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Abstract

There is an increasing interest in using plant growth-promoting rhizobacteria as alternatives for fertilisers and pesti-
cides in sustainable agriculture. In this study, rhizosphere soil samples from 15 crop species in Sudan and Saudi Arabia
were extracted, and 113 rhizobacterial isolates were obtained. Out of eight Bacillus isolates, seven were identified as
members of the Bacillus cereus group, which is mainly differentiated by their plasmid-driven phenotypes. The eight
strains were tested for their plant growth stimulatory effects on maize (Zea mays L.) and wheat (Triticum aestivum L.)
using a model biotest under controlled environmental conditions in a growth chamber. Depending on application form,
i.e. viable cells or their culture supernatant, and applied concentrations, six isolates stimulated maize plant growth.
Similarly, six isolates enhanced wheat growth, but the influence of the single isolates differed between and within
plant species, indicating plant-specific responses. Furthermore, diversity of rhizospheric members of the B. cereus
group is highlighted, as all seven isolates differed in terms of colony traits, capacity to produce indole-3-acetic acid,
and response by the maize and wheat plants. Overall, this study indicates the potential of plant growth-promoting

Bacillus strains for commercial application promoting further investigation in soil and under field applications.

Keywords: Bacillus cereus group, indole-3-acetic acid, maize and wheat crops, plant growth-promoting
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1 Introduction

The rising global human population, coupled with the
continuous degradation of land and soil resources, place a
great threat to food production. Resource poor farmers, es-
pecially those affected by the effects of climate change such
as droughts, heatwaves and flooding, cannot afford most of
the means of modern agriculture, such as synthetic fertiliser,
pesticides and modern mechanisation. Hence, there is a need
to seek alternative means to improve agricultural production
systems. Synthetic fertilisers are employed as inputs to boost
productivity, however their use is undermined due to their
negative impacts on the soil such as increasing soil acidity
(Turan et al., 2007), reduction of beneficial soil microbial
populations, and interference with plant growth (Asuming-
Brempong & Aferi, 2014). Additionally, the growing costs
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of synthetic fertilisers and increasing demand for chemical-
free foods necessitate the search for effective alternatives to
boost food production.

Bio-fertilisers are currently being considered as effec-
tive and environmentally safe alternatives to synthetic
fertilisers (Emmert & Handelsman, 1999; Gerhardson,
2002). These include plant growth-promoting rhizobacteria
(PGPR), which in recent times have found commercial util-
isation in developing countries (Khan et al., 2018). These
bacteria increase plant growth (Illmer & Schinner, 1992;
Glick et al., 1999; Liu et al., 2007; Tripura et al., 2007; El-
Sayed et al., 2014) and also protect the plant from soil-borne
diseases and suppress disease incidence in plants (Kloepper
et al., 1980). PGPR exert their influence on plants directly or
indirectly through other rhizospheric species via the produc-
tion of diverse extracellular molecules for communication
and defence (Rosier et al., 2018). These extracellular mo-
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lecules can directly affect plant genetic and metabolic path-
ways and, thus, leading to enhanced growth, increased res-
istance to pathogens, and tolerance in plants (Rosier et al.,
2018).

Plants may contribute to shape their microbiome, while
bacteria in the rhizosphere receive metabolites secreted from
the plant roots that are used as nutrients (Lugtenberg &
Kamilova, 2009). Thereby, these root exudates lead to an
increase in microbial abundances and activities in the rhizo-
sphere compared to bulk soil (Kuzyakov & Blagodatskaya,
2015). The selection of rhizospheric bacteria depends on
their ecological niche and the rhizospheric processes derived
from the interplay with plants leading to specific quantities
and qualities of ions, primary and secondary metabolites in-
cluding mucilage and exoenzymes along with altered redox
conditions (Dutta et al., 2013).

