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ABSTRACT

Many endophytic bacteria have plant growth promoting attributes that could improve agricultural yield as
well as resistance to various types of stress and disease. Detection of such attributes usually involves in vitro
screening and the subsequent testing of the isolates on the plants for specific or combined effects on germi-
nation, seedling growth and yield. Despite many studies in this field, there is a knowledge gap on the influ-
ence of endophytes on early growth of certain economically important plants such as medicinal plants. In
the present study, we evaluated the in vitro capabilities of bacterial endophytes isolated from Lessertia frutes-
cens (L.) Goldblatt & J.C.Manning (syn. Sutherlandia frutescens (L.) W.T.Aiton) for plant growth promotion and
their effect on initial seedling growth. Using a culture-dependent approach, plant samples of Lessertia frutes
cens were screened for bacterial endophytes. The isolated bacterial endophytes were subsequently evaluated
for their plant growth-promoting attributes along with their ability to produce hydrolytic enzymes. Molecu-
lar identification of selected endophytic bacteria based on the 16S rRNA genes of strains that tested negative
in the hemolysis test was conducted. The two most promising isolates were evaluated for their ability to pro-
mote Lessertia frutescens seedling growth in a two-month pot trial study. The obtained results revealed that
many of the bacterial endophytes had potential to promote plant growth. Specifically, 86 % of the endophytes
possessed nitrogen-fixing, phosphate solubilizing, and IAA-producing abilities, while approximately 71 %
were able to exhibit siderophore-producing capabilities. The endophytes exhibited significant production of
essential hydrolytic enzymes, including amylase (86 %), gelatinase (86 %), protease (29 %), lipase (43 %), and
D-nase (57 %). The two best isolates were identified as relatives of Bacillus spp. (Bacillus licheniformis BaDB06
and Bacillus velezensis strain SM-95). Their plant growth-promoting properties such as their ability to
enhance plant height and their ability to be used as bio-agent were further confirmed in the pot trial study as
they enhanced the growth of Lessertia frutescens seedlings compared to the control. This study provides
insights into the functional roles of endophytic bacteria of Lessertia frutescens in seedling growth and their
potential plant growth enhancement, highlighting their potential for sustainable agriculture and ecosystem
management.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

development (Cardoso et al., 2019). Endophytes and their host plants
have no competition for space and essential substances such as

Exploring interactions between plants and microbes presents sig-
nificant potential for sustainable agriculture, providing innovative
approaches to enhance crop yield while minimizing dependence on
chemical interventions (Sudheer et al., 2020). Among these microor-
ganisms, endophytes inhabiting plant tissues have emerged as key
contributors to enhancing plant growth and bolstering resilience
against environmental pressures (Anukool Vaishnav et al., 2019).
Endophytes have gained a massive commercial and economic inter-
est due to their significant role in improving plant health and
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nutrients (Ghasemnezhad et al., 2021). Instead, endophytes play a
vital role in plant health through various processes, such as phyto-
stimulation, biological nitrogen fixation, phosphate solubilisation,
siderophores production as well as protection of host plants against
stress and diseases.

Endophytes from several crops, including maize, soybean, wheat,
and some vegetables, have been exploited for their potential to pro-
mote plant growth (Rana et al., 2020). However, research interests on
endophytes from medicinal plants as microbial bio-stimulants are
currently low. Endophytes from medicinal plants have been reported
to exhibit antifungal, antiviral and antibacterial and other biological
properties, similar to those of their host plants (Palanichamy et al.,
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2018). The use of endophytes from medicinal plants with antimicro-
bial traits could play a big role in protecting plants from biotic stress
while promoting plant growth.

Leguminous medicinal plants such as Lessertia frutescens L. R. Br.
(= Sutherlandia frutescens L.) is a shrub belonging to the Fabaceae
family and is native to the southern Africa: Namibia, Lesotho, Bot-
swana, Zimbabwe, and South Africa (Aboyade et al., 2014; Zonyane et
al., 2019). Even though it is available in the coastal and inland parts
of South Africa, Lessertia frutescens is highly distributed in the West-
ern Cape and Karoo regions of South Africa (Street and Prinsloo,
2013). Lessertia frutescens holds significant medicinal and ecological
importance. Identified bioactive compounds within the L. frutescens
exhibit pharmacological activities including anti-inflammatory, anti-
oxidant, immunomodulatory, and anticancer properties, among
others. Extracts and formulations from L. frutescens are currently
being investigated for their potential therapeutic benefits in condi-
tions such as diabetes, HIV/AIDS, cancer and immune —related disor-
ders (Mudau et al.,, 2022). The ability of L. frutescens to thrive in
different habitats including disturbed habitats helps to stabilize eco-
systems and aid in rehabilitation of degraded environments (Zonyane
et al., 2020). Understanding and harnessing the dual significance of L.
frutescens can pave the way for holistic approaches to health and
environmental sustainability.

Lessertia frutescens harbours a variety of endophytic microbes
with different essential functions. Endophytes associated with L. fru-
tescens have been implicated in various applications, including anti-
microbial abilities (Sishuba, 2022) and the production of bioactive
compounds (King, 2021), among others. However, the full extent and
significance of their contributions to plant growth and development
have largely remained unexplored. Exploring endophytes from L. fru-
tescens can be helpful in promoting the cultivation of this medicinal
plant, which is highly valued in the pharmaceutical industry.

Understanding the diversity and dynamics of the endophytic bac-
terial community within L. frutescens holds significant potential for
exploration and application in agriculture and medicine. It is critical
to ascertain the degree to which essential microbes can influence the
growth of their host plant and to track their impacts separately from
those of other endophytes. Thus, this study aims to evaluate the abil-
ity of plant-growth promoting endophytes isolated from Lessertia fru-
tescens medicinal plant as potential gateways to sustainable
agriculture by evaluating their plant growth-promoting attributes
along with their ability to produce hydrolytic enzymes and their abil-
ity to enhance Lessertia frutescens seedling growth.

2. Methods
2.1. Isolation of bacterial isolates from Lessertia frutescens

Lessertia frutescens medicinal plants (18 plants) were obtained
from Eden nursery in Klerksdorp, North-West Province of South
Africa in April 2021. Lessertia frutescens cultivation practices included
seed sowing and the use of chemical fertilizer (fertilizer 2:3:2 (N: P:
K)) as a source of nutrients. The plants were watered daily or as
needed during their growth period. The plant samples were collected
and transported on ice to the laboratory at North-West University
Potchefstroom campus, where they were surface sterilized. The
plants were immediately rinsed with tap water and separated into
segments for effective surface sterilization. Surface sterilization was
carried out as described by Palanichamy et al. (2018). Plant parts
were submerged in 95 % ethanol for 30 s, 2.5 % sodium hypochlorite
solution for 5 min, sodium hypochlorite was washed off by 70 % etha-
nol for 1 min, and finally washed three times with double distilled
water to wash the substances off. To test the efficiency of surface ster-
ilization, small portions of each plant part was plated on nutrient agar
and incubated at 37 °C for 24—-48 h. The absence of microbial growth
indicated the success of the sterilization process. The plant segments

769

South African Journal of Botany 174 (2024) 768778

(roots, stem and leaves) were air-dried in a sterile environment and
later crushed using a pestle and mortar. For each sample, 1 g of
crushed plant material was mixed with 9 ml of sterile distilled water
and shaken. The suspension was serially diluted (10°-10°) and 100
uL aliquots of 10~¢ dilution were plated in nutrient agar and incu-
bated at 37 °C for 24 h for bacterial endophytes isolation. The endo-
phytes were then sub-cultured until pure cultures were obtained.

2.2. Test for pathogenicity of endophytes: haemolytic test

All the pure culture isolates of the bacterial endophytes were sub-
jected to hemolysis test as described by (Amaria et al., 2023). Bacte-
rial endophytes were spot inoculated on sheep blood agar. The agar
plates were then incubated for 48 h at 30 °C. The change in colony
color and/or appearance of clear zone around the colony of the bacte-
rial endophytes on the blood agar indicated positive hemolytic reac-
tion of the strain. A change in the color of the strain to dark or
greenish grey indicated partial lysis of the blood cells, which is
known as alpha hemolysis, while the appearance of a clear zone
around the strain indicates a complete lysis of the blood cells and the
reaction is known as beta hemolysis. The absence of color change or a
clear zone around the colony indicates a negative hemolytic reaction
of blood cells to the bacterial endophytes and the reaction is known
as the gamma hemolysis. The endophytes that tested negative for
hemolysis were identified molecularly and then tested for their plant
growth promoting properties by testing their ability to fix biological
nitrogen, solubilize insoluble phosphate, and produce indole acetic
acid and siderophore as well as their ability to produce hydrolytic
enzymes.

