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Abstract

Drought is a big threat to crop production these days, especially in arid and semi-arid regions. Availability and uptake of macro
and micronutrients at an adequate level and conservation of soil moisture are relevant strategies in this regard. Potassium (K)
plays a vital role to sustain crop growth under drought stress. The plant growth-promoting rhizobacteria with K solubilizing
activity have the potential to provide the plants with K in enough quantity to cope with the effects of drought. The role of
potassium solubilizing bacteria (KSB) have already been established. On the other hand, biochar is not only a good source of
nutrients but also improves porosity and water holding capacity of the soil into which it is added. So, a pot study was designed
to assess the combined role of KSB and biochar on growth indices and phosphorus, potassium and chlorophyll content in
sorghum crop under water deficit conditions. The data depicted that KSB + biochar improved plant height, root length, shoot
fresh biomass, root fresh biomass, potassium, and phosphorus content shoot of plants up to 30, 42, 49, 67, 36 and 44%,
respectively over control at 30% of field capacity moisture level. Similarly chlorophyll a and b contents were found to be
improved up to 60.8 and 43% over control at the moisture level of 30% of field capacity. It is concluded that the conjoint

application of KSB and biochar is quite effective in improving sorghum growth under drought.
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Introduction

World human population is increasing day by day and
according to an estimate, by 2050 will reach about 9.7
billion. To feed that huge population, the agriculture
sector should improve on a sustainable basis. As far
as crop production is concerned, sustainability can’t
be achieved without replenishing the nutrients
depleted from the soil or taken up by the cops. So, the
farmers have to use/depend on the chemical
fertilizers in a large quantity (Glick, 2012). Although,
chemical fertilizers add the essential nutrients to the
soil but at the same time pose threats to soil and
aquatic environments. Extensive and continuous use
of nitrogen, phosphorus and potassium fertilizers
deteriorate the soil environment (Adesemoye and
Kloepper, 2009). It is essential to adopt more efficient
and environmentally friendly techniques to boost up
crop yields to feed the ever-increasing population.
The focus must be shifted partially from chemical

fertilizers to bio-fertilizers.

Moreover, many environmental factors including

abiotic stresses like mineral nutrients, light,
temperature, relative humidity, salinity and most
importantly drought stress affect plant growth and
yield. Climate change and drought conditions are the
most important challenges for crop production in the
218t century especially in Europe, Central Asia and
Africa (Haub et al, 2012). Drought is the main
problem for agriculture production and an alarming
situation for the environment (Glick, 1998). It may
reduce crop yield by up to 50% (Wang et al., 2003). It
results in the production of reactive oxygen species in
plants that inhibit the production of nucleic acid,
proteins and lipids (Kant et al, 2006). Drought
contents in plants, rate of

affects moisture

transpiration, early germination stages, root
elongation leaf maintenance and the diffusion process

(Hu et al., 2007).

Potassium (K) is the 3 essential macronutrient
required for plant growth and development. It plays a
pivotal role in the defense system of plants against
diseases, pests and abiotic stresses. Potassium

activates 80 different types of enzymes that take part

2020

in  energy metabolism, nitrate  reduction,

photosynthesis, sugar degradation, and starch

synthesis etc. (Almeida et al., 2015).

Although, K is the seventh most abundant nutrient
present in the earth’s crust (Total K content in soils
ranges between 0.04 and 3%), yet its availability for
plant growth is very low. The rest of the K binds with
other elements present in the earth’s crust and
becomes unavailable to plants. About 90-98 % of K
present in the soil exists in mineral form and most of
that is unavailable for plant growth (Sparks and
Huang, 1985). Imbalanced fertilization renders a
major part of K applied unavailable to plants. Its
deficiency occurs too in certain crops due to depletion
from soil solution and system (Meena et al., 2014;
Xiao et al., 2017). Extensive use of the fertilizers put
dangerous effects on the soil environment, so it is
very necessary to find alternate technology to provide

the plants with K for sustainable crop production.