Previous research indicated a natural formulation advant-
age of Gram-positive PGPR of the genus Bacillus over their
Gram-negative counterparts. The endospores formation of-
fers a biological solution to the formulation problem due to
their heat and desiccation resistance, which enhances their
ability to survive hard conditions (Emmert & Handelsman,
1999; Logan & De Vos, 2009). Insufficient insight in the
basic molecular principles of PGPR’s actions, besides farm-
ers’ lack of knowledge on how to obtain successful for-
mulations, have hindered commercial use. In recent years
“omic”-approaches have revealed specific microbial meta-
bolites, genes, and taxa down to species and even strain-
level which benefit plant hosts and even influence their traits
(Gutiérrez-Maiiero et al., 2001; Idris et al., 2002; Idris et al.,
2004; Friesen et al., 2011, Paterson et al., 2017). In this con-
text, Bacillus amyloliquefaciens subsp. plantarum FZB42
has become a Gram-positive model organism for investigat-
ing plant-PGPR interactions (Chowdhury et al., 2015). Ag-
ribusiness companies are showing increasing interest in de-
veloping applications of PGPR and developing combinations
of different species that best fit specific crop species and their
habitat conditions (Dessaux et al., 2016).

Based on these observations, the objective of the present
study is to identify Bacillus isolates from the rhizosphere of
various plants from Sudan and Saudi Arabian farms, aiming
to assess plant-growth-promotion contributing potential.

2 Materials and methods

2.1 Rhizosphere soil sampling and study sites

Fifteen crops relevant to Sudan and Saudi Arabia were
sampled in their vegetative growth stage in May 2019
(Table 1). Soil adhering to and between roots, i.e. the

rhizosphere, was collected aseptically within 0.5-1.0 cm
depth and stored in plastic bags at 4 °C until further pro-
cessing. The Sudanese samples were collected from the
University of Khartoum top farm (Shambat area), Khartoum
State. The soils are clay-textured with 58.3 % clay, 22.6 %
silt and 19.1 % sand), non-saline (electrical conductivity EC
<4 dSm™"), non-sodic (sodium adsorption ratio (SAR) <8
meq L"), and calcareous (CaCO3 >5 %). Soil pH and bulk
density ranged between 7.4-8.0 and 1.5-1.9 gcm™, re-
spectively. The location has a mean annual temperature of
29.9°C, and 121 mm precipitation (Ibrahim et al., 2013). In
Saudi Arabia the soils were collected from Al-Ula, Medina
Province. The soil in Al-Ula is sandy-textured with 5.0 % silt
and 6.1 % clay, with 3.8 % CaCOs; and 0.1 % organic matter.
This location has a mean annual temperature of 24.3 °C and a
mean annual precipitation of 0.00 mm (maximum 0.60 mm)
(Al-Omran et al., 2019). Therefore, Al-Ula soil strongly de-
pends on irrigation and shows pH 7.6, EC=0.85 dS m~!, and
SAR=3.4 meqL"! (Al-Omran et al., 2019).

2.2 Isolation of Gram-positive non-phosphate solubilising
bacteria

Spreading and pour plate viable count methods were used
for bacterial isolation and culture. 0.1 g of rhizosphere soil
sample was suspended in 1 mL sterile distilled water under
aseptic conditions. Serial dilutions (1072-107°) were spread
on Lytic Broth agar (10.0 gL' peptone, 5.0 gL.™! yeast ex-
tract, 10.0 gL=! NaCl, 15.0 gL~! agar, pH 6.8-7.0) and nu-
trient agar (5.0 gL ™! tryptic peptone, 3.0 gL ™! yeast extract,
10.0 mgL~! MnSO, - H,0, 15.0 gL~! agar, pH 6.8-7.0). In
addition, 0.1 mL of serial dilutions (1072=10"%) were used
in the pour plate method (Mudili, 2007) with 18 mL agar.
Plates were incubated at 37 °C overnight. The number of
colony forming units (CFU) were counted using a simple
colony counter (Table 1). From each plate, one of the colon-
ies, was selected and streaked on nutrient agar plates for
purification. Isolates were screened visually (colony traits),
microscopically (cell shape), and for Gram staining using the
Gram staining kit (Carl Roth, Karlsruhe, Germany) accord-
ing to the manufacturer’s instructions. Gram-positive bac-
teria were further selected for the ability to solubilise phos-
phate using National Botanical Research Institute Phosphate
(NBRIP) growth medium, which is an optimisation of the
Pikovskaya medium (Pikovskaya, 1948), consisting of 10.0
gL~! D-glucose, 5.0 gL' Ca3(POy),, 0.1 gL~ (NH4),S04,
0.25 gL~ MgS0, - 7H,0, 0.2 g L~! KC1,2.0 gL~ agar, and
pH 7 (Nautiyal, 1999). Ca3(POy), was autoclaved separately
and added to the NBRIP medium at a ratio of 1:4 imme-
diately before pouring the plates. Isolates were incubated
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Table 1: Collected samples from various Sudanese and Saudi plants and crops’ rhizosphere.

