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Despite the recent knowledge of the molecular mechanisms of corticosteroid drugs in lymphoid
leukemia, information about the nanostructured surface morphology of the process of cell death is
limited. Therefore, the main objective of this work is to analyze the effect of methylprednisolone on the
morphology of B lymphoblast CCRF-SB cell line by Atomic Force Microscopy (AFM). Morphological
parameters such as height, cell diameter, and roughness were analyzed and used as indicator of cell
surface damage. In accordance with AFM images, CCRF-SB cells show an ovoid shape, with a nucleus
which occupies a great area of the cytoplasm delimited by the cellular membrane. When a CCRF-SB
cells cell was exposed to the drug, the morphology of the cell changed. After 24 h, CCRF-SB cells
remains in its ovoid shape; however, AFM images show irregularities that indicate disruption of the
cellular membrane and the formation of cellular bodies in the cytoplasm and nucleus. Interestingly,
AFM images showed dramatically changes in the morphology of the CCRF-SB cell after 48 h, where
fragmentation of the cytoplasm and nucleus were recorded, as result of the cellular death process.
These changes in the cellular morphology of CCRF-SB cell can be associated with the cell damage and
death process caused by drugs such as methylprednisolone and can be used to control their
effectiveness and to establish a correct diagnosis in cancer treatment.

Key words: Glucocorticoids, atomic force microscopy (AFM), cancer cells, CCRF-SB cell, roughness, nuclear
cell fragmentation.

INTRODUCTION

Cancer was the cause of nearly 10 million deaths in 2020 most common types of cancer in 2020 were: Breast (2.26
in the world, which is nearly one in six of all deaths. The million), Lung (2.21 million), Colon (1.93 million), among
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others (Chhikara and Parang, 2023).

Leukemia is the cancer of blood including white blood
cells. There are different types of leukemia: acute
lymphoblastic leukemia (ALL), acute myeloid leukemia
(AML), and chronic lymphocytic leukemia (CLL); they all
affect different age groups. Approximately 474,519 new
cases of leukemia contributing 2.5% of total cancer
appeared in 2020. Even when leukemia deaths were
about 3.1% of all cancer deaths in 2020, leukemia is the
most frequent cause of cancer death in children and
persons younger than 39 years old (Chhikara and Parang,
2023). Of all leukemias, ALL has the major incidence
(about 76%) with the highest rate in children less than 1
year old. Since time ago, leukemia treatments are based
on chemotherapy with anthracyclines (Chhikara and
Parang, 2010; Terwilliger and Abdul-Hay, 2017).
Recently, there have been also important developments
in drug delivery through nanotechnology formulations
(Mayer et al., 2019) and new genetic technologies
(Padmakumar et al., 2021).

Glucocorticoids are steroid hormones (Timmermans et
al., 2019) used as anti-inflammatory and antineoplastic
drugs, especially in hematologic malignancies.

The actions of glucocorticoids have been associated
not only to their differentiation-inducing and apoptosis-
inducing effects, but also to the modification of several
steps of the hematopoietic and/or immune pathway and
these have been reported (Yetgin and Ozsoylu, 2007).
Specifically, the activity of corticoids on lymphoid cells is
described in three steps: initiation (the activation of
corticosteroid on lymphocytes), decision step (degradation
of pro-survival transcription factors, induction of apoptosis
by caspase-3 activation, DNA fragmentation, among
others), and the execution step (caspases and
endonucleases are activated) (Distelhorst, 2002).
Besides, it has been found that glucocorticoids are linked
with other cellular mechanisms, such as the proteasomal
inhibition, concentration changes of Ca, Na, and K ions
(Greenstein et al., 2002; Smith and Cidlowski, 2010;
Lambrou et al., 2012; Abdoul-Azize et al., 2017). Recent
investigations of the effect of glucocorticoids on colitis
and other types of cancer reported that their the
rapeutical effectiveness remains questionable and
suggested future research (Zhang et al., 2020; Mayayo-
Peralta et al., 2021). In the case of ALL, Velentza et al.
(2021) suggested the use of glucocorticoids to treat this
disease, but not for long-term treatments, because of the
children's bone health, among other collateral effects.

Methylprednisolone (MP) is one of the most utilized
glucocorticoids drugs in the treatment of ALL (McNeer
and Nachman, 2010). ALL is one oncological entity,
which activates abnormal mechanisms of proliferation,
maturation, and differentiation of lymphoid cells, leading
to an increase of immature cells (blast) in the blood
stream (Conter et al., 2004). ALL has a higher frequency
in children population and is one of the most common
leukemia reported (Larios-Farak et al., 2016). The most
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common treatment for ALL, as mentioned earllier, is the
chemotherapy that is based on three steps: induction to
the remission, consolidation, and maintenance (Kato and
Manabe, 2018). Before the first step, steroids like
methylprednisolone are supplied for 7 days, to classify
the patients in groups, according to a good, regular, or
bad response to the treatment (Tissing et al., 2003;
Rendén-Garcia et al., 2017).