2.3. Molecular identification of bacterial endophytes from Lessertia
frutescens plants

Endophytes that tested negative for haemolytic test were identi-
fied using SANGER sequencing as described by (Palanichamy et al.,
2018) with modifications. Bacterial genomic DNA from each pure
endophytic strain was extracted using Fungal/Bacterial DNA mini-
Prep™ kit (Zymo Research Corporation, USA) following manufac-
turer’s instructions. Polymerase chain reaction (PCR) was used to
amplify the V3-V4 region of bacteria’s 16S rRNA gene using universal
forward primer 27F (5-AGAGTTTGATCCTGGCTCAG-3’) and reverse
primer 1492R (5'-TACGGYTACCTTGTTACGACTT-3’). To achieve the
final volume of 25 wL, the PCR reaction included 12.5 uL of Taq 2x
Master Mix with Standard Buffer (New England, Biolabs Inc.), 1 uL of
each primer (10 uM), 5 L of bacterial DNA, and nuclease-free water
to bring to 25 uL. Following that, the mixture was amplified for 35
cycles at the following settings: 95 °C for 5 min for initial denatur-
ation, 95 °C for 30 s for denaturation, 52 °C for 30 s for annealing, 72 °
C for 1 min for extension, and 72 °C for 1 min for final extension in a
T100 (BioRad) thermal cycler. The size of the amplicons were con-
firmed by electrophoresis on a 1 % agarose gel in TBE buffer, and the
gel was visualized on a Gel DOC (BioRad Laboratories) after 45 min of
running at > 80 V. The amplicons were sequenced using SANGER
sequencing at Inqaba Biotechnical Industries (Pty) Ltd (Pretoria,
South Africa) and the sequences were compared with available
sequences in the National Center for Biotechnology Information
(NCBI) database by the Basic Local Alignment Search Tool (BLAST)
program (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.4. Determination of plant growth promoting attributes of endophytic
bacteria

2.4.1. Dynamics of nitrogen fixation by endophytic bacteria

Two approaches were utilized to determine the nitrogen-fixing
capacity of bacterial endophytes isolated from Lessertia frutescens.
The ability of bacterial endophytes to fix biological nitrogen was
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determined as described by (Hamza et al., 2017) on a nitrogen-free
media (Burk’s media) containing magnesium sulphate (0.2 g), dipo-
tassium phosphate (0.8 g), monopotassium phosphate (0.2 g), cal-
cium sulphate (0.13 g), ferric chloride (0.00145 g), sodium molybdate
(0.000253 g), sucrose (20 g) and bacteriological agar (15 g) in 1 L. The
endophytes that tested negative for hemolysis were grown in this N-
free medium and incubated at 30 °C for 7 days. Bacterial endophytes
developed into strong, elevated globular-like structures, demonstrat-
ing the dynamic nature of nitrogen-fixing activity on nitrogen-free
media. The NifH gene, which regulates the microbial biological nitro-
gen fixation, was identified molecularly, providing additional evi-
dence of those endophytes’ capacity to fix nitrogen. The NifH gene
profiles from the endophytes that demonstrated nitrogen fixation
were identified using PoL-F GC (5- TGCGAYCCSAARGCBGACTC-3')
and Pol-R (5'- ATSGCCATCATYTCRCCGGA -3’) primer set as
described by (Poly et al., 2001). To achieve the final volume of 25 uL,
the PCR reaction included 12.5 uL of Taq 2x Master Mix with Stan-
dard Buffer (New England, Biolabs Inc.), 1 uL of each primer (10 uM),
5 L of bacterial DNA, and nuclease-free water to bring to 25 u L. Fol-
lowing that, the mixture was amplified for 30 cycles at the following
settings: 95 °C for 5 min for initial denaturation, 95 °C for 1 min for
denaturation, 52 °C for 1 min for annealing, 72 °C for 1 min for exten-
sion, and 72 °C for 5 min for final extension in a T100 (BioRad) ther-
mal cycler. The size of the amplicons were confirmed by
electrophoresis on a 1 % agarose gel in TBE buffer, and the gel was
visualized on a Gel DOC (BioRad Laboratories) after 45 min of running
at>80V.

2.4.2. Phosphate solubilisation

P-solubilization of bacterial endophytes were evaluated qualita-
tively on Pikovskaya agar medium (PVK) enriched with 0.5 % of insol-
uble tricalcium phosphate (TCP) Cas3(PO4)*> as indicated by
(Pikovskaya, 1948). Pure isolates were inoculated on nutrient broth
and incubated at 37 °C for 24 h. Three wells (with equal distance
from between each and close to the centre) were then made on
Pikovskaya’s agar plates and 100 wl overnight cultures were trans-
ferred to each hole, and the plates were incubated at 30 °C for 7 days.
The diameter of the well and halo were measured. The same bacterial
isolate was added to each of the three wells, and this was performed
twice (two plates) to provide six replicates, with each well represent-
ing one replicate. The agar plates were examined for formation of a
clear zone around the colonies for their capacity to solubilize TCP and
their solubilizing index (SI) values were calculated as follows:

__Solubilisation diameter + Colony diameter

St Colony diameter

The average SI from the wells were then computed, and the
results were utilized to generate a pie chart that compared each bac-
teria’s phosphate solubilizing capacity to others.

2.4.3. Siderophore production

To determine the ability of the endophytes to produce sidero-
phores, the Chrome Azural S (CAS) agar plate method was used, as
described by Mukherjee and Dutta (2019). Blue agar solution was
prepared by dissolving 60.5 mg of CAS in 50 ml of double distilled
water and was mixed with 10 ml of iron (III) solution containing
1 mM FeCl5-6H,0 in 10 mM HCL. This solution was autoclaved after
adding 72.9 mg of hexadecyltrimethylammonium bromide (HDTMA)
diluted in 40 mL of double distilled water. In a separate 1 L bottle, a
mixture of 15 g of bacteriological agar, 100 ml (10 mM9 salts),
30.24 g of piperazine (PIPES), 12.0 g of a 50 % (w/w) NaOH solution to
raise the pH of PIPES (6.8), and 25 % Nacl, all dissolved in 750 ml of
double distilled water, was autoclaved. When the agar and blue solu-
tion reached 50 °C, the two solutions were mixed with stirring, and
the agar was poured in agar plates and allowed to solidify before use.
The endophytic microbes were then spot inoculated in blue agar and
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incubated for 7 days at 30 °C and this was replicated 6 times for each
endophyte. The presence of a clear zone around the strain demon-
strated the endophyte’s ability to produce siderophores.

2.4.4. Indole acetic acid (IAA) production

Indole acetic acid production by endophytes was determined as
described by Putrie et al. (2017). In 6 replicates, pure isolates were
incubated in 10 mL nutrient broth supplemented with 1% of I-trypto-
phan for 48 h at 30 °C on a shaker at 200 rpm. Two ml of the micro-
bial suspension was centrifuged at 10,000-rpm speed for 10 min at
4 °C. Following the transfer of the supernatant into a test tube, 2 ml
of Salkowski’s reagent (150 mL concentrated sulfuric acid (H;SO,4),
250 mL distilled water, and 7.5 mL of 0.5 M FeCl;) was added. The
mixture was then incubated for 30 min at room temperature in the
dark. The absorbance was measured using a spectrophotometer at a
wavelength of 540 nm with V-1100 D Spectrophotometer (Labex
(pty), LTD). The standard IAA calibration curve was set up by deter-
mining the prepared different concentrations of IAA solution (0, 5,
10, 20, 50 and 100 pg/mL) as described by (Sarker and Al-Rashid,
2013). Two ml of each standard prepared was transferred to separate
tubes, and 2 ml of Salkowski’s Reagent was added to each standard.
They were incubated at room temperature in the dark for 30 min,
and IAA concentrations were measured at 540 nm. The results were
plotted, and the equation from the standard curve was used to calcu-
late the concentration of IAA for the samples.

