathway formation into the soil for P uptake through root
and thus, improve the P uptake in the no-P environment as
was seen in the case of our study (Table 2 and 3) (Tian
et al. 2013), but the availability of the nutrients is strongly
related to soil physicochemical properties and soil hydraulic
conductance (Hatamian et al. 2020, Shooshtari et al. 2020).
Hao et al. (2020) described the role of AMF toward its P
and water supply which is inconsistent in this study. How-
ever, biochar interaction with bacteria, such as Bacillus spe-
cies J 119, improved the P concentration than no microbial
inoculation or control treatments. In the current study, soil
inoculation with bacteria J 119 enhanced the plant biomass
and nutrient uptake because of its positive interaction with
the maize plant roots (Kaur and Reddy 2015). The future P
crises may be handled by microbial inoculation which could
ensure the availability of soil P and residual P to plant roots.

Conclusion

The results of the present study suggest that arbuscular
mycorrhizal fungi (Glomus mosseae) and bacteria (Bacil-
lus J 119) were applied as microbial inoculants into two
texturally different soils (soil A and soil B) amended with
two different biochar, i.e., RHBC and PWBC. The addition
of PWBC into soil significantly decreased root coloniza-
tion in limited-P pots. Moreover, the shoot and root fresh
and dry biomass were increased in RHBC amended soil.
Additionally, a higher concentration of nutrients was also
recorded in the roots and shoot portions. the It was worth

seen that the properties of both soils and biochar signifi-
cantly affected the mycorrhizal root colonization. Moreover,
the combined application of AMF+B along with the biochar
enhanced macronutrients (N, P, K and Ca) and micronutri-
ent concentration (Mg, Mn, Cu, and Zn) in shoot and root
of plant grown in limited-P soil. Furthermore, field studies
about the residual effect of biochar and microbial inocu-
lants in long-term experiments are wanted before its final
recommendation.
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