Usually, the effects of MP have been investigated on
the morphology of leukemia cells. These analyses have
been restricted only to optical and electronic microscopy
techniques (Higcsénmez et al., 1996; Hi¢csébnmez et al.,
1999; Ozbek et al., 1999). However, it is important to
investigate the effect of this drug on leukemia cells by
analyzing the topographic characteristics (ultrastructure,
diameter, height, roughness) with the intention of gaining
a better understanding of the mechanisms of action of
corticoids at a nanostructural level.

Atomic Force Microscopy (AFM) is commonly used to
observe the surface structure of soft and solid materials
(Zhao et al., 2019). It has a very sensitive and sharp
probe attached at the edge of a microcantilever, very
sensitive to small forces (Figure 1). When the tip is
approaching the sample surface, atoms of the tip and the
surface interact with a very weak force, but it is enough to
perturb the oscillation of the cantilever; then, the position
of the probe is detected by an optical sensor, converting
this information in a topographical image. From this
image, we obtain the relative height of a point to another
one and the morphological characteristics from the
surface of a given sample (Patel and Kranz, 2018). AFM
offers a variety of methods allowing the study of the
topography of cells with high resolution (Lastella et al.,
2007; Wu et al., 2009; Francis et al., 2010). For instance,
AFM was used to analyze the effect of a drug on the cell
surface and evaluate the morphological changes in
cancer cells with the aim of investigating the
morphological changes in the death processes. Through
the analysis of the topographic AFM images, it is possible
to differentiate a healthy cell from a malignant one by
comparing the topographical differences between these
cells (Wang et al.,, 2009; Kim et al., 2012; Pillet et al.,
2013; Deng et al., 2018). Specifically, this technique has
been used to evaluate roughness and elasticity of
cytoskeleton.  Therefore, AFM is suitable for
measurements to study cellular tissues in pathology (Cai
et al, 2010; Jembrek et al, 2018). In the case of
leukemia cells, AFM has been used to study the elastic
properties of leukemia cancer cell membranes
(Rosenbluth et al., 2006). They found that myeloid
leukemias are involved in leukocytosis at a higher rate
than lymphoid leukemias. A review by Li et al. (2021)
shows the different uses of AFM as a tool for analysis of
mechanical properties of cells, organelles, and
biomolecules.

Thus, the main objective of this work is to measure the
effects of MP on the morphology of cells CCRF-SB of



204 Afr. J. Microbiol. Res.

F- Methylprednisolone

U dose
'
CCRF-SB cell
culture
AFM sample
Ve
|
@l
P
(s - ]

- 2= . \—

Atomic Force Microscope

Photodiode

Cantilever

’ Sample

Morphological
cell

Figure 1. Set-up for an Atomic Force Microscopy. (AFM in the Complex Fluids Lab. University

of Sonora)

LLA type B by AFM-based methods and use the
parameters such as shape, diameter, height, and
roughness to evaluate the cell death process. In general,
AFM images show morphological changes such as
nuclear and cell fragmentation observed in the cell
membrane of CCRF-SB cells, whilst mean roughness
(Ra) and mean square roughness (R,) increased
significantly after the drug exposure of 24 and 48 h. In
this regard, CCRF-SB cells show an ovoid shape, with a
nucleus which occupied a great area of the cytoplasm
delimited by the cellular membrane. After 24 h of drug
exposition, CCRF-SB cells retained its ovoid shape;
however, AFM images show irregularities that indicate
disruption of the cellular membrane and the formation of
cellular bodies in the cytoplasm and nucleus. After 48 h,
interestingly, the morphology of CCRF-SB cells changed
and fragmentation of the cytoplasm and nucleus was
observed, as a result of the cellular death process. On
the other hand, the diameter and height recorded for
CCRF-SB cells before the exposition of
methylprednisolone were 19 and 0.88 ym, changing to 22
and 1.46 um, respectively after 24 h of exposition; whilst
after 48 h of drug exposition, the diameter and height
recorded were 30 and 1.01 um, respectively.