2.5. Determination of the hydrolytic activity of extracellular enzymes

The plate method was used to detect enzymatic activity qualita-
tively, in which solid agar media was supplied with the basic compo-
nents and appropriate substrates for the enzymes examined in this
study. Proteolytic activity of bacterial endophytes was measured
using the method described by (Olajuyigbe and Ajele, 2005) and
(Khan et al., 2017) on skim milk agar containing 3 % (w/v) skim milk
(Oxoid, UK) and 35 g/L Mueller-Hinton agar (Merck, Germany). After
incubation, colonies with a clear zone of skimmed milk hydrolysis
suggested the endophyte’s protease activity. Amylase activity was
detected on Tryptone Soya Agar (Merck, Germany) supplemented
with 1 % w/v soluble starch, and 3 g of beef extract. Following incuba-
tion, the plates were flooded with 1 % lugol solution, and the pres-
ence of a clear zone indicated endophyte amylase activity (Khan et
al., 2017). Gelatinase activity was determined on agar plates contain-
ing Tryptone Soya Agar (Merck, Germany), supplemented with 3 %
gelatine powder (Merck, Germany). The endophytic isolates were
spot inoculated, and the development of a turbid or clear zone
around the bacteria following incubation indicated endophytic gelati-
nase activity. Lipase activity of endophytes was determined on agar
plates containing Tryptone Soya Agar (Merck, Germany), supple-
mented with 1 % of tween 80 (Sigma Aldrich, German). The endo-
phytic isolates were also spot inoculated, and the development of a
turbid or clear zone around the bacteria following incubation indi-
cated endophytic lipase activity. The Dnase activity of the endophytes
was determined using Dnase agar (Oxoid, UK) following the manu-
facturer’s instructions. After incubation, the plates were flooded with
1 M hydrochloric acid (HCI) and the appearance of clear zones around
the colony indicated the endophytes’ Dnase activity. All the plates for
enzyme determination were incubated at 37 °C for 24—72 h.

2.6. Pot experiment

The pot seedling trial was conducted in a growth chamber using
two strains (Bacillus licheniformis BaDB06 and Bacillus velezensis SM-
95) that showed all the plant growth promotion capacity and highest
IAA production. The best IAA producing strains were chosen because
IAA is known to stimulate seedling growth. Lessertia frutescens seeds
were obtained from Seed for Africa company (Cape Town, South
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Africa). The experiment consisted of 4 treatments replicated 6 times.
The treatments were Treat-C (control=0 inoculum), Treat-A (A = B.
licheniformis BaDB06 inoculum), Treat-B (B = B. velezensis SM-95 inoc-
ulum) and Treat-AB (AB = B. licheniformis BaDBO6 + B. velezensis SM-
95 inoculum). Six seeds for each replicate were incubated overnight
in a nutrient broth containing the following: (1) nutrient broth only
for the control (Treat-C), (2) B. licheniformis BaDBO6 for Treat-A, (3) B.
velezensis SM-95 for Treat-B, and (4) B. licheniformis BaDB06 + B. vele-
zensis SM-95 for Treat-AB. The seeds were then planted in pots of the
same size (20 cm in diameter) containing sterile coconut peat and
they were placed in a growth chamber for the duration of the experi-
ment. Temperatures at the growth chamber were kept at 30 °C dur-
ing the day and 18 °C at night with constant 70 % humidity. All
treatments were watered every other day with 100 ml of double dis-
tilled water and fertilized with 100 ml of Hoagland solution on a
weekly basis for nutritional supplementation right after emergence.
The seedling growth was recorded after two months.

2.7. Statistical analysis

The influence of Bacillus licheniformis BaDB06 and Bacillus velezen-
sis SM-95 on Lessertia frutescens seedling growth was determined sta-
tistically. Obtained data were subjected to one-way analysis of
variance (ANOVA) to determine the differences among different
treatment groups. The normality assumption was checked based on
the Shapiro—Wilk Test («=0.05). Tests were set at 5 % significance
level (P < 0.05). Post hoc tests, Fisher’s Least significant difference
(LSD) and Tukey Honest Significance Difference (HSD) were used for
pair-wise comparisons.

3. Results
3.1. Hemolytic test results

A total of 25 bacterial endophytes were isolated from Lessertia fru-
tescens plant parts, all together. Only seven endophytes tested nega-
tive for hemolysis, 10 of the isolates had a beta hemolytic reaction on
blood cells and eight had an alpha haemolytic reaction on blood cells.

3.2. Plant growth promotion attributes

Table 1 summarizes plant growth-promoting activities of the Les-
sertia frutescens endophytic bacteria that tested negative for hemoly-
sis. These endophytes from Lessertia frutescens exhibited a variety of
activities, with each demonstrating at least one plant growth-pro-
moting attribute. In total, 86 % fixed biological nitrogen, 86 % solubi-
lized insoluble phosphate, 86 % produced IAA, and 71 % produced
siderophores.

Fig. 1 demonstrates bacterial endophytes that amplified for NifH
gene

Fig. 2 exhibits the ability of each bacteria to solubilize phosphate
in comparison to others. Each strain’s percentage contribution to
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Fig. 1. NifH gene for endophytic bacteria isolated from Lessertia frutescens.

other strains has also been noted, with strains with high solubilizing
index values having a higher percentage contribution. Six of the
endophytes were capable of solubilizing insoluble tricalcium phos-
phate on agar plate with solubilizing index values between 1.29 and
1.36. In terms of the percentage contribution to the solubilization of
insoluble phosphate, Bacillus licheniformis BaDB06, Bacillus subtilis
LCDB-BP2, Bacillus paralincheriformis AJVR1, and Kosakonia sp.
MBWS.8 were the equal phosphate solubilizers.

Fig. 3 exhibits the ability of each bacteria to produce siderophore
in comparison to others.

The percentage contribution of each strain against other strains
has also been noted, with the strains that had significant siderophore
production having a high % contribution. Five of the endophytes were
capable of producing siderophore with average siderophore produc-
tion with halo zones ranging from 2.5 to 5.33 mm. Bacillus subtilis
ZIM3 was the highest producer with 26 % contribution followed by
Bacillus licheniformis BaDBO6 at 24 % and the least producer was Kosa-
konia sp. MBWS2,8 at 12 % contribution.

Fig. 4 exhibits the ability of each bacteria to produce indole acetic
acid in comparison to others. The percentage contribution of each
strain against other strains has also been noted, with strains with
high indole acetic acid synthesis having a high % contribution. Six of
the endophytes demonstrated their ability to produce IAA with con-
centrations ranging from 0.15 to 1.60 wg/mL. Bacillus velezensis SM-
95 was the highest IAA producer (1.60 pg/mL) with 49 % total contri-
bution and followed by Bacillus licheniformis BaDB06 (0.64 (g/mL)
with 20% total contribution while Kosakonia sp. MBWS.8 was the
least IAA producer (0.15 pg/mL) with only 5 % contribution.

3.3. Hydrolytic enzyme activity

Table 2 illustrates hydrolytic enzyme activities of some Lessertia
frutescens endophytic bacteria. Endophytes from Lessertia frutescens

Table 1

Plant growth-promoting activities of some isolated Lessertia frutescens endophytes.
Sample ID Plant Part Phylogenetic affiliation with similarity Genebank Accession number Similarity (%) BNF PS SD 1AA

(16S rDNA sequencing)

CBL1 Leaf Bacillus subtilis LCDB-BP2 OP703608.1 97 + + — +
CBL7 Leaf Bacillus licheniformis BaDB06 JX237842.1 99 + + + +
CBR4 Root Bacillus licheniformis QT445 MT065669.1 97 - + - +
CBR6 Root Kosakonia sp. MBWS2.(8) 0P990041.1 99 + + + +
CBR7 Root Bacillus velezensis SM-95 MT377909.1 100 + + + +
CBR11 Root Bacillus paralicheniformis AJVR1 MT459810.1 97 + + + +
CBR16 Root Bacillus subtilis ZIM3 MT539995.1 99 + - + -
Total 6/7 (86%) 6/7(86%) 5/7(71%) 6]7 (86%)

BNF=Biological Nitrogen Fixation, PS=Phosphate Solubilisation, SD=Siderophore, IAA=Indole Acetic Acid, AM=Amylase, PT=Protease, GT=Gelatinase, LP=Lipase and

DN=D-nase.
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Phosphate solubilization

17%

Bacillus paralicheniformis AJVRI; k Bacillus Sflb’{{’s ZIM3; (0) 0%

(1.32); 17% \
Bacillus velezensis SM-95; (1.31); 16% l
Bacillus Licheniformis BaDBOG; (1.32)
I 17%

N

Bacillus Licheniformis QT445; (1.3);
16%

) Bacillus subtilis LCDB-BP2; (1.32;)
A

Kosakonia sp, MBWS2,8; (1.36); 17%

s Bacillus subtilis LCDB-BP2 s Bacillus Licheniformis BaDB06 = Bacillus Licheniformis QT445
= Kosakonia sp, MBWS2,8 = Bacillus velezensis SM-95 = Bacillus paralicheniformis AJVRI
w Bacillus subtilis ZIM3

Fig. 2. Solubilization of tri-calcium phosphate by bacterial endophytes of Lessertia frutescens.