As far as, environmental friendly approaches are
concerned, using soil microbial community is one of
the effective tools to improve soil fertility and plant
growth through certain mechanisms (Parmar and
Sindhu, 2013: Danish et al., 2020). It is documented
that some soil microorganisms including bacteria,
actinomycetes and fungi have the ability to render K
available to the plants through different mechanisms
which may include the production of inorganic acids,
enhancing exchange reactions in soil, production of
polysaccharides and chelates or through acidolysis or
complexolysis reactions. Potassium solubilizing
bacteria (KSB) can help in K uptake by the plants and
promote the yield of crops. They solubilize organic
and inorganic reserves of K, present in the soil (Saha
et al., 2016). It is published that KSB has a very good
role in the enhancement of the growth of various

crops (Bakhshandeh et al., 2017).

On the other hand, biochar is an organic amendment
that is environment-friendly and a new unmatchable
soil enrichment material (Budai et al., 2016). Biochar
is synthesized through pyrolysis which is a carbon

sequestration method. Agricultural and industrial
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wastes are used to produce biochar (Chen et al,

2010). So, biochar not only enhances crop
productivity through the addition of organic matter
and nutrients to the soil but also cleans the
environment by using the wastes with minimum
greenhouse gas emissions (Park et al., 2011). Biochar
is an active organic material with a high soil pore
volume and cation exchange capacity and is being
reported to decrease drought effects on plants (Wacal

et al., 2019).

The combined use of rhizobacteria and biochar
provides a good interaction in the improvement of
soil health and a good source of micro and macro-
nutrient availability in the soil as well (Glick, 2012;
Tahir et al, 2013). Soil microbes and biochar
simultaneously take part in the improvement of soil
physical and chemical properties and increase the
amount of organic matter in soil and ultimately
promote the crop yield under drought conditions

(Ngo et al., 2014; Zafar-ul-Hye et al., 2019).

Sorghum is a very important crop and considered as
5t most important crop in the world, it is used as a
staple food in most parts of Asia and Africa and it is a
major fodder crop in certain regions of USA, South
Africa, Australia, and Mexico. Excellent drought-
resistant properties of sorghum include it in the most
important food and fodder crops in the whole world

(Mann et al., 1983).

A very little literature is available on the combined
role of KSB i.e., Bacillus sp. and biochar under
drought condition. So, the present trial was
conducted with the hypothesis that KSB like Bacillus
sp. in combination with biochar would grant
resistance against drought to sorghum plants through

K availability and improve growth and yield.

Materials and methods

Potassium solubilizing bacteria

A pre-isolated potassium solubilizing bacterial strain
i.e. Bacillus sp. (ZM20) was collected from the Soil
Microbiology Laboratory of University College of

Agriculture and Environmental Sciences, The Islamia
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University of Bahawalpur, Pakistan.

Experimental conditions

A pot experiment was designed to evaluate the role of
KSB strain in combination with biochar on growth
attributes and nutrients uptake by the sorghum in
normal and drought conditions. The experiment was
conducted in the experimental area of the
Department of Soil Science, Faculty of Agricultural
Sciences and Technology, Bahauddin Zakariya
University Multan, Pakistan. An 8 kg soil was taken in
each pot. The soil was analyzed before the sowing of

the crop for the physicochemical properties.

The properties of soil are given as follows: Textural
class was clay loam with sand 30%, silt 38.6% and
clay 34.3%. The pH was 8.23, EC was 0.45 dSm™ and
the saturation percentage was 33%. Total N, P and
extractable K were 0.06%, 5.66% and 580 mgkg?,

respectively.

Rhizobacteria inoculation

The selected seeds were inoculated using peat, clay
and sugar solution (10%) as a carrier material. The
control
(uninoculated), Bacillus sp. KSB, biochar 0.1%,
biochar 0.3%, KSB + biochar 0.1% and KSB+ biochar
0.3% along with two moisture levels i.e., 70 and 30 %
of field capacity (FC).

treatments  applied  consisted  of

Sowing of seeds
Four seeds of sorghum variety JOHAR were sown in
each pot in the September 2018 and pots were

arranged in CRD design with three replications.

Fertilizer application

Fertilizers were applied uniformly rate according to
the production technology of sorghum at a rate of 50
mg N, 50 mg of P and 40 mg of K per kg of soil in
each pot. The sources of fertilizers were urea for
nitrogen (N), murat of potash (MOP) for potassium
(K) and single superphosphate (SSP) as phosphorus
(P). The fertilizers were applied at the time of sowing.
After 20 days of seed emergence, urea was applied

again as 20mg per kg of soil.
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Biochar

Two levels of biochar were used i.e., 0.1 and 0.3% in 8
kg soil. The soil was mixed well to make it
homogeneous with respect to NPK and biochar

application.