CFU* Isolates  Isolates

Plant species Origin g7 ' soil  number  selected
Allium cepa L. Sudan 1.4x10* 2

Capsicum annuum L. Saudi Arabia  1.0x10° 13 E3-rp10, E4-rp2
Citrus x sinensis (L.) Osbeck Saudi Arabia  1.3x103 6 E8-or3
Cyamopsis tetragonoloba (L.) Taub.  Sudan 5.2x10* 5

Eruca vesicaria (L.) Cav. Saudi Arabia  5.3x10* 6 E7-e3
Helianthus annuus L. Sudan 3.3x10* 7

Mangifera indica L. Saudi Arabia  5.0x10? 4 El-ml, E2-m2
Portulaca oleracea L. Sudan 7.7x10* 4

Punica granatum L. Saudi Arabia  1.2x10° 6 ES5-pu2
Raphanus raphanistrum L. Sudan 7.2x10* 6

Solanum lycopersicum L. Sudan 1.9x10* 20

Sorghum bicolor (L.) Moench Sudan 6.7x10* 9 E6-s8

Vicia faba L. Sudan 1.2x10°

Vigna unguiculata (L.) Walp. Sudan L.1x10° 3

Zea mays L. Sudan 5.4x10* 15

*Colony Forming Units.

at 30 °C for 10-12 days and examined for clear halo zones
around the colonies, indicating phosphate solubilisation.

2.3 Sequencing of selected isolates’ 16S rRNA genes

DNA of overnight cultures grown in lytic broth me-
dium was extracted with the FastDNA® Spin Kit using the
FastPrep®—24 Instrument (both MP Biomedicals, Santa Ana,
CA) according to the manufacturer’s instructions. Partial
16S rRNA genes were amplified using the primers S-D-Bact-
0008-a-S-16 and S-D-Bact-1492-a-A-16 (i.e. GM3F and
GM4R; Muyzer et al., 1995). The 50 uL reaction mixture
contained 0.5 uM of each primer, 0.2 uM of each dNTP (Carl
Roth, Karlsruhe, Germany), 1x buffer, 0.025 UpL~' Hot-
StarTaqg DNA polymerase (both Qiagen, Hilden, Germany),
and 2.0puL 100-fold diluted template. Amplification star-
ted with initial denaturation at 95 °C for 1.5 min, followed
by 12 cycles of denaturation at 95 °C for 60, annealing at
49 °C for 60 s, and elongation at 72 °C for 1.5 min. This was
followed by 23 cycles maintaining the same conditions ex-
cept for a lower annealing temperature of 44 °C, and ended
with a final elongation at 72 °C for 10 min. All amplifica-
tions were conducted in duplicates, which were subsequently
pooled and analysed on 1.5 % agarose gel. The pooled amp-
lificants were purified using the Hi Yield® Gel/PCR DNA
Fragments Extraction Kit (Siid-Laborbedarf GmbH, Gaut-
ing, Germany) according to the manufacturer’s instructions
and eluted in 50 pL elution buffer. DNA concentrations were
determined in a BioSpectrometer® basic (Eppendorf, Ham-
burg, Germany) and diluted to 25 ng uL.~! in PCR-grade wa-
ter. Each sample was mixed with either S-D-Bact-0008-a-S-

16 or S-D-Bact-1492-a-A-16 and sent to Eurofins Genom-
ics Sequencing GmbH (Koln, Germany) for LightRun se-
quencing. Sequences obtained with the reverse primer were
converted into the reverse complement and merged with the
according sequence obtained by the forward primer using
MEGA7 (Kumar et al., 2016). The same software was also
used for alignment using the ClustalW approach (Larkin et
al., 2007). Finally, the construction of a Maximum Likeli-
hood tree was based on the Kimura 2-parameter (Kimura,
1980) and 500-fold bootstrapping (Felsenstein, 1985). Se-
lection of reference sequences of type strains was based on
results obtained from the “Sequence Match” tool of the Ri-
bosomal Database Project (Cole et al., 2014). A sequence of
Clostridium tetani was chosen as root.