Siderophore

Bacillus subtilis LCDB-BP2;
(0): 0%

Bacillus Licheniformis

Bacillus subtilis ZIM3;
/' BaDBOG: (4.8); 24%

(5.33): 25%

J Bacillus Licheniformis
0T445;(0); 0%

I |
Kosakoniasp, MBWS2,S,;
(2.5); 14%

Bacillus pardlicheniformis

AJVRI(4.5);23% \
N
Bacillus velezensis SM-95;
(.17); 14%
= Bacillus subtilis LCDB-BP2 = Bacillus Licheniformis BaDB06
= Bacillus Licheniformis QT445 = Kosakonia sp, MBWS2,8
= Bacillus velezensis SM-95 = Bacillus paralicheniformis AJVRI

» Bacillus subtilis ZIM3

Fig. 3. Siderophore production by endophytes isolated from Lessertia frutescens.
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Indole Acetic Acid
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(0.28); 8%
AN

Kosakoniasp, MBIVS2,S; (0.15);
5%

' Bacillus Licheniformis QT445
s Bacillus paralicheniformis AJVRI

Fig. 4. Indole acetic acid production by isolated endophytes from Lessertia frutescens.

demonstrated ability to produce essential hydrolytic enzymes (amy-
lase (86 %), gelatinase (86 %), protease (29 %), lipase (43 %), and p-
nase (57 %). CBL7, CBR7, CBR4, and CBR11 were the only strains that
showed favourable results for all of the plant growth-promoting
properties investigated (IAA, siderophore, phosphate solubilization,
and N-fixation). CBL1 (amylase, protease, gelatinase, and lipase),
CBR4 (amylase, gelatinase, lipase, and p-nase), and CBR16 (amylase,
protease, gelatinase, and p-nase) were the dominant strains in hydro-
lytic enzyme activity, producing four of the five enzymes tested. CBL7
(amylase and gelatinase) and CBR11 (lipase and gelatinase) were the
least enzyme-producing strains, producing only two out of five
enzymes.

Fig. 5 illustrates the hydrolytic enzyme activity of endophyte iso-
lated from Lessertia frutescens. With a zone of hydrolytic activity
ranging from 2 to 15 mm, gelatinase was the most abundantly pro-
duced enzyme. Six of the endophytes also produced amylase, which
had a hydrolytic activity ranging from 1 to 7 mm. Protease and lipase
were the least produced enzymes. CBR16 was a notable producer of
these enzymes with the capacity of producing, gelatinase, amylase,
protease and p-nase, followed by CBL1, which produced gelatinase,
amylase, protease, lipase, and CBR4 which gelatinase, lipase, p-nase

Table 2
Hydrolytic enzyme activities of Lessertia frutescens endophytes.

and amylase. The strains that produced the fewest enzymes were
CR11, which could only create protease and gelatinase, while CBR6
could only make gelatinase and p-nase as well as CBL7 that produced
gelatinase and amylase but had a better hydrolytic activity.

3.4. Lessertia frutescens seedling growth

Endophytic bacteria significantly affected Lessertia frutescens
seedling growth after two months (Figs. 6, and 7). Compared to the
control (without inoculum) with the lowest seedling height, observ-
able leaf loss and yellowing, the combined treatment (Treat-AB)
resulted in the highest seedling growth (Fig. 6). Similarly, the individ-
ual treatment with B. licheniformis BaDB06 and B. velezensis SM-95
significantly promoted seedling height.

4. Discussion

Besides offering raw materials and diverse bioactive compounds
which are vital in agriculture and pharmaceuticals, medicinal plants
host a variety of bacterial endophytes with diverse potentials includ-
ing plant growth promotion (Guerriero et al., 2018). The current

SampleID  PlantPart  Phylogenetic affiliation with similarity =~ AM PT GT LP DN
(16S rDNA sequencing)

CBL1 Leaf Bacillus subtilis LCDB-BP2 + + + + -

CBL7 Leaf Bacillus + - + - -

licheniformis BaDB06

CBR4 Root Bacillus licheniformis strain QT445 + - + + +

CBR6 Root Kosakonia sp. strain MBWS2.(8) + - - - +

CBR7 Root Bacillus velezensis strain SM-95 + - + - +

CBR11 Root Bacillus paralicheniformis strain AJVR1 - + + -

CBR16 Root Bacillus subtilis strain ZIM3 + + + - +

Total 6/7(86%) 2/7(29%) 6/7(86%) 3[7(43%)  4[7(57 %)
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Fig. 5. Hydrolytic enzyme activity of endophytes from Lessertia frutescens.

investigation thus sought to isolate endophytes from the medicinal
leguminous plant Lessertia frutescens and evaluate their capacity to
promote plant growth. As indicated in Section 3.1, only seven endo-
phytes showed no harm to blood cells and the majority of them
belonged to Bacillus. This presents a significant advantage in agricul-
ture as such organisms are suggested to be non-pathogenic. From the
present study, as indicated in Table 1, a greater number of isolates
were obtained from the roots compared to other plant components
such as leaves, while none of the isolates from stems exhibited nega-
tive hemolysis. The higher abundance of endophytes in roots relative
to other plant parts can be attributed to their natural affinity for soil
habitats, with colonization predominantly occurring through the root
system (Golinska et al.,, 2015). Limited bacterial entry into the xylem
(Afzal et al., 2019; Arora and Ramawat, 2017) results in fewer bacte-
rial endophytes being isolated from non-root tissues compared to
roots. The study predominantly identified Bacillus species, with only
one strain being non-Bacillus. Bacillus species are potential bio-fertil-
izer candidates because their spores allow for simple colonisation of
either a seed or roots and they have a good survival rate in various
soil types and conditions (Lopes et al., 2018).

Nutrients such as nitrogen and phosphorus, are primary macronu-
trients with high demand from plants, significantly impacting crop
outcomes by determining success or failure. Understanding different
avenues utilized by endophytes to stimulate plant growth is critical,
especially when selecting the optimal strains for bio-fertilizer pro-
duction. Endophytes play a crucial role in N acquisition and exchange.
For instance, free-living and symbiotic endophytes can fix biological
nitrogen by converting atmospheric nitrogen into soluble form,
which is accessible to plants (Ek-Ramos et al., 2019; Hassan, 2017). It
is believed that endophytes use carbon assimilates produced by
plants as an energy source to transform insoluble nitrogen into solu-
ble ammonia which plants can utilise (de Vilhena Aradjo et al., 2020).
It is not surprising that more than 80 % of endophytes isolated from
Lessertia frutescens were able to fix nitrogen as Lessertia frutescens is a
leguminous plant. Symbiotic nitrogen-fixing bacteria, known as alpha
and beta rhizobia, perform BNF with legume species, enhancing eco-
system sustainability (Bomfeti et al., 2011). There is a tight relation-
ship between Nif gene notation and nitrogen-fixing activity (Hurek et
al., 2002). As shown in Fig. 1, all six endophytic bacteria that tested
positive for nitrogen fixation possessed the NifH gene. NifH gene
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Fig. 6. Effect of bacterial endophytes on Lessertia frutescens seedling growth after 2 months. Error bars represent standard deviation (n = 6). Different letters on the upper portion of
each bar indicates significant differences between treatments after 2 months (P < 0.05). A = B. licheniformis BaDBO6, B = B. velezensis SM-95 and AB = B. licheniformis BaDBO06 + B. vele-

zensis SM-95.
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Fig. 7. Seedling growth of Lessertia frutescens in a pot experiment after two months,
(A) Control (treatment without an inoculum), (B) Treat- A (treatment with B. lichenifor-
mis BaDBO06 inoculum), (C) Treat- B (treatment with B. velezensis SM-95 inoculum) and
(D) Treat- AB (treatment with B. licheniformis BaDBO6 + B. velezensis SM-95 inoculum).

fragments have been effectively used to identify diazotrophic bacte-
ria (n-fixing microorganisms) in the environment using the polymer-
ase chain reaction (PCR) technique and the NifH gene’s presence aids
in clarifying the relationship between the associated n-fixing endo-
phytes and their host (Terakado-Tonooka et al., 2013). NifH genes
plays a vital role in plant nitrogen regulation. For example, biological
N-fixation uses the nitrogenase enzyme to catalytically convert atmo-
spheric nitrogen to ammonia (Terakado-Tonooka et al, 2013).
Whereas, NifH encodes the Fe protein (dinitrogenase reductase) in
nitrogen-fixing bacteria and controls the production of nitrogenase
synthesis (Thaweenut et al, 2011). Plant development is mostly
restricted by N, which is usually supplemented with chemical fertil-
izers, which are hazardous to the environment (Defez et al., 2017).
Endophytes from Lessertia frutescens have the potential to be a better
supply of nitrogen, reducing reliance on chemical fertilizers. Addi-
tionally, maximizing high crop yield without damaging the environ-
ment while conserving biodiversity and ecosystems is extremely
important (Defez et al., 2017). The plant-endophyte interaction has
been shown to be one of the most sustainable strategies for improv-
ing crop production (Sher et al., 2024).