Drought stress

Drought stress was given to the selected treatments
by calculating the saturation percentage of soil and
amount of water for 30% and 70% moisture level of
FC as per treatment plan. After 9o days of sowing,

plant samples were taken for analyses.

Plant growth attributes
The plant physical parameters i.e. plant height, root
length, shoot fresh biomass and root fresh biomass

were recorded at the time of harvesting.

Phosphorus (P) and potassium (K) content

Shoot and root samples of sorghum were cleaned and
oven-dried. After grinding the samples digestion was
done according to the procedure as described by the
Wolf (1982) for the full recovery of P and K contents.
A o.1gram of completely ground plant sample was
taken in a digestion flask, 2ml of H2SO4 were added
into it and left for overnight. These incubated plant
samples were heated on the digestion block until
fumes appeared from it. Then 1ml of H.O- was added
after every 20min interval until the plant material
became a colorless solution. The volume of the extract
was made to 1oml using distilled water. The
phosphorus concentration was recorded in plant and
soil samples by following the procedure, malachite
green method (Ohno and Zibilske, 1991) at the
spectrophotometer. The potassium contents in soil
and plant samples were found out using a flame
photometer (Jenway PFP-7) for comparison of the
readings of samples with standard solutions of KCl. A
curve was drawn and sample readings were compared

with.

Chlorophyll content
For the determination of chlorophyll contents two
mature green leaves were collected from each

plant and chlorophyll contents were measured
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(Arnon, 1949; Ravelo-perez et al., 2008). A 0.1g plant
fresh leaf sample was weighed and dipped into 10ml
of 80% acetone solution and left overnight after
covering the tubes. Readings were noted down at 645
and 663nm wavelengths using a spectrophotometer.
Actual chlorophyll contents were recorded using the

formula.

Statistical analysis

The data were statistically analyzed. Least significant
difference (LSD) test was applied at 5% probability to
compare the means (Steel et al.,, 1997). Computer-

based software “Statistix 8.1” was used.

Results

Growth parameters

Plant growth parameters recorded (Table 1) included
plant height, root length, shoot dry biomass, root dry
biomass. All these growth parameters were noted to
be significantly higher with the combination of 0.3%
biochar and KSB as compared to other treatments at
both moisture levels i.e. 70% and 30% FC. Plant
height increased up to 29% due to the application of
0.3% biochar + KSB at 70% FC moisture level and up
to 30% increase was recorded with the same
treatment at 30% FC moisture. Root length was
increased up to 42% with the 0.3% biochar + KSB at
70% FC and up to 49% at 30% FC. Shoot dry biomass
was also increased to 66 % due to the same
combination at 70% FC and to 67% at 30% FC. Root
dry biomass was increased up to 54% at 70% FC and
up to 61% at 30% FC, when 0.3% biochar was applied

in combination with KSB as compared to the control.

Potassium concentration in root and shoot

Maximum K concentration i.e., 30% and 46% in root
was also observed with the combination of 0.3%
biochar and KSB at 70% and 30% FC, respectively as
compared to the control. Similarly, maximum and
significantly improved K content were noted in a
shoot with the application of 0.3% biochar in
combination with KSB at both the moisture levels. It
was observed that at 70% FC there was 35.1% increase
and at 30% FC there was 36% increase in shoot K,

over the control (Table 2).
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Table 1. Effect of KSB solubilizing Bacillus strain inoculation and biochar on growth attributes of sorghum.

Treatments Plant Height (inch) Root Length (inch) Shoot Dry Biomass (g) Root Dry Biomass (g)
Moisture (%)
70 30 70 30 70 30 70 30
Control 54.3a 49.6 a 11.6 f 14.0 ef 6.5f 6.0f 3.8gh 2.9h
KSB 68.0 a 63.6 a 15.0e 14.3 € 10.1de 8.4 ef 5.1de 4.6 d-g
0.1% Biochar 57.7a 54.6 a 18.8 cd 13.0 ef 12.1cd 10.1de 4.8d-g 4.0 fg
0.3% Biochar 58.6 a 56.0 a 20.2 b-d 18.2d 13.8 be 11.3 c-e 4.8 d-f 4.18 e-g
0.1% Biochar + KSB 66.3 a 64.0 a 21.3 ab 19.8 b-d 14.5 be 12.0 cd 5.5 cd 6.0c
0.3% Biochar + KSB 77.0 a 71.3 a 23.0 a-c 20.8 19.4 a 18.5ab 8.4a 7.4b

Different letters showed statistical difference at p < 0.05.