2.4 Preparation of culture supernatants and determination
of indole-3-acetic acid (IAA)

The ability to produce the plant growth-promoting sub-
stance IAA was determined using the method of Sarwar &
Kremer (1995) modified by Idris et al. (2004). Isolates were
pre-cultured in 10 mL glucose nutrient broth (GNB), con-
taining 22.5 gL ™! pancreatic peptone, 1.0 gL~! D-glucose,
2.0 gL 7! K,HPOy,, and 3.0 gL' NaCl with an overall me-
dium pH of 6.0, and incubated at 30 °C / 200 rpm overnight.
The pre-culture was diluted 10-fold in 20 mL phosphate
buffer saline and was incubated at 30°C / 200 rpm until
the optical density (ODggg) reached 1.0. Landy medium
(Landy et al., 1948) containing 5.0 gL~! L-glutamic acid,
0.25 gL-' MgS04, 0.25 gL.=! KCI, 0.5 gL~! K,HPOy,, 0.15
gL™! Fey(SO4)3 -6H,0, 5.0 mgL~! MnSO, - H,0, 0.16
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Table 2: Hydroponic system biotests: Effect of selected Gram-positive isolates on stimulatory plant growth of maize and wheat through the

addition of culture supernatants (CF), and cells/spores.

Application of bacterial culture supernatant and fresh cells

Biotest Materials Isolate Supernatant/CF Cells/Spores

" Plant  Isolate/s % ) % ) (CFU' mL™)

I Maize EI-E7* 0.1 1:1000 (20.0 ul) 0.1  1:1000 (20.0 ul) 20x10°

11 Maize EI1-E8* 0.05  1:2000 (10.0 ul)  0.05  1:2000 (10.0 pul) 10x10°
El-m1, E4-rp2, E5-pu2  0.025  1:4000 (5.0 ul)

m Wheat EI1-E8* 0.025  1:4000 (5.0 ul)  0.01  1:10000 (2.0 ul) 2x10°

El-ml, E3-rp10, E4-rp2  0.013

1:10000 (2.5 ul)

* all selected isolates; T Colony Forming Units

gL~! CuSO4-5H,0, and 20.0 gL~' D-glucose was pre-
pared. Glutamic acid and glucose were filter sterilised and
added immediately before inoculation. Pre-cultured isolates
in the phosphate buffer saline and distilled H,O serving as
control, respectively, were mixed with Landy medium at a
ratio of 1:10 (v/v). These were incubated at 22 °C in the
dark (flasks covered with aluminium foils), and limited aera-
tion (75 rpm) for 72 hours. Cultures were then centrifuged at
14,000 x g and 4 °C for 30 min and supernatants were stored
at —20 °C until further processing. Salkowski reagent con-
taining 0.5 M FeCl;3 and 35 % HCIlOy at a ratio of 1:50 (v/v)
(Gordon & Weber, 1951) was added to the supernatant at a
ratio of 1:3 (v/v). The mixture was gently vortexed, incub-
ated at 23 °C in the dark (covered with aluminium foil) for
25-30 minutes, and its absorbance was measured at 530 nm
wavelength using a spectrophotometer.

2.5 Biotests on plant growth promotion of isolates and cul-
ture supernatant

Biotests were conducted using maize (Zea mays L. var-
iety Ricardinio) and wheat (Triticum aestivum L. variety
Maddox-2). Seeds kindly provided by KWS SAAT SE (Ein-
beck, Germany) were surface-sterilised in 3 % NaClO for 30
min and subsequently rinsed three times with sterile H,O
for 7 min. The seeds germinated under sterile conditions
on moistened filter papers at 30 °C. Four-day-old seedlings
were transferred to sterile test tubes (one seedling per tube,
16 cm X 1.5 cm) containing 20 mL of plant nutrient solu-
tion according to Gohler & Drews (1986) (Supplementary
Table S1). Seedlings were held in the centre of the tube
just above the solution with Niscofilm having a hole of 2.0
mm in diameter. The nutrient solution was either used as
an untreated control or added with culture supernatants or
fresh living cells from the selected isolates. Supernatants or
cells were added two days after transfer of the seedlings, i.e.
the seedlings were then six days old. Fresh growing cells
were produced in nutrient broth at 37 °C at 200 rpm on the

day of application by addition of 20 puL of a cell density of
10° CFU mL™!, i.e. 0.1% (v/v). Each treatment was rep-
licated six times. Plants were kept in a growth chamber at
28 °C and 26 °C for maize and wheat, respectively, under
16 light hours, and 60 % relative humidity for two weeks.
Plants were irrigated with sterilised tap water to compensate
for loss of the nutrient solution by plant consumption. After
two weeks plants were harvested, root length was measured,
and shoots and roots were separated and dried at 60 °C for
72 hours.