Bacillus species, especially B. subtilis, not only fix nitrogen but also
promote nodulation by other bacteria, facilitating symbiotic microbe
colonization (Blake et al., 2021). Endophytes also employ processes
like acidification and chelation to aid in P exchange by releasing
immobile insoluble phosphate and make this available for plant use
(Hassan, 2017; Jayakumar et al., 2020). About 86 % of the endophytes
were found to solubilize insoluble tricalcium phosphate (TCP) on
agar plate with solubilizing indices ranging from 1.29 to 1.36 as
shown in Fig. 2. The disappearance of TCP indicates the high potential
of those endophytes to solubilize inorganic bound phosphate (TCP)
(Bekkar and Zaim, 2023). In addition, formation of halo zones around
the colonies are in response to decrease in pH due do organic acid
production, exchange reaction and ion chelation (Bekkar and Zaim,
2023). Endophytes have been suggested to solubilize different forms
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of insoluble phosphate differently, for instance, they solubilise inor-
ganic phosphate through lowering the pH of the soil, by competing
with P for absorption sites in the soil and through chelation reaction
of cations bound to P (Ingle and Padole, 2017; Sharma et al., 2013).
The hydroxyl and carboxyl group of acids form chelates with cations
(Al, Fe and Ca) (Khan et al., 2009). The PSM results in chelation reac-
tions, and this leads to the release of bound P in the soil (Ingle and
Padole, 2017). Endophytic microbes produce certain enzymes such as
phytase and phosphatase to mineralise the P-bound making it avail-
able for plant usage (Ghosh et al., 2021; Ingle and Padole, 2017).

Endophytes can also improve plant growth through production of
siderophores. As shown in Table 1, 71 % of endophytes isolated from
Lessertia frutescens were able to produce siderophores. Even though
iron is only needed in minute amounts, it is essential for plant growth
and it plays a part in enzymatic activities that are necessary for physi-
ological processes (Eid et al.,, 2021; Ghosh et al., 2021). Iron exists in
two oxidation states in the environment: ferric (Fe>*), which is insol-
uble, and soluble ferrous (Fe?"), which plants can only use (Ghosh et
al., 2020). The insoluble ferric (Fe**) form exists as either oxides,
hydroxides, carbonates and phosphates and it is not available for
plant use (Eid et al., 2021). Iron deficiency in plants leads to leaf chlo-
rosis and reduced metabolic activities (Chowdappa et al., 2020).
Additionally, siderophore-producing endophytes can also act as bio-
control of phytopathogens by chelating iron and liming its availabil-
ity for uptake by pathogens (Burragoni and Jeon, 2021; Ek-Ramos et
al., 2019). For instance, when the hydroxamate iron binding is uti-
lized, two oxygen molecules from the hydroxamate group operate as
chelating agents, creating hexadentate octahedral with Fe3+ and ren-
dering iron inaccessible to pathogens, leading to their ultimate death
(Chowdappa et al., 2020). Siderophores degrade pathogen cell walls,
which aids in the prevention of sporulation (Mohamad et al., 2022).
Thus, siderophores offer dual benefits to plants as they shield plants
from pathogens and also help them with iron acquisition and absorp-
tion (Igbal et al., 2021). An investigation by Myo et al. (2019) reported
that bacterial endophytes, B. velezensis produced siderophoes and IAA
significantly improved tomato growth.

Endophytes also promote plant development through biosynthe-
sis and regulation of phytohormones (Mercado-Blanco and Lugten-
berg, 2014). As shown in Table 1, about 86 % of endophytes were able
to produce IAA with concentrations ranging from 0.15 to 1.60 p.g/mL.
Bacillus velezensis SM-95 as the highest IAA producer (1.60 pg/mL)
has also been triggering systemic resistance in plants besides produc-
tion of auxins (Wang et al., 2022). The second best performing isolate,
Bacillus licheniformis BaDB06 (0.64 ug/mL) has been associated with
the ability to produce IAA and improve plant yield (Kwon et al.,
2021). It is not surprising that most of the endophytes were able to
produce IAA, in the present study I-tryptophan was used as an indica-
tor and IAA is known to be produced through the help of amino acid,
tryptophan which is a product of I-tryptophan metabolism (Ghosh et
al., 2021). Auxins like indole acetic acid (IAA), helps in plant tissue
differentiation, cell division and elongation, apical dominance, and
plant pathogen protection (Mukherjee et al., 2022).

Not only does a lack of essential nutrients cause stagnation and
lower crop yield, but it also makes plants vulnerable to pathogenic
attack due to inadequate immunity (Ghosh et al., 2021, 2020). Endo-
phytes not only provide essential nutrients such as N and P to crops,
but they also indirectly stimulate plant growth by antagonizing
pathogens and producing lysis enzymes (Ghosh et al., 2021). It has
been established that more than 8% of the Bacillus genome is dedi-
cated to producing inhibitory components like lytic enzymes
(Marquez et al., 2020). For example, B. velezensis, which was present
in this study (Table 1), forms stable relationships with plants, which
encourages the promotion of plant growth and the inhibition of soil-
borne plant diseases. It does so through formation of biofilms, pro-
duction of quorum-quenching enzymes such as phytase production
which plays a role in phosphorus solubilisation (Igbal et al., 2021;
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Rabbee et al., 2019). Screening new potential endophytes that pro-
duce enzymes is essential to understand the role of endophytes in
plant defense (Saran et al., 2007). Among these enzymes are hydro-
lytic enzymes such as gelatinase, lipase, protease, and amylase (Naik
et al.,, 2019) and these enzymes were evaluated in the present study.
Findings from the current study demonstrated that different endo-
phytes from Lessertia frutescens have varying capacities for producing
these enzymes as shown in Table 2. Mohamad et al. (2022), also
screened bacteria endophytes for hydrolytic enzymes and found that
a number of those bacteria could produce enzymes such as protease,
lipase. Aydi Ben Abdallah et al. (2019) also confirmed the ability of
endophytic bacteria to produce amylase, lipase, cellulase, and prote-
ase enzymes. Microbial enzymes indirectly enhance plant growth by
assisting in the mobilization of certain activities, such as the produc-
tion of pathogen-protecting chemicals and the catabolism of complex
organic molecules that promote plant growth (Yan et al.,, 2018). The
fact that the majority of these endophytes from the present study
produced several enzymes is remarkable.

It has been indicated that having a single microorganism that can
synthesis both lipase and protease is one of the rare cases (Suryia
Prabha et al., 2015) and this was the case for Bacillus subtilis LCDB-
BP2 isolated from the leaves as shown in Table 2. Furthermore, these
microbial enzymes enable the colonization of plants by endophytes
and the transformation of inaccessible forms of nutrients into plant-
usable ones (Maggini et al., 2018). In a real experiment B. paralicheni-
formis isolated from Enicostema axillare improved the production of
the tomato’s defensive enzymes and thus the tomato plant was resis-
tant to F. oxysporum infection and such defence was attributed to the
ability of the strain to produce hydrolytic enzymes (Jinal et al., 2020).

Although medicinal plants like Lessertia frutescens are commercial
plants, proper commercialization, which includes greater sustainable
returns and consistency of generated raw materials, can only be
achieved through the application of sustainable propagation crop-
ping systems (Kleynhans et al., 2016). Lessertia frutescens is known to
have multiple curative properties including, anti-cancer, anti-virus,
anti-microbial, anti-stress, and anti-diabetic qualities and conse-
quently its demand has surged dramatically (Kleynhans et al., 2016).
Standard medicinal plant production can lead to increased plant bio-
mass yield (Isah et al., 2018). Thus, the need for medicinal plants
propagation cannot be emphasised any less as the supply sometimes
becomes less than the demand adding to issues associated with
inconsistent supply. As earlier mentioned, the present study evalu-
ated the effect of native bacillus endophytes of L. frutescens on its
seedling growth. As shown in Figs. 6 and 7, endophytes significantly
improved Lessertia frutescens seedling growth after two months com-
pared to control with the combined treatment (= B. licheniformis
BaDBO06 + B. velezensis SM-95 inoculum) showing the highest seedling
growth. The mode of action of endophytes’ influence on plant growth
commences in seed where the receptors in the plasma membrane
send a signal to the seed (Shasmita et al.,, 2018). Both the seed and
microbial cellular activities are the determinant for cell responsive-
ness, survival and adaptability in changes in environment (Shasmita
et al., 2018). It is only after endophytes have been established inside
the seed’s systems that they can alter the host’s metabolic and
growth pathways. They can then trigger seed germination, seedling
development, and other plant growth stages while giving fitness and
an improved growth rate (Finch-Savage and Bassel, 2016).