Phosphorus content in root and shoot

Combined use of 0.3% biochar and KSB increased P
content up to 75% in roots at 70% FC and up to 75.5%
at 30% FC. Similarly in the shoot, 45% increase in P
content at 70% FC and 44% increase at 30% FC as

compared to the control were noted (Table 2).

Chlorophyll a content

Results showed that KSB significantly affected the
chlorophyll a content of plants. The 0.3% Biochar +
KSB gave chlorophyll a content in both moisture
levels i.e. 70% and 30% of FC. There was an
increase of 54.8% in chlorophyll a content with a
and KSB as
compared to the control. At 30% FC. 60.8%

combination of 0.3% biochar
increase in chlorophyll a content was noted through
a combination of 0.3% biochar and KSB as

compared to the control (Table 3).

Chlorophyll b content
The results showed that the KSB significantly also
affected the chlorophyll b content of plants. The

0.3% Biochar + KSB bacteria produced maximum
chlorophyll b content at 70% and 30% FC. There
was an increase of 30.6 percent in chlorophyll b
content at 70% FC through a combination of 0.3%
biochar and KSB as compared to the control. At
30% FC 43% increase in chlorophyll b content was
observed when 0.3% of biochar and KSB were

applied conjointly (Table 3).

Discussion

In the current study, the results revealed that the KSB
in combination with biochar along with
recommended fertilizers at two different moisture
levels (i.e., 70% and 30% FC) improved growth
indices and nutrients content of sorghum plants.
Biochar always proved to be very effective when
applied especially in combination with mineral
fertilizers (Lehmann et al., 2003). The combined use
of biochar and mineral fertilizers gave better results
as compared to the sole application of either of them

(Uzoma et al., 2011; Naeem et al., 2018).

Table 2. Effect of Potassium solubilizing Bacillus strain and biochar on potassium root and shoot of sorghum.

Treatments Potassium contents (ppm)
Shoot Root
Moisture (%)
70 30 70 30

Control 29.5 ef 27.7f 93.91 90.4 1
KSB 39.1bc 38.8 be 157.8 c¢d 153.7 de
0.1% Biochar 35.9 cd 33.5de 144.11g 132.2h

0.3% Biochar 37.6 cd 37.0cd 149.6 ef 140¢g
0.1% Biochar + KSB 40.3 bc 38.2cd 162.2 be 156.6 c-e
0.3% Biochar + KSB 45.5a 43.5 ab 173.9a 167.4 ab

Different letters showed statistical difference at p < 0.05.
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As compared to the other treatments 0.3 % biochar +
KSB showed a significant increase in the phosphorus
and potassium concentration in the shoot and roots of
sorghum as compared to other treatments. Bacterial
strains help in the conversion of nutrients from
organic to inorganic form; that might be one of the
reasons for the improvement of phosphorus and
potassium content in sorghum, especially potassium

content (Lehmann et al., 2003).

An increase in plant P content might be due to P
provision through biochar. The KSB might have the
potential too to decompose organic matter in soil and
make soil P available to the plants (Doan et al., 2015).
itself has

Biochar a considerable amount of

phosphorus which becomes available to the plants
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(Nigussie et al., 2012; Agegnehu et al., 2016).

The KSB were used in the current study to increase
the potassium availability and mitigate the drought
stress in the plant that were in stress condition due to
low moisture level. Potassium helps to minimize the
drought effects in plants. Drought stress decreased
the vegetative growth of plants, but K availability
controlled that stress and sustained the plant growth
(Gitelson, 2012).The treatment, 0.3% biochar + KSB

remained better regarding K content in plants.

Biochar may have plant nutrients in a good amount
(Yaun et al., 2011). That’s why potassium amount was
increased through biochar addition and became
available when added with KSB strain.

Table 3. Effect of Potassium solubilizing Bacillus strain and biochar on phosphorus root and shoot of sorghum.