2.6 Statistical analyses

For statistical analysis, a two-way analysis of variance
based on Type II sums of squares (Langsrud, 2003) was
performed in R (R Core Team, 2023) using the car pack-
age (Fox & Weisberg, 2019), followed by model simplific-
ation. A Box-Cox transformation was applied to the data
using MASS (Venables & Ripley, 2002). If residuals were
still non-parametric or heteroscedastic, the Scheirer-Ray-
Hare test from the package rcompanion (Mangiafico, 2023)
was used. Post hoc comparisons were conducted, using esti-
mated marginal means (emmeans; Lenth, 2023) and Dunn’s
test using FSA (Ogle et al., 2023), and they were supported
by the cld- (multcomp; Hothorn et al., 2008) and cldList-
command (rcompanion), respectively. Figures were pre-
pared with ggplot2 (Wickham, 2016) in combination with
scales (Wickham et al., 2023) and patchwork (Pedersen,
2023).

3 Results

3.1 Characterisation of isolated Gram-positive rhizo-
bacteria

Fifteen crop species from the Sudan and Saudi Arabia
were screened for Gram-positive plant growth-promoting
rhizobacteria. In total, 113 isolates were obtained, of which
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Fig. 1: Maximum likelihood tree of selected isolates. Closest type strains are highlighted in blue and red, respectively.

nine stained Gram-positive. One isolate derived from So-
lanum lycopersicum-rhizosphere had coccus-shaped cells
and was able to solubilise phosphate, but was excluded from
further plant biotests due to the focus on Bacilli. The re-
maining eight isolates were rod-shaped and tested negative
for the phosphate solubilisation. These isolates were derived
from six crop species, and, with the exception of isolates
E6-s8 and E7-e3, were mostly found in Saudi Arabian soils
containing low CFU counts (10* g~!) (Table 1). Sequen-
cing of 16S rRNA genes identified seven isolates as mem-
bers of the Bacillus cereus group with E7-e3, which was
obtained from the rhizosphere of Eruca vesicaria, cluster-
ing differently from the other six isolates (Fig.1). Isolate
E6-s8 obtained from Sudanese Sorghum bicolor-rhizosphere
clustered together with B.aryabhattai and B. gingshengii

close to B. megaterium. However, all eight isolates differed
in colony characteristics and in their cell shape, with some
forming single rods while others formed chains (Table 3).
Furthermore, the isolates showed a significant variation in
the TAA production, ranging from undetectable level of
E2-m2 and E7-e3 to 18 ug mL~! in E1-ml and E3-rp10
(Table 3).

3.2 Effect of Bacillus isolates on maize growth in a hydro-
ponic system

To analyse the growth-promoting potential of Gram-
positive rhizobacteria, the growing solution of maize plants
was supplemented with 0.1 % separated culture super-
natants, including indole-3-acetic acid (IAA), or 0.1 % cells,
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Table 3: Traits of Gram-positive rhizosphere isolates grown on nutrient agar.

Colony

1AA*

Isolate form elevation  surface colour Cell shape (ug mL™")
El-ml irregular  raised tough creamy rod 18.39
E2-m2 irregular  raised tough whitish-creamy  rod in chain 0.00
E3-rpl0  irregular  raised slimy whitish rod in chain 17.87
E4-rp2 irregular  flat slimy brownish rod 1.75
ES5-pu2 irregular  flat slimy whitish-creamy  rod 1.16
E6-s8 regular flat slimy/shine ~ whitish rod 0.52
E7-e3 circular raised slime/shine ~ whitish-creamy  rod in chain 0.00
E8-or3 irregular  raised slimy/shine ~ whitish rod in chain 1.75

*Indole-3-acetic acid.

equivalent to 20 x 10° CFU, of seven selected isolates (Bi-
otest I, Table 2; E8-or3 was not included). Due to negative
effects of E1-m1 culture supernatant (i.e. the isolate pro-
ducing highest TAA concentration) and other isolates that
showed no effect on plant growth, a second test was per-
formed with halved concentration for all eight isolates (i.e.
0.05 % supernatant and 10 x 10° CFU, respectively), while,
in addition, supernatants of isolates E1-m1, E4-rp2, and ES5-
pu2 were included at 0.025 % (Biotest II, Table 2).