On the other hand, endophytes’ capacity to enhance seedling
growth has been attributed to their ability to produce plant-growth
promoting attributes. IAA, for example, has been suggested to help in
seed germination and the production of adventitious and lateral
roots, as well as in improving shoot length (Jayakumar et al., 2020). It
is not surprising that both of the endophytic strains employed in the
present investigation showed a significant difference in seedling
growth compared to control as shown in Fig. 6, during the seed ger-
mination trial test because they both produced IAA. Furthermore, IAA
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endophytic bacteria helps in improving nutrition absorption and
exchange by plants due as they trigger root length growth and photo-
synthetic plant components (Fadiji and Babalola, 2020). This appears
to be the first study that reports on the influence of Bacillus lichenifor-
mis and Bacillus velezensis on L. fructensces plant growth. However,
the effect of these strains (Bacillus licheniformis and Bacillus velezen-
sis) and their consortia on medicinal plant T. vulgaris growth and oil
content at 65 and 140 days was investigated by (Abdel-Hamid et al.,
2021). The control heights at 65 and 140 cm were 10 and 12.7 cm
and Bacillus licheniformis inoculation resulted in the maximum T. vul-
garis plant height of 42.3 and 55.9 cm at 65 and 140 days, respec-
tively. This was followed by the combined treatment (Bacillus
licheniformis and Bacillus velezensis) with 38.9 and 55.7 cm in the
same order of days. These strains’ capacity to improve plant develop-
ment was linked to their ability to boost nutrient availability to plants
through these plant growth promoting traits, IAA and siderophore
synthesis, phosphate solubilization, and N-fixation. Due to the poten-
tial of microorganisms, particularly endophytes, to influence plant
development and biomass accumulation, they have been specified as
one of the factors for plant health and growth (Klaedtke et al., 2016).
Lastly, endophytes are a sustainable source of nutrients and this
study revealed that endophytes from L. frutescens can be used as a
better alternative for nutrient nourishment to promote plant growth.
This can ensure better supply of Lessertia frutescens as it has been
indicated that the monthly demand of L. frutescens in South Africa is
roughly 20 tons for production of commercial herbal dietary supple-
ments and supplying this demand is becoming increasingly challeng-
ing as the population grows (Shaik et al., 2011). Furthermore, the
market and economic value of medicinal plants in South Africa can-
not be overlooked, as they constitute a significant contribution with
annual turnovers of over US$ 60 million from over 20 000 tons of
medicinal plant trades (Van Wyk, 2011).

5. Conclusions and recommendations

Endophytes are a sustainable source of nutrients and this study
revealed that native Lessertia frutescens endophytes can be used as a
better alternative for nutrient nourishment to promote plant growth.
The capacity of most of the strains to possess a wide variety of hydro-
lytic activities as well as plant growth promoting abilities indicates
their long-term benefits in agriculture. Bacillus licheniformis BaDB06
and Bacillus velezensis strain SM-95, promoted Lessertia frutescens
seedling growth. This has demonstrated that Bacillus species are ideal
candidates for bio-fertilization and biocontrol since they can promote
plant growth and produce bio-control agents like siderophores and
hydrolytic enzymes.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

CRediT authorship contribution statement

Sinawo Tsipinana: Writing — review & editing, Writing — original
draft, Visualization, Validation, Methodology, Investigation, Formal
analysis, Data curation. Linda Obi: Writing — review & editing. Ste-
phen Amoo: Writing — review & editing, Validation, Supervision,
Investigation, Funding acquisition, Data curation, Conceptualization.
Rasheed Adeleke: Writing — review & editing, Writing — original
draft, Visualization, Validation, Supervision, Resources, Project
administration, Methodology, Investigation, Funding acquisition, For-
mal analysis, Data curation, Conceptualization.



S. Tsipinana, L. Obi, S. Amoo et al.
Acknowledgments

The authors would like to extend their gratitude to the EIER
research group at North-West University for the technical and moral
support.

Ethical approval

Not applicable.
Consent to publish

Each author gave a written consent to publish the manuscript.
Funding

The National Research Foundation (NRF) of South Africa funded
this study. The South African Department of Agriculture, Land Reform
and Rural Development funded the project.

Availability of data and materials

Data and material are available for research and reference pur-
pose.

References

Abdel-Hamid, M.S., Fouda, A., EI-Ela, H.K.A., EI-Ghamry, A.A., Hassan, S.E.-D, 2021. Plant
growth-promoting properties of bacterial endophytes isolated from roots of Thy-
mus vulgaris L. and investigate their role as biofertilizers to enhance the essential
oil contents. Biomol. Concepts 12 (1), 175-196.

Aboyade, 0.M.,, Styger, G., Gibson, D., Hughes, G., 2014. Sutherlandia frutescens: the
meeting of science and traditional knowledge. ]. Alternat. Complement. Med. 20
(2), 71-76. https://doi.org/10.1089/acm.2012.0343.

Afzal, 1., Shinwari, Z.K., Sikandar, S., Shahzad, S., 2019. Plant beneficial endophytic bac-
teria: mechanisms, diversity, host range and genetic determinants. Microbiol. Res.
221, 36-49. https://doi.org/10.1016/j.micres.2019.02.001.

Amaria, W., Sinaga, M.S., Mutaqin, K.H., 2023. Hemolysis and hypersensitive tests ease
culture collection management of antagonistic bacteria. . Hama dan Penyakit
Tumbuhan Trop. 23 (2), 24-30. https://doi.org/10.23960/jhptt.22324-30.

Arora, J., Ramawat, K.G., 2017. An introduction to endophytes. Endophytes: Biol. Bio-
technol. 1, 1-23.

Aydi Ben Abdallah, R., Jabnoun-Khiareddine, H, Daami-Remadi, M, 2019. Exploring the
beneficial endophytic microorganisms for plant growth promotion and crop pro-
tection: elucidation of some bioactive secondary metabolites involved in both
effects. Secondary Metabolites of Plant Growth Promoting Rhizomicroorganisms:
Discovery and Applications. Springer, Singapore, pp. 319-352. https://doi.org/
10.1007/978-981-13-5862-3_16.

Bekkar, A.A., Zaim, S., 2023. Phosphate solubilization and the enhancement of chickpea
growth by new rhizospheric microorganisms Bacillus tequilensis and Trichoderma
orientale. Arch. Biol. Sci. 75 (4), 419-429. https://doi.org/10.2298/ABS230823034B.

Blake, C., Christensen, M.N., Kovdcs, A.T., 2021. Molecular aspects of plant growth pro-
motion and protection by Bacillus subtilis. Mol. Plant-Microbe Interact. 34 (1), 15-
25. https://doi.org/10.1094/MPMI-08-20-0225-CR.

Bomfeti, C.A. Florentino, L.A. Guimaraes, A.P. Cardoso, P.G., Guerreiro, M.C,
Moreira, F.M.d.S., 2011. Exopolysaccharides produced by the symbiotic nitrogen-
fixing bacteria of leguminosae. Rev. Brasil. Ciéncia do Solo 35, 657-671. https://
doi.org/10.1590/S0100-06832011000300001.

Burragoni, S.G., Jeon, ]., 2021. Applications of endophytic microbes in agriculture, bio-
technology, medicine, and beyond. Microbiol. Res. 245, 126691. https://doi.org/
10.1016/j.micres.2020.126691.

Chowdappa, S., Jagannath, S., Konappa, N., Udayashankar, A.C., Jogaiah, S., 2020. Detec-
tion and characterization of antibacterial siderophores secreted by endophytic
fungi from Cymbidium aloifolium. Biomolecules 10 (10), 1412. https://doi.org/
10.3390/biom10101412.

Defez, R., Andreozzi, A., Bianco, C., 2017. The overproduction of indole-3-acetic acid
(IAA) in endophytes upregulates nitrogen fixation in both bacterial cultures and
inoculated rice plants. Microb. Ecol. 74 (2), 441-452.

de Vilhena Aratjo, E., de Moraes Pontes, J.G., da Silva, S.N., da Silva Amaral, L., Fill, T.P.,
2020. The chemical warfare involved in endophytic microorganisms-plant associa-
tions. Microbial Endophytes. Elsevier, pp. 125-159. https://doi.org/10.1016/B978-
0-12-819654-0.00006-5.

Eid, A.M., Fouda, A., Abdel-Rahman, M.A., Salem, S.S., Elsaied, A., Oelmidiller, R., Hijri, M.,
Bhowmik, A., Elkelish, A., Hassan, S.E.-D, 2021. Harnessing bacterial endophytes
for promotion of plant growth and biotechnological applications: an overview.
Plants 10 (5), 935. https://doi.org/10.3390/plants10050935.