Treatments Phosphorus in Root Phosphorus in Shoot Chlorophyll a Chlorophyll b
(%) (%) (mg g™) (mgg™)
Moisture (%)
70 30 70 30 70 30 70 30

Control 11.6 fg 104 g 14.7 ef 12.9f 0.028 d-f 0.024 g 0.052f 0.042h

KSB 12.4 e-g 13.2d-g 46.5a-c 42.9 a-d 0.031cd 0.030 c-e 0.066b  0.061d

0.1% Biochar 15.2 b-f 13.9c-g 34.8 cd 29.8 de 0.027f 0.026 ef 0.057 e 0.048 g

0.3% Biochar 17.1a-d 15.9 b-f 50.4 a-c 45.4 a-d 0.028 ef 0.026 f 0.066bc  0.072a
0.1% Biochar + KSB  17.9 a-c 16.7 a-d 42.9 a-d 39.3 b-d 0.039 a 0.033 ¢ 0.062cd 0.063 b-d

0.3% Biochar + KSB 20.9 a 18.7 ab 56.4a 52.7 ab 0.041a 0.037b 0.075a 0.073a

Different letters showed statistical difference at p < 0.05.

Photosynthetic pigment, chlorophyll is the main part
of plant food production. The combined use of
biochar and KSB increased the K solubility and
availability and showed a significant increase in
chlorophyll content. Plant height, root length,
number of leaves per plant and chlorophyll content
improvement may be due to increase in
photosynthesis rate of plants which is directly related
to the improvement in stomata conductivity and high
activity of Ribulose-1,5-bisphosphate carboxylase
which results in the increase rate of CO. fixation

(Cakmak and Engels, 1999).

Nutrients availability to the plant during growth
stages is the main point which has an impact on the

improvement of plant growth (Arif et al., 2013). Plant

dry matter content mainly depends on the nutrient
availability to the plants (Okon, 1985). Physical
parameters which include plant height, number of
leaves per plant, root length, shoot length, dry
biomass of plant remained relatively better in the
treatments having a combination of biochar (0.3%)
and KSB. Drought condition affected the root and
shoot growth but this effect was minimized by the
addition of KSB strain and KSB strain performance
was increased up to a great extent when added in a
combination of biochar (Schimidhalter et al., 1991).
Addition of organic matter into soil in the form of
biochar also played a positive role in the growth of
plants by providing nutrients as well as improved the
physical condition of soil which directly impacted on

the availability of nutrients to plants and improved
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growth of plants and in drought stress proved best by
increasing the water holding capacity of the soil (Liu

et al., 2005).

Conclusion

From the current experiment, it is well proved that
with the addition of biochar and KSB, significant
improvement all the growth indices of sorghum may

be obtained under water deficit condition.

References

Adesemoye AO, Kloepper JW. 2009. Plant—
microbes interactions in enhanced fertilizer-use
efficiency. Applied Microbiology and Biotechnology
85, 1-12.
https://doi.org/10.1007/s00253-009-2196-0

Agegnehu G, BassAM, Nelson PN, Bird MI.
2016. Benefits of biochar, compost and biochar—
compost for soil quality, maize yield and greenhouse
gas emissions in a tropical agricultural soil. Science of
the Total Environment 543, 295-306.
https://doi.org/10.1016/j.scitotenv.2015.11.054

Almeida HJ, Pancelli MA, Prado RM,
Cavalcante VS, Cruz FJR. 2015. Effect of
potassium on nutritional status and productivity of
peanuts in succession with sugar cane. Journal of Soil
Science and Plant Nutrition 15, 1-10.

http://dx.doi.org/10.4067/S07189516201500500000

1
Arif M, Kawsar A, SirajulHaq M, Khan Z. 2013.
Biochar, FYM and nitrogen increases weed infestation

in wheat. Pakistan Journal of Weed Science Research

19(4), 411-418.

Arnon DT. 1949. Copper enzyme in isolated
chloroplasts polyphenols oxidase in Beta vulgaris.
Plant Physiology 24, 1-15.
https://doi.org/10.1104/pp.24.1.1

Bakhshandeh E, Pirdashti H, Lendeh KS. 2017.
Phosphate and potassium-solubilizing bacteria effect

on the growth of rice. Ecological Engineering 103,

2020

164-169.
https://doi.org/10.1016/j.ecoleng.2017.03.008

Budai A, Rasse DP, Lagomarsino A, Lerch TZ,
Paruch L. 2016. Biochar persistence, priming and
microbial responses to pyrolysis temperature series.
Biology and Fertility of Soils 52, 749—761.
https://doi.org/10.1007/500374-016-1116-6

Cakmak I, Engels C.

nutrition in photosynthesis and yield formation.