At low concentrations of culture supernatants and cells
root length was significantly increased by 10-19 % by five
(E1-m1, E2-m2, E3-rpl0, E5-pu2, E7-e3) of the eight
isolates (F=9.74, p<0.001; Fig.2.A.) without differences
between the form of application (F=2.29, p=0.107). The
other three isolates had no effect compared to the control. In
the case of higher concentrations, the low power of the Dunn
test was hardly able to discern the obvious increase by ~40 %
by five isolates (H=35.08, p <0.001), which were not con-
gruent to the case of low concentrations (Fig.2.B.). While
both application forms of E2-m2 and E3-rp10 increased root
length, cells of E1-m1 and E5-pu2 and supernatants of E4-
rp2 increased root length, in contrast to supernatants and
cells, respectively. Especially, supernatants of EI-m1 and
E5-pu2 and cells of E6-s8 even decreased root lengths at
high concentrations by up to 44 %. Even stronger effects
were found for root dry mass. Except for cells of E4-rp2 and
supernatants of E6-s8, dry mass increased by 22-56 % at low
concentrations (F=6.88, p <0.001; Fig.2.C.). At high con-
centrations increases by five isolates including cells of E5-
p2 ranged 20-43 % and again supernatants of ES-pu2 and
cells of E6-s8, but also cells of E7-e3 reduced dry mass by
20-30 % (F=32.11, p <0.001; Fig.2.D.). These stronger ef-
fects were also reflected in the root length-to-dry mass ra-
tios, as except for cells of E4-rp2 and E5-pu2 and super-
natant of E6-s8, these ratios were 18-28 % lower than the
control at low concentrations (F=4.45, p <0.001; Supple-

mentary Fig. SI.A.) suggesting an impact on root diameter.
However, at high concentrations only products by E1-m1
and E5-pu?2 led to ~30 % significantly lower ratios (F=12.62,
p<0.001; Fig. S1.B.).

In general, the patterns of shoot and total dry mass were
similar to those of root dry mass (Supplementary Figs. S1.C.
and S1.F.). However, at low concentrations, the shoot-to-root
ratio decreased from 1.2 to ~1.0 for all application forms
(H=4.20, p=0.018; Fig.2.E.) independently of the isolate
(H=1.90, p=0.076). At high concentrations, a decrease
from 1.1 to 0.9 was only found for cells of E1-m1 (F=10.57,
p <0.001; Fig.2.F.), while the shoot-to-root ratio increased
to 1.4 for cells of E7-e3. However, this latter case was not
indicated as significant by the post hoc test.

3.3 Effect of Bacillus isolates on wheat growth in a hydro-
ponic system

To analyse the growth-promoting potential of eight Bacil-
lus isolates, the growing solution of wheat plants was supple-
mented with 0.025 % culture supernatant (from all selected
isolates) and 0.013 % (from isolates E1-m1, E3-rp10, and
E4-rp2), or 0.01 % fresh growing cells (equivalent to 2 x 10°
CFU) of each selected isolate (Table 2).

All eight isolates were able to increase root length
by 13-25% in at least one application form (F=11.38,
p<0.001; Fig. 3.A.). Exceptions were culture supernatants
of E2-m2 (0.025 %) and E4-rp2 (0.013 %) as well as cells
of E1-m1 and E4-rp2. Isolates E2-m?2 and E4-rp2 were also
the only ones which did not significantly increase root dry
mass by 44—62 % (H=56.47, p <0.001; Fig. 3.B.) independ-
ently of the application form (H=2.80, p = 0.247). This phe-
nomenon is probably mainly related to culture supernatant
of E2-m2 and cells of E4-rp2, which also showed no sig-
nificant differences for root length-to-dry weight ratios and
shoot or total dry mass, which in the other cases were de-
creased and increased, respectively (Supplementary Fig. S2).
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The decrease in root length-to-dry weight ratios indicated a
stronger effect of weight gain rather than length increase and,
thus, suggests an impact on root width. Shoot-to-root ra-
tios were decreased by six isolates in at least one application
form from 2.4 to 1.9-2.0 (F=6.89, p <0.001; Fig. 3.C.) with
E2-m2 and E3-rp10 being restricted to cells and 0.013 % su-
pernatant, respectively.