Ek-Ramos, MJ., Gomez-Flores, R., Orozco-Flores, A.A. Rodriguez-Padilla, C.,
Gonzélez-Ochoa, G., Tamez-Guerra, P., 2019. Bioactive products from plant-

777

South African Journal of Botany 174 (2024) 768778

endophytic gram-positive bacteria. Front. Microbiol. 10, 463. https://doi.org/
10.3389/fmicb.2019.00463.

Fadiji, A.E., Babalola, 0.0., 2020. Elucidating mechanisms of endophytes used in plant
protection and other bioactivities with multifunctional prospects. Front. Bioeng.
Biotechnol. 8, 467. https://doi.org/10.3389/fbioe.2020.00467.

Finch-Savage, W.E., Bassel, G.W., 2016. Seed vigour and crop establishment: extending
performance beyond adaptation. J. Exp. Bot. 67 (3), 567-591. https://doi.org/
10.1093/jxb/erv490.

Ghasemnezhad, A., Frouzy, A., Ghorbanpour, M., Sohrabi, 0., 2021. Microbial endo-
phytes: new direction to natural sources. Endophytes: Min. Nutr. Manag. 3, 123-
155. https://doi.org/10.1007/978-3-030-65447-4_6.

Ghosh, S., Bhagwat, T., Webster, T.J., 2021. Endophytic microbiomes and their plant
growth-promoting attributes for plant health. Current Trends Microbial Biotech-
nology for Sustainable Agriculture. Springer, Singapore, pp. 245-278. https://doi.
org/10.1007/978-981-15-6949-4_11.

Ghosh, S.K,, Bera, T., Chakrabarty, A.M., 2020. Microbial siderophore—A boon to agricul-
tural sciences. Biol. Control 144, 104214. https://doi.org/10.1016/j.biocon-
trol.2020.104214.

Golinska, P., Wypij, M., Agarkar, G., Rathod, D., Dahm, H., Rai, M., 2015. Endophytic acti-
nobacteria of medicinal plants: diversity and bioactivity. Ant. Van Leeuwenhoek
108, 267-289. https://doi.org/10.1007/s10482-015-0502-7.

Guerriero, G., Berni, R., Munoz-Sanchez, ].A., Apone, F., Abdel-Salam, E.M., Qahtan, A.A.,
Alatar, A.A,, Cantini, C,, Cai, G., Hausman, J.-F., 2018. Production of plant secondary
metabolites: examples, tips and suggestions for biotechnologists. Genes (Basel) 9
(6), 309. https://doi.org/10.3390/genes9060309.

Hamza, T.A., Hussein, Z., Mitku, R., Ayalew, P., Belayneh, T., 2017. Isolation and charac-
terization of nitrogen fixing bacteria from rhizospher soil collected from Shell
Mele agricultural center, southern Ethiopia. J. Agric. Sci. Food Technol. 3 (7), 117-
124.

Hassan, S.E.-D, 2017. Plant growth-promoting activities for bacterial and fungal endo-
phytes isolated from medicinal plant of Teucrium polium L. ]. Adv. Res. 8 (6), 687-
695. https://doi.org/10.1016/j.jare.2017.09.001.

Hurek, T., Handley, L.L., Reinhold-Hurek, B., Piché, Y., 2002. Azoarcus grass endophytes
contribute fixed nitrogen to the plant in an unculturable state. Mol. Plant-Microbe
Interact. 15 (3), 233-242.

Ingle, K.P., Padole, D.A., 2017. Phosphate solubilizing microbes: an overview. Int. J. Curr.
Microbiol. Appl. Sci. 6 (1), 844-852.

Igbal, S., Ullah, N., Janjua, H.A., 2021. In vitro evaluation and genome mining of Bacillus
subtilis strain RS10 reveals its biocontrol and plant growth-promoting potential.
Agriculture 11 (12), 1273. https://doi.org/10.3390/agriculture11121273.

Isah, T., Umar, S., Mujib, A., Sharma, M.P., Rajasekharan, P., Zafar, N., Frukh, A., 2018.
Secondary metabolism of pharmaceuticals in the plant in vitro cultures: strategies,
approaches, and limitations to achieving higher yield. Plant Cell, Tissue Organ.
Cult. (PCTOC) 132, 239-265.

Jayakumar, A., Padmakumar, P., Nair, I.C., Radhakrishnan, E., 2020. Drought tolerant
bacterial endophytes with potential plant probiotic effects from Ananas comosus.
Biologia 75 (10), 1769-1778. https://doi.org/10.2478/s11756-020-00483-1.

Jinal, H.N., Sakthivel, K., Amaresan, N., 2020. Characterisation of antagonistic Bacillus
paralicheniformis (strain EAL) by LC—MS, antimicrobial peptide genes, and ISR
determinants. Anton. Van Leeuwenhoek 113, 1167-1177. https://doi.org/10.1007/
$10482-020-01423-4.

Khan, A.A,, Jilani, G., Akhtar, M.S., Naqvi, S.S., Rasheed, M., 2009. Phosphorus solubiliz-
ing bacteria: occurrence, mechanisms and their role in crop production. J. Agric.
Biol. Sci. 1 (1), 48-58.

Khan, A.N., Shair, F., Malik, K., Hayat, Z., Khan, M.A., Hafeez, F.Y., Hassan, M.N., 2017.
Molecular identification and genetic characterization of Macrophomina phaseolina
strains causing pathogenicity on sunflower and chickpea. Front. Microbiol. 8, 1309.
https://doi.org/10.3389/fmicb.2017.01309.

King, M.C. (2021). Bioactive actinobacteria associated with two South African medicinal
plants, Aloe ferox and Sutherlandia frutescens.

Klaedtke, S., Jacques, M.A., Raggi, L., Préveaux, A., Bonneau, S., Negri, V., Chable, V.,
Barret, M., 2016. Terroir is a key driver of seed-associated microbial assemblages.
Environ. Microbiol. 18 (6), 1792-1804.

Kleynhans, R., Bulannga, M. Nenungwi, L., Lehlaleroa, M., Matsiliza-Mlathi, B.,
Slabbert, M., 2016. Preliminary investigations on germination of Sutherlandia fru-
tescens and emergence of Ceratonia siliqua seed. VII International Symposium on
Seed, Transplant and Stand Establishment of Horticultural Crops-SEST2016 1204.
https://doi.org/10.17660/ActaHortic.2018.1204.20.

Kwon, J.-H., Won, S.-J., Moon, ].-H., Lee, U., Park, Y.-S., Maung, C.E.H., Ajuna, H.B.,
Ahn, Y.S., 2021. Bacillus licheniformis PR2 controls fungal diseases and increases
production of jujube fruit under field conditions. Horticulturae 7 (3), 49. https://
doi.org/10.3390/horticulturae7030049.

Lopes, R,, Tsui, S., Gongalves, P.]J., de Queiroz, M.V., 2018. A look into a multifunctional
toolbox: endophytic Bacillus species provide broad and underexploited benefits
for plants. World ]. Microbiol. Biotechnol. 34, 1-10. https://doi.org/10.1007/
s11274-018-2479-7.

Maggini, V., Miceli, E., Fagorzi, C., Maida, L., Fondi, M., Perrin, E., Mengoni, A., Bogani, P.,
Chiellini, C., Mocali, S., 2018. Antagonism and antibiotic resistance drive a species-
specific plant microbiota differentiation in Echinacea spp. FEMS Microbiol. Ecol. 94
(8), fiy118.

Marquez, R., Blanco, E.L, Aranguren, Y., 2020. Bacillus strain selection with plant
growth-promoting mechanisms as potential elicitors of systemic resistance to gray
mold in pepper plants. Saudi ]. Biol. Sci. 27 (8), 1913-1922. https://doi.org/
10.1016/j.5jbs.2020.06.015.

Mercado-Blanco, J., Lugtenberg, B.J.]., 2014. Biotechnological applications of bacterial
endophytes. Curr. Biotechnol. 3 (1), 60-75.



S. Tsipinana, L. Obi, S. Amoo et al.

Mohamad, O.A.A, Liu, Y.-H,, Li, L, Ma, J.-B,, Huang, Y., Gao, L., Fang, B.-Z., Wang, S.,
El-Baz, AF, Jiang, H.-C,, 2022. Synergistic plant-microbe interactions between
endophytic Actinobacteria and their role in plant growth promotion and biological
control of cotton under salt stress. Microorganisms 10 (5), 867. https://doi.org/
10.3390/microorganisms10050867.

Mudau, F.N., Chimonyo, V.G.P., Modi, A.T., Mabhaudhi, T., 2022. Neglected and underu-
tilised crops: a systematic review of their potential as food and herbal medicinal
crops in South Africa. Front. Pharmacol. 12, 809866. https://doi.org/10.3389/
fphar.2021.809866.