1999. Role of mineral

Mineral nutrition of crops: mechanisms and
implications. The Haworth Ptress, New York, USA. p.

141-168.

Chen Y, Shinogi Y, Taira M. 2010. Influence of
biochar use on sugarcane growth, soil parameters,
and groundwater quality. Australian Journal of Soil

Research 48(6—7), 526—530.

Danish S, Zafar-ul-Hye M, Hussain S, Riaz M,
Qayyum MF. 2020. Mitigation of drought stress in
maize through inoculation with drought tolerant ACC
deaminase containing PGPR under axenic conditions.

Pakistan Journal of Botany 52(1), 49-60.

Doan TT, Henry-des-Tureaux T, Rumpel C,
Janeau JL, Jouquet P. 2015. Impact of compost,
vermicompost and biochar on soil fertility, maize
yield and soil erosion in Northern Vietnam: a three
year mesocosm experiment. Science of the Total
Environment 514, 147-154.

https://doi.org/10.1016/]j.scitotenv.2015.02.005

Gitelson AA, Pieng Y, Meak JG, Rundquist DC,
Verma S, Suyker A, Baker JM, Hatfield JL,
Meyers T. 2012. Remote estimation of crop grass
primary production with Landsat data. Remote

Sensing of Environment 121,404-414.

Glick BR, Penrose DM, Li J. 1998. A model for
the lowering of plant ethylene concentrations by plant
growth promoting bacteria. Journal of Theoretical
Biology 190, 63—68.
https://doi.org/10.1006/jthi.1997.0532

218 | Hye et al.


https://doi.org/10.1007/s00253-009-2196-0
https://doi.org/10.1016/j.scitotenv.2015.11.054
http://dx.doi.org/10.4067/S071895162015005000001
http://dx.doi.org/10.4067/S071895162015005000001
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1016/j.ecoleng.2017.03.008
https://doi.org/10.1007/s00374-016-1116-6
https://doi.org/10.1016/j.scitotenv.2015.02.005
https://doi.org/10.1006/jtbi.1997.0532

Glick BR. 2012. Plant Growth-Promoting Bacteria:
Mechanisms and Applications. Scientifica 2012,

963401.
https://doi.org/10.6064/2012/963401

Haub C, Gribble J, Jacobsen L. 2012. World
Population Data Sheet 2012. Population Reference

Bureau, Washington.

Hu Y, Burucs Z, Von Tucher S, Schmidhalter
U. 2007. Short-term effects of drought and salinity on
mineral nutrient distribution along growing leaves of
maize seedlings. Environmental and Experimental
Botany 60(2), 268-275.
https://doi.org/10.1016/j.envexpbot.2006.11.003

Jeffery S, Verheijen FGA, van der Veld M,
Bastos AC. 2011. A quantitative review of the effects
of biochar application to soils on crop productivity
using meta-analysis. Agriculture, Ecosystems &
Environment 144, 175-187.

https://doi.org/10.1016/j.agee.2011.08.015

Kant S, Kant P, Raveh E, Barak S. 2006.
Evidence that differential gene expression between
the halophyte, Thellungiella halophila, and
Arabidopsis thaliana is responsible for higher levels
of the compatible osmolyte proline and tight control
of Na+ uptake in T. halophila. Plant, Cell &
Environment 29, 1220-1234.

https://doi.org/10.1111/j.1365-3040.2006.01502.X

Neary DG, Ryan KC, DeBano LF. 2005. Wildland
fire in ecosystems: effects of fire on soils and water.
Gen. Tech. Rep. RMRS-GTR-42-vol. 4. Ogden, UT:
US Department of Agriculture, Forest Service, Rocky
Mountain Research Station 42, 53-71.
https://doi.org/10.2737/RMRS-GTR-42-V4

Lehmann J, da Silva JP, Steiner C, Nehls T,
Zech W, Glaser B. 2003. Nutrient availability and
leaching in an archaeological anthrosol and a ferralsol
of the central amazon basin: fertilizer, manure and
charcoal amendments. Plant soil 249(2), 343-357.
https://doi.org/10.1023/A:1022833116184