MATERIALS AND METHODS
Culture cell and methylprednysolone exposition

The B lymphoblast cell line CCRF-SB [CCRF SB] (ATCC ®CCL-

120™) was purchased from American Type Culture Collection
(ATCC) and used as model of acute lymphoblastic leukemia type B.
This cell line has been widely used to investigate ALL, which is the
most common type of cancer in childhood (Mendoza-Santiago et al.,
2019; Zhao et al., 2020). The CCRF-SB cells were cultured under
humidified atmosphere (80-100%) with 5% CO, and temperature
37°C. Cells were resuspended in RPMI 1640, supplemented with
10% of bovine fetal serum, amphotericin B 250 pg/ml,
penicillin/streptomycin 10,000 IU/ml to 10,000 pg/ml ATCC,
gentamycin of 50 mg/ml. Then, CCRF-SB cells were cultured in
modified 12-well Petri dishes and exposed to a dose of 845 uM of
MP for 24 and 48 h (Ozbek et al., 1999).

Sample preparation for AFM analysis

Sterilized supports (mica 1 cm x 1 cm) were used and put in a Petri
dish, where 40 yL of L-polylysine (Sigma Aldrich) was added and
spread onto the whole surface. After 1 h, the sterilized supports
were dried in an incubator. After drying, 50 ul of a CCRF-SB cell
suspension (2.5 and 3.0 x 10* cells/ml) was added onto the mica
surface, incubating for 20 min; after that, cells were fixed with 200
ul formaldehyde (4%) for 5 min.

The use of formaldehyde as a cell fixation agent has been
controversial for several years. Szende and Tyihak_ (2010) found
that formaldehyde promotes and inhibits the proliferation of cancer
cells with different concentrations; Khoirunnisa et al. (2016) have
investigated the molecular interaction of formaldehyde and proteins
in human cancer cells. On the other hand, the use of formaldehyde
as a crosslinking agent is well known (Hoffman et al., 2015) and as
fixation agent of cells on solid surfaces, recommending 4%
solutions in PBS up to 15 min (Thavarajah et al., 2012). Taking
account, the effect of formaldehyde on cells mentioned earlier, we
blocked the fixation process of formaldehyde after 5 min. The
surface mica was washed three times with PBS (200 pl) and finally,
with distilled water to avoid cell damage and the formation of
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phosphate crystals during the drying process, prior to AFM
observation (Canetta et al., 2014).

Atomic force microscopy

AFM images were recorded with a Jeol JSPM 4210 Japan AFM
instrument (Figure 1) with a MikroMasch NSC15/NO AL cantilever
with a nominal spring constant of 40 N/m and a resonance
frequency around 325 Khz. Images were obtained in the non-
contact mode, using a scan size of 70 ym x 70 ym acquired at a
scan speed of 3.333 ms™. These scanning parameters were
selected to get a panoramic AFM image with medium quality, in a
time of 15 min, and find a CCRF-SB cell. Then after, a manual
zoom was carried out on a CCRF-SB cell, and the AFM image was
acquired at a scan size of 30 x 30 ym and scan speed of 10.000
ms, to get a high-quality topographic image in approximately 45
min.

Surface roughness

The surface roughness (nm) of the samples was analyzed with two
parameters: mean roughness (RE) and mean square roughness

(Rq) (Zhao, et al., 2019). K, is calculated by:

—_— 1 J".'-x 1".'-}- .
R“ - Ny Ny Ef:lzj=1|zi,}' - zm: ) with
_ 1 e e
Zaw = Ny Ny, Zf:lz}:lZiJ , 1)

On the other hand, Rq represents the relative change in the
surface roughness of the sample, and it is given by:

1

R, = |

Ny N -+
q . Ei;j_ E_;.'}:j_(zi,j _ZEL‘:]‘ 2

| . pr
ﬂqd"lxl.'l}-

where Ny and Ny are the number of scanning points on the x-axis
and y-axis of the AFM image, respectively, ZE-J}- is the height of the

(i,j) point and ZEL, is the average height of all measuring points
from the surface AFM scanning image.
Then, er and Rq were determined by randomly sectioning the

CCRF-SB cell from the high-quality topographic AFM image (30 x
30 pm) in smaller areas (2 x 2 ym). The cellular sections with
artifacts were discarded for roughness analysis.

Data analysis

Software Gwyddion (Ne¢as and Klapetek, 2012) was used to
visualize the morphological parameters of CCRF-SB cells, while
quantitative parameters, such as height, diameter, roughness Ra
and Rqg were determined with the WsxM 5.0 software program
(Horcas et al., 2007). The height, diameter, and roughness (Ra and
Rqg) of CCRF-SB cells were analyzed by one-way nonparametric
ANOVA (Kruskal-Wallis) by Minitab Statistical software. This
statistical analysis is recommended for small samples, and it is
used to determine if there are significant differences between
quantitative variables of at least three independent groups. In this
case, four AFM images coming from four independent CCRF-SB
cells non-exposed and exposed to a dose of MP (845 puM) for 24
and 48 h were analyzed. After nonparametric ANOVA analysis, a
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post-Hoc test (Tukey) was carried out to determine the statistical
significance among data, considering the p values minor to a, the
typical significance level (a <0.05).