4 Discussion

This study aimed to isolate and identify plant growth-
promoting Bacilli showing potential to be applied as bio-

stimulants for crops. Out of 113 bacterial strains isolated
from crops relevant to Sudanese and Saudi agriculture, eight
strains shared the trait of being Gram-positive without solu-

bilising phosphorus.

Seven of the isolates were identified as members of the
Bacillus cereus group. This group includes several Bacillus
species with closely related phylogeny indiscernible by 16S
rRNA genes and is best known for its pathogenic strains like
B. anthracis, B. cereus, and B. thuringiensis (Ehling-Schulz
et al., 2019). However, some strains have also been repor-
ted to promote plant growth and to suppress plant diseases
(Halverson et al., 1993; Dutta et al., 2013; Hoornstra et al.,
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2013; Ehling-Schulz et al., 2015; ). The seven isolates were
derived from five of the sampled crops, i.e. Capsicum an-
nuum, Citrus x sinensis, Eruca vesicaria, Mangifera indica,
and Punica granatum. These crops grew in a sandy soil in
Saudi Arabia. As the numbers of colony forming units in
these rhizosphere samples were lower than in the other, the
seven isolates appear to belong to the most dominant cultiv-

able species in the respective crop rhizospheres. Their abil-
ity to form endospores (Logan & De Vos, 2009) enhances
their ability to survive in the arid conditions of the Med-
ina region of Saudi Arabia. Main differentiation between
B. cereus group members is the phenotype often related to
plasmid content (Ehling-Schulz ez al., 2019). All seven isol-
ates including those originating from the same plant spe-
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cies (E1-m1 and E2-m2 from M. indica; E3-rp10 and E4-
rp2 from C. annuum) differed from each other in terms of
colony traits, formation of cell chains, capacity to produce
IAA, and response by maize and wheat plants. IAA pro-
duction was observed in a B. cereus strain before (Wagi &
Ahmed, 2019). But as no further attempts were made char-
acterising the isolates, designation to species is not possible.
However, as no isolate showed rhizoid colonies, B. mycoides
and B. pseudomycoides can be precluded (Logan & De Vos,
2009).

The only other Gram-positive non-phosphorus solubil-
ising strain obtained, i.e. E6-s8, was also identified as Bacil-
lus species but due to the low bootstrapping values (<60)
more than one species appears as possible close relative.
This isolate was the only one which derived from the Su-
danese clay soil and originated from Sorghum bicolor rhizo-
sphere. Its traits determined, however, were mostly within
the range of those of the B. cereus group isolates.

In maize, compared to the control, the different isolates
showed various stimulatory effects in terms of plant root
length and dry weights. This could be due to different plant-
growth-promoting substances of different types and concen-
trations produced by the Bacillus isolates, as shown in the
TAA production by these isolates. Interestingly, at high con-
centrations, i.e. 0.1 % culture supernatant or 0.1 % cells
(20 x 10° CFU), some isolates showed either no positive ef-
fect (culture supernatants of E1-m1, E6-s8, E7-e3 and cells
of E4-rp2) or even negatively affected plant development
(culture supernatants of E5-pu2 and cells of E6-s8 and E7-
e3). At two-fold diluted concentrations the adverse effects
were not only reduced, but plants performed better in terms
of dry mass. In contrast, root length, in positive cases, was
two to four times higher at elevated concentrations than at
lower ones. Thus, application concentrations appear to play
an important role in the effects on plant development. How-
ever, further two-fold dilution, i.e. 0.025 vs. 0.05% (or
0.013 vs. 0.025 % in case of wheat), had no significant ef-
fect.

Furthermore, depending on the isolate the form of appli-
cation, i.e. culture supernatant vs. cells, especially at high
concentrations, could result in significant differences as
demonstrated for five and one isolates in case of maize and
wheat, respectively. While culture supernatants of E4-rp2,
E6-s8, and E7-e3 affected roots less positively or negatively,
for isolates E1-m1, E5-pu2, and, for wheat, E2-m2 this was
true for application as cells. It should be considered that cul-
ture supernatants affected growth immediately from the time
of addition, while cells added need time to establish a symbi-
otic relationship with plant roots and then could start affect-

ing or secreting plant growth-promoting (PGP)-substances
that promote the plant growth and development.