2020

Liu Y, Majetich SA, Tilton RD, Sholl DS, Lowry
GV. 2005. TCE dechlorination rates, pathways, and
efficiency of nanoscale iron particles with different
properties Environmental Science and
Technology 39 (2005), 1338-134.

https://doi.org/10.1021/e€s049195r

Mann JA, Kimber CT, Miller FR. 1983. The
origin and early cultivation of sorghums in Africa.
Bulletin - Texas Agricultural Experiment Station
1454, 21.

http://hdl.handle.net/1969.1/128074

Meena VS, Maurya BR, Verma JP. 2014. Does a
rhizospheric microorganism enhance K+ availability
in agricultural soils? Microbiological Research 169,

337-347.
https://doi.org/10.1016/j.micres.2013.09.003

Naeem MA, Khalid M, Aon M, Abbas G, Amjad
M, Murtaza B, Khan WU, Ahmad N.2018.
Combined application of biochar with compost and
fertilizer improves soil properties and grain yield of
maize. Journal of Plant Nutrition 41, 112-122.

https://doi.org/10.1080/01904167.2017.1381734

Ngo PT, Rumpel C, Doan Thu T, Henry-des-
Tureaux T, Dang DK, Jouquet P.2014. Use of
organic substrates for increasing soil organic matter
quality and carbon sequestration of tropical degraded
soil: A 3-year mesocosms experiment. Carbon
Management 5(2), 155-168.
https://doi.org/10.1080/17583004.2014.912868

Nigussie A, Kissi E, Misganaw M, Ambaw
G.2012. Effect of Biochar Application on soil
properties and nutrient uptake of lettuces (Lactuca
sativa) grown in chromium polluted Soils. American-
Eurasian Journal of Agricultural & Environmental

Sciences 12, 369-376.

Ohno T, Zibilske LM. 1991. Determination of low
concentrations of phosphorus in soil extracts using
malachite green. Soil Science Society of America

Journal 55(3), 892-895.

219 | Hye et al.


https://doi.org/10.6064/2012/963401
https://doi.org/10.1016/j.envexpbot.2006.11.003
https://doi.org/10.1016/j.agee.2011.08.015
https://doi.org/10.1111/j.1365-3040.2006.01502.x
https://doi.org/10.2737/RMRS-GTR-42-V4
https://doi.org/10.1023/A:1022833116184
https://doi.org/10.1021/es049195r
http://hdl.handle.net/1969.1/128074
https://doi.org/10.1016/j.micres.2013.09.003
https://doi.org/10.1080/01904167.2017.1381734
https://www.researchgate.net/journal/1758-3004_Carbon_Management
https://www.researchgate.net/journal/1758-3004_Carbon_Management
https://www.researchgate.net/journal/1758-3004_Carbon_Management
https://doi.org/10.1080/17583004.2014.912868

https://doi.org/10.2136/sssa2j1991.036159950055000
30046x

Okon Y. 1985. Azospirillum as a potential inoculant
for agriculture. Trends in Biotechnology 3, 223—228.

https://doi.org/10.1016/0167-7799(85)90012-5

Park JH, Choppala GK, Bolan NS, Chung JW,

Chuasavathi T. 2011. Biochar reduces the
bioavailability and phytotoxicity of heavy metals.
Plant Soil 348(1—2), 439—451.

https://doi.org/10.1007/s11104-011-0948-y

Sindhu SS.

solubilization by rhizosphere bacteria: influence of

Parmar P, 2013. Potassium
nutritional and environmental conditions. Journal of
Microbiology Research 3(1), 25-31.

https://doi.org/10.5923/j.microbiology.20130301.04

Ravelo-Perez LM, Hernandez-Borges J,
Rodriguez-Delgado MA. Multi-walled

carbon nanotubes as efficient solid phase extraction

2008.

materials of organo phosphorus pesticides from
apple, grape, orange and pineapple fruit juices.
Journal of Chromatography A 1211, 33—42.
https://doi.org/10.1016/j.chroma.2008.09.084

Ryan J, Estefan G, Rashid A. 2001. Soil and plant

analysis  laboratory = manual, 2nd edition,
International Center for Agriculture in Dry Areas

(ICARDA), Syria. p.172.