RESULTS AND DISCUSSION
Ultra structure of CCRF-SB cells

Drugs, viruses, bacteria, etc., can kill a given cell. During
the cell death process, the integrity of the cell is damaged
modifying its morphological parameters; therefore, in
order to understand the death cell process produced by a
specific drug, in vitro experiments can be conducted to
study the cell morphology (Huang et al., 2014).

In this regard, we have investigated the effect of
methylprednisolone on the morphology and ultrastructure
of CCRF-SB cells, as a B lymphoblast cell model.
Lymphoblasts are non-adherent cells, almost always
ovoid round shape; these cells are bigger than
lymphocytes with a larger cell proportion occupied by the
nucleus. It is common to find cells with two nucleoli and
cytoplasmic vacuoles.

Figure 2 shows the morphological characteristic of a
CCRF-SB cell. It can be observed as a CCRF-SB cell
(Figure 2, Image 1) with ovoid round shape, limited by the
cell membrane, which result like the shape for health
lymphocytes observed by optical microscopy (Laane et
al., 2009). Heights of cells are between 1 and 1.5 p and
diameters between 6 and 8 p. At the nanostructure level
(Figure 2, Images 1.1, 1.2, 2.1 and 2.2), we observe
components homogeneously distributed along the
plasmatic membrane, probably due to the presence of
carbohydrates and proteins, which contribute to the
structural support of cell membrane (Hu et al., 2009;
Huang et al., 2014). Additionally, Figure 2 shows images
of CCRF-SB cell in three dimensions (Images 1.3 and
2.3), in which a big nucleus/cytoplasm ratio and
protrusions at the edge of the cell membrane can be
observed.

Figures 3 and 4 show the AFM images recorded for
CCRF-SB cell treated with 845 uM dose of MP after 24
and 48 h, respectively. Changes can be observed in the
cell morphology as well as in the ultrastructure of
lymphoblasts. Images 3 and 4 in Figure 3 correspond to
cells exposed to MP after 24 h. As observed, the
morphological changes were small at this time of
treatment. On one hand, Images 3.1, 3.2, 4.1 and 4.3
show irregularities on the nucleus of CCRF-SB cell, such
gaps (pink arrow in Image 3.1) or pores (Image 4.2).
Additionally, in Image 4.3, swelling of cells and
invaginations at the edge of the membrane can be
observed (yellow arrow, Image 4.3). We note a large
increase in cell height, the collapse of the membrane
(green arrow, Image 3.3), and the presence of cellular
bodies, because of the cellular death process (black
arrow in Image 4.3).

The most significant changes in the morphology of
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Figure 2. Representative images of the CCRF-SB cell line from a control cell group. Images 1
and 2 correspond to the topographies of the control cells, Images 1.1, 1.2, 2.1, and 2.2
correspond to scanning of 3 x 5 um and Images 1.3 and 2.3 represents the three-dimensional
(3D) cellular structure. Cell 1: Representative control cell, correspond to CCRF-SB without any
treatment. 1.1: the ultrastructure of the nucleus, 1.2: ultrastructure of cellular cytoplasm. 1.3: 3D
cell morphology. Cell 2: Representative control cell, 2.1: approach in the ultrastructure of the
nucleus, 2.2: ultrastructure of cellular cytoplasm and 2.3: 3D morphology of CCRF-SB 2.
Images were recorded with a Jeol JSPM 4210 Japan AFM instrument with a nominal spring
constant of 40 N/m and a resonance frequency around 325 Khz.

CCRF-SB cell were observed after 48 h in the presence
of MP. Some structures can be observed that may be
vestiges of cell organelles, even though complementary
techniques must be done (White arrow, Figure 4, Image
5.3). The nucleus fragmentation is more evident at the
ultrastructure level (Images 6.1 and 6.2); the gap in
Image 6.3 showed shrinking of the cell and deep
depressions in the membrane cell (red arrow, Image 6.3),
such as occurs in the cell necrosis process. Similar
effects were also observed in myeloid leukemia cells k-
562 exposed to dexamethasone (Wang et al., 2016).
Changes on the cellular structure, as well as the
formation of cytoplasmatic vacuoles, membane pores,
cell shrinkage, protrusions at the edge of the membrane,
smooth membrane and irregular nanostructure after the
interaction with the drug were also observed. The
presence of these damages can result from the apoptotic,
necrotic and necroptotic processes (Hu et al., 2009).