Overall, compared to the control the isolates showed posi-
tive effects on growth of maize plants at least at low con-
centrations, except for specific application forms of isolates
E1-m1 high concentration supernatant, E5-pu2, and cells of
E4-rp2 and E6-s8. Generally, this was also true for wheat,
but the exceptions were E2-m?2 and E4-rp2 and, considering
root length, the better suited application form of E1-m1 and
E3-rp10, was reversed. Accordingly, the response towards
the different isolates was plant species-specific. Though it
should be considered that wheat plants received four- to ten-
fold diluted concentrations compared to maize plants. The
isolates originated from rhizospheres of plant species other
than the tested ones. Nevertheless, except for M. indica-
derived E4-rp2, all isolates obtained from the subtropics
rhizosphere soils, though plant species-specific and to differ-
ent extents in terms of application form and concentration,
were able to enhance growth of maize and wheat varieties
common for Central Europe.

For PGPR species to be effective, they must successfully
colonise roots at sufficient population densities to produce
the beneficial effects. Plants and microorganisms can com-
municate with each other and plants respond to the presence
of an organism by changing the composition of their root ex-
udates. This initiates changes in the bacterial surface chem-
ical composition, which may contribute to successful col-
onisation, as has been demonstrated for a B. cereus strain
(Dutta et al., 2013). There are several hypothesised mechan-
isms by which PGPR subsequently stimulate plant growth,
including phosphate solubilisation, enhanced mineral nu-
trient uptake, suppression of phytopathogens, and produc-
tion of phytohormones ( Lalande er al., 1989; Glick, 1995;
Bowen & Rovira, 1999).

A direct effect of different IAA production capacities of
the isolates on plant growth performance did not become
clear, as, for instance, for maize isolates E1-m1 and E3-rp10,
which had highest production capacities, were not signifi-
cantly different from or even performed worse than E2-m2,
for which no TAA production was detected. The promotion
effect by E2-m2 can be explained by production of other un-
known plant-growth-promoting substances. The negative ef-
fect on plant roots length by supernatant from El1-m1, dis-
appeared in biotest II, by applying a lower concentration
(0.05 %, 0.025 %), that confirmed presence of high concen-
tration of IAA, or other PGP-substances, in the culture su-
pernatant.

In the case of wheat, the culture supernatant of E2-m2

did not increase growth, unlike most other isolates, includ-
ing E7-e3, which also did not produce detectable IAA. This
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can again be explained by the fact that PGP-substances dif-
fer in type and concentration affecting wheat and maize
plant growth differently. Furthermore, microbe-plant inter-
actions can be affected by the plant species, due to differ-
ences in plant anatomy, physiology, and types of roots exud-
ates (Lugtenberg & Kamilova, 2009). Thus, possible posi-
tive effects of E2-m2 PGP-substances occurred in the case
of maize, but not wheat plants growth, were either concealed
or even counteracted by other substances, e.g. toxic ones, or
cell behaviours. Nevertheless, this study demonstrated that
rhizosphere is a rich source of bacteria able to produce IAA
as also shown for other rhizobacteria of the genus Bacillus
(Idris et al., 2004; Idris et al., 2007). Furthermore, this study
confirms results of other research studies (Gutiérrez-Marfiero
et al., 2001; Idris et al., 2004; Idris et al., 2007) on PGPR,
showing that the effects of different crops’ rhizosphere isol-
ates depend on the plant species, as well as the application
forms and concentrations of the isolates producing different
PGP substances in various concentrations.

5 Conclusions

This study demonstrates that the B. cereus group together
with other Bacillus species isolated from different crops, har-
bours relevant PGPR capable of supporting members of the
Poaceae family. Plant responses, however, varied among
isolates, and growth promotion was influenced by the form
of application, i.e. living cells or culture supernatants. These
findings highlight both the specificity of plant-microbe in-
teractions and the diversity of Bacillus strains within rhizo-
spheres. As this study was based on hydroponic batch exper-
iments only, field performance cannot be extrapolated. How-
ever, this study indicates the potential application of Bacil-
lus species as IAA producers and PGPR, warranting further
investigation of their applicability in field conditions for sus-
tainable crop production.
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