Saha M, Maurya BR, Meena VS, Bahadur I,
Kumar A. 2016. Identification and characterization
of potassium solubilizing bacteria (KSB) from Indo-
Gangetic Plains of India. Biocatal. Agri. Biotechnol. 7,
202-209.

https://doi.org/10.1016/j.bcab.2016.06.007

Schmidhalter U, Oertli JJ. 1991. Germination and
seedling growth of carrots under salinity and
moisture stress. Plant and Soil, 132(2), 243-250.
https://doi.org/10.1007/BF00010405

Sparks DL, Huang PM. 1985. Physical chemistry

2020

of soil potassium. Potassium in agriculture. 201- 276.

https://doi.org/10.2134/1985.potassium.c9

Steel RGD, Torrie JH, Dickey DA. 1997.
Principles and Procedures of Statistics: A Biometrical
Approach, 3rd edition. McGraw Hill Book Co, New
York.

Tahir M, Mirza MS, Zaheer A, Dimitrov MR,
Smidt H, Hameed S.
identification of phosphate solubilizer Azospirillum,

Bacillus and Enterobacter' strains by 16SrRNA

2013. Isolation and

sequence analysis and their effect on growth of wheat
(Triticum aestivum L.). Australian Journal of Crop

Science 7, 1284-1294.

Uzoma KC, Inoue M, Andry H, Zahoor A,
Nishihara E. 2011. Influence of biochar application
on sandy soil hydraulic properties and nutrient
of Food, Agriculture and

retention. Journal

Environment 9, 1137—43.

Wacal C, Ogata N, Basalirwa D, Handa T,
Sasagawa D, Acidri R, Ishigaki T, Kato M,
Masunaga T, Yamamoto S. 2019. Growth, seed
yield, mineral nutrients and soil properties of sesame
(Sesamum indicum L.) as influenced by biochar
addition on upland field converted from paddy.
Agronomy 9, 55.
https://doi.org/10.3390/agronomy9020055

Wang W, Vinocur B, Altman A. 2003. Plant

responses to drought, salinity and extreme
temperatures: towards genetic engineering for stress
tolerance. Planta 218(1), 1-14.

https://doi.org/10.1007/s00425-003-1105-5

Wolf B. 1982. The comprehensive system of leaf
analysis and its use for diagnosing crop nutrient
status. Communications in Soil Science and Plant
Analysis 13, 1035-1059.
https://doi.org/10.1080/00103628209367332

Xiao Y, Wang X, Chen W, Huang Q. 2017.

Isolation and identification of three potassium-

220 | Hye et al.


https://doi.org/10.2136/sssaj1991.03615995005500030046x
https://doi.org/10.2136/sssaj1991.03615995005500030046x
https://doi.org/10.1016/0167-7799(85)90012-5
https://doi.org/10.1007/s11104-011-0948-y
https://doi.org/10.5923/j.microbiology.20130301.04
https://doi.org/10.1016/j.chroma.2008.09.084
https://doi.org/10.1016/j.bcab.2016.06.007
https://doi.org/10.1007/BF00010405
https://doi.org/10.2134/1985.potassium.c9
https://doi.org/10.3390/agronomy9020055
https://doi.org/10.1007/s00425-003-1105-5
https://doi.org/10.1080/00103628209367332

solubilizing bacteria from rape rhizospheric soil and
their effects on ryegrass. Geomicrobiology Journal

34(10), 873-880.
https://doi.org/10.1080/01490451.2017.1286416

Yuan JH, Xu RK, Zhang H. 2011. The forms of
alkalis in the biochar produced from crop residues at
different temperatures. Bioresource Technology 102,

3488-3497.
https://doi.org/10.1016/j.biortech.2010.11.018

Zafar-ul-Hye M, Farooq HM, Zahir ZA,
Hussain M, Hussain A. 2014. Application of ACC

2020

deaminase containing rhizobacteria with fertilizer
improves maize production under drought and
salinity stress. International Journal of Agriculture

and Biology 16(3), 591—596.

Zafar-ul-Hye M, Danish S, Abbas M, Ahmad
M, Munir TM. 2019. ACC Deaminase Producing
PGPR Bacillus amyloliquefaciens and Agrobacterium
fabrum along with biochar improve wheat
productivity under drought stress. Agronomy. 9, 343.

https://doi.org/10.3390/agronomy9070343

221 | Hye et al.


https://doi.org/10.1080/01490451.2017.1286416
https://doi.org/10.1016/j.biortech.2010.11.018
https://doi.org/10.3390/agronomy9070343