Mukherjee, A. Gaurav, AK, Singh, S., Yadav, S. Bhowmick, S. Abeysinghe, S.,
Verma, J.P., 2022. The bioactive potential of phytohormones: a review. Biotechnol.
Rep. 35, e00748. https://doi.org/10.1016/j.btre.2022.e00748.

Mukherjee, B., Dutta, S., 2019. Isolation of a phosphate solubilizing bacterial strain
Bacillus tequilensis mcc 3872 from the rice field of burdwan district and characteri-
zation of its plant growth promoting traits. Pharma Innov. J. 8, 956-962.

Myo, E.M,, Liu, B, Ma, J., Shi, L., Jiang, M., Zhang, K., Ge, B., 2019. Evaluation of Bacillus
velezensis NKG-2 for bio-control activities against fungal diseases and potential
plant growth promotion. Biol. Control 134, 23-31. https://doi.org/10.1016/j.bio-
control.2019.03.017.

Naik, B., Goyal, S., Tripathi, A., Kumar, V., 2019. Screening of agro-industrial waste and
physical factors for the optimum production of pullulanase in solid-state fermen-
tation from endophytic Aspergillus sp. Biocatal. Agric. Biotechnol. 22, 101423.
https://doi.org/10.1016/j.bcab.2019.101423.

Olajuyigbe, F.M., Ajele, ].O., 2005. Production dynamics of extracellular protease from
Bacillus species. Aft. ]. Biotechnol. 4 (8), 776-779.

Palanichamy, P., Krishnamoorthy, G., Kannan, S., Marudhamuthu, M., 2018. Bioactive
potential of secondary metabolites derived from medicinal plant endophytes.
Egypt. J. Basic Appl. Sci. 5 (4), 303-312. https://doiorg/10.1016/j.
ejbas.2018.07.002.

Pikovskaya, R.., 1948. Mobilization of phosphorus in soil connection with the vital
activity of some microbial species. Microbiology 17, 362-370.

Poly, F., Monrozier, LJ., Bally, R.,, 2001. Improvement in the RFLP procedure for studying
the diversity of nifH genes in communities of nitrogen fixers in soil. Res. Microbiol.
152 (1),95-103.

Putrie, RF.W., Widowati, T., Sukiman, H., 2017. Studies for IAA (Indole-3-Acetic Acid)
production by isolates H6 with nitric acid mutation. Microbiol. Indones. 11 (1).
https://doi.org/10.5454/mi.11.1.3 3-3.

Rabbee, M.F., Ali, M.S., Choi, J., Hwang, B.S., Jeong, S.C., Baek, K.-h, 2019. Bacillus velezen-
sis: a valuable member of bioactive molecules within plant microbiomes. Mole-
cules 24 (6), 1046. https://doi.org/10.3390/molecules24061046.

Rana, K.L., Kour, D., Kaur, T., Devi, R., Yadav, A.N., Yadav, N., Dhaliwal, H.S., Saxena, A.K.,
2020. Endophytic microbes: biodiversity, plant growth-promoting mechanisms
and potential applications for agricultural sustainability. Anton. Van Leeuwenhoek
113, 1075-1107. https://doi.org/10.1007/s10482-020-01429-y.

Saran, S., Isar, J.,, Saxena, RK, 2007. A modified method for the detection of microbial pro-
teases on agar plates using tannic acid. J. Biochem. Biophys. Methods 70 (4), 697-699.

Sarker, A., Al-Rashid, J., 2013. Analytical Protocol for Determination of Indole 3 Acetic
Acid (IAA) Production by Plant Growth Promoting Bacteria (PGPB). Technical
report of Quantification of IAA by microbes September, pp. 3-5.

Shaik, S., Singh, N., Nicholas, A., 2011. Comparison of the selected secondary metabolite
content present in the cancer-bush Lessertia (Sutherlandia) frutescens L. extracts.
Afr. ]. Tradit., Complement. Alternat. Med. 8, 429-434.

778

South African Journal of Botany 174 (2024) 768778

Sharma, S.B., Sayyed, R.Z., Trivedi, M.H., Gobi, T.A., 2013. Phosphate solubilizing
microbes: sustainable approach for managing phosphorus deficiency in agri-
cultural soils. Springerplus 2, 1-14. https://doi.org/10.1186/2193-1801-2-
587.

Shasmita, Singh, N, R,, Rath, S.K.,, Behera, S., Naik, S.K, 2018. In vitro secondary metabo-
lite production through fungal elicitation: an approach for sustainability. Fungal
Nanobionics: Principles and Applications. Springer, Singapore, pp. 215-242.
https://doi.org/10.1007/978-981-10-8666-3_9.

Sher, AW.,, Aufrecht, J.A, Herrera, D., Zimmerman, A.E., Kim, Y.-M., Munoz, N.,
Trejo, J.B., Paurus, V.L,, Cliff, ].B., Hu, D., 2024. Dynamic nitrogen fixation in an aero-
bic endophyte of Populus. ISME J. 18 (1), wrad012.

Sishuba, A., . Biodiversity and antimicrobial activity of endophytic fungi isolated
from native Sutherlandia frutescens (cancer bush). . http://hdl.handle.net/
10394/40175.

Street, R., Prinsloo, G., 2013. Commercially important medicinal plants of South Africa:
areview. ]. Chem. 2013, 205048. https://doi.org/10.1155/2013/205048.

Sudheer, S., Bai, R.G.,, Usmani, Z., Sharma, M., 2020. Insights on engineered
microbes in sustainable agriculture: biotechnological developments and future

prospects. Curr. Genomics 21 (5), 321-333. https://doi.org/10.2174/
1389202921999200603165934.
Suryia Prabha, M., Divakar, K, Deepa Arul Priya, ], Panneer Selvam, G.,

Balasubramanian, N., Gautam, P., 2015. Statistical analysis of production of prote-
ase and esterase by a newly isolated Lysinibacillus fusiformis AUO1: purification
and application of protease in sub-culturing cell lines. Ann. Microbiol. 65, 33-46.

Terakado-Tonooka, J., Ando, S., Ohwaki, Y., Yoneyama, T., 2013. NifH gene expression
and nitrogen fixation by diazotrophic endophytes in sugarcane and sweet pota-
toes. Mol. Microb. Ecol. Rhizosphere 1, 437-444.

Thaweenut, N., Hachisuka, Y., Ando, S., Yanagisawa, S., Yoneyama, T., 2011. Two sea-
sons’ study on nifH gene expression and nitrogen fixation by diazotrophic endo-
phytes in sugarcane (Saccharum spp. hybrids): expression of nifH genes similar to
those of rhizobia. Plant Soil 338, 435-449.

Vaishnav, A., Shukla, AK., Sharma, A., Kumar, R., Choudhary, D.K., 2019. Endophytic
bacteria in plant salt stress tolerance: Current and future prospects. J. Plant Growth
Regul. 38, 650-668. https://doi.org/10.1007/s00344-018-9880-1.

Van Wyk, B.-E, 2011. The potential of South African plants in the development of new
medicinal products. S. Aft. ]. Bot. 77 (4), 812-829.

Wang, ], Qu, F, Liang, J., Yang, M., Hu, X., 2022. Bacillus velezensis SX13 promoted
cucumber growth and production by accelerating the absorption of nutrients and
increasing plant photosynthetic metabolism. Sci. Hortic. 301, 111151. https://doi.
org/10.1016/j.scienta.2022.111151.

Yan, L., Zhao, H., Zhao, X, Xu, X,, Di, Y., Jiang, C,, Shi, ], Shao, D., Huang, Q., Yang, H.,
2018. Production of bioproducts by endophytic fungi: chemical ecology, biotech-
nological applications, bottlenecks, and solutions. Appl. Microbiol. Biotechnol. 102,
6279-6298. https://doi.org/10.1007/s00253-018-9101-7.

Zonyane, S., Chen, L., Xu, M.-],, Gong, Z.-N., Xu, S., Makunga, N.P., 2019. Geographic-
based metabolomic variation and toxicity analysis of Sutherlandia frutescens LR
Br.—An emerging medicinal crop in South Africa. Ind. Crops Prod. 133, 414-423.
https://doi.org/10.1016/j.indcrop.2019.03.010.

Zonyane, S., Fawole, O.A,, La Grange, C., Stander, M.A., Opara, U.L., Makunga, N.P., 2020.
The implication of chemotypic variation on the anti-oxidant and anti-cancer activi-
ties of Sutherlandia frutescens (L.) R. Br.(Fabaceae) from different geographic loca-
tions. Antioxidants 9 (2), 152. https://doi.org/10.3390/antiox9020152.