On the other hand, we analyzed the morphology of
CCRF-SB cell, to understand cellular death processes.
Typically, in the cellular death process by apoptosis, the
cell shows usual damages like loss of volume, cell

shrinkage, apoptotic bodies, and DNA fragmentation.
While, in the cell death by necrosis, cytolytic inflammation
was observed, loss of membrane integrity, and cellular
swelling cause an increase in the cell size. The
necroptosis process is a combination of apoptosis and
necrosis, both of which demand on a process called
autophagy which uses lysosomes to wrap cytoplasm and
organelles to make possible cell renewal processes and
homeostasis (Walsh and Edinger, 2010). The necroptosis
shows different effects on cells; blister-like structures on
the cell membranes, cell shrinkage, chromatin
condensation and apoptotic bodies formation without
membrane rupture. Similarly, drugs of the glucocorticoid’s
family can activate the apoptosis intrinsic way, as well as
the activation of the recruitment mechanism of the ionic
channels of Ca** y Na', promoting the development of
pores on the membrane (Smith and Cidlowski, 2010);
therefore, supporting the theory of pores on the
membrane, developed by Schwartzman and Cidlowski
(1994). They describe the action mechanism of
glucocorticoids, which destabilize the plasmatic
membrane by a lysis process through pores of
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Figure 3. Representative images of the CCRF-SB cell after 24-h exposure with
Methylprednisolone. The first column corresponds to the cell topographies, second
corresponds to approach of 3 x 5 uym and the third represents the 3D cellular structure.
Image 3: Group cell 24 h. Image 3.1: approach in the ultrastructure of the nucleus, pink
arrow indicates irregularities in peripheral nuclear membrane, Image 3.2: ultrastructure of
cellular cytoplasm. Image 3.3: 3D cell morphology, blue arrow, early nuclear fragmentation,
green arrow, nuclear clefts. Image 4: Representative cell of the group 24 h, Image 4.1:
approach in the ultrastructure of the nucleus, Image 4.2: cytoplasmic ultrastructure, with
special focus on 800 x 800 nm cytoplasmic pore and Image 4.3: 3D morphology of
Lymphoblast 4, black arrow, pore location figure 4.2, yellow arrow, early invagination in

cytoplasm.

membrane caused by an increase of Ca®" in the cell
processes, provoking a concentration difference through
the membrane (Pan et al., 2016).

Morphological parameters
Height and diameter

These parameters were analyzed with a non-parametric
ANOVA program. The height profile was defined as the
difference between the tallest point of cells and the
bottom. Results showed non-significant differences
between control CCRF-SB cell and cells treated with MP
after 24 and 48 h (Table 1). The control cell showed an
average height of 0.88 p and an average diameter of 1.46
pm and 1.01 pm after 24 and 48 h MP of treatment with
MP treatment, respectively. Similar results have been
reported by Huang et al. (2014), who observed changes
in the height of lymphocytes treated with aminophylline
for 48 h. These results suggest that the integrity of the
cell membrane has been affected due to the MP
exposition, affecting the biological characteristic, such as

height, diameter, and roughness (Ra and Rq), and
eventually, the physiological function of cells (Huang et
al., 2014).

Roughness

Roughness is a cytological parameter because it is
related with cell processes like cell mechanics, which is
also related with adhesion and moatility (Antonio et al.,
2012); therefore, it is a sensible parameter for the
measurement of the state of cells and is intimately
bounded with the integrity of the cytoskeleton and the
processes that produce structure changes. Then, the
change of diameter, height and roughness parameters
can be used as a damage sensor in the cell membrane
when cells are under cellular death process (apoptosis,
necrosis, or necroptosis processes) (Liu et al., 2018).
Roughness values were obtained on random way in
section of 2 x 2 um, neglecting every cell artifact. Figure
5 shows that both Ra and Rq displayed significant
differences between non-treated CCRF-SB cells and
treated CCRF-SB cells with MP after 24 and 48 h. The
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Figure 4. Representative images of CCRF-SB cell with a 48-h exposure time to
Methylprednisolone. The first column corresponds to the cellular topographies, the
second approach of 3 x 5 um, and the third representation of the 3D cellular structure.
Cell Image 5: Representative cell of the group 48 h. Image 5.1: approach in the
ultrastructure of the nucleus, with long fragmentation lines in the peripheries of the
nucleus, Image 5.2: ultrastructure of cellular cytoplasm. Image 5.3: 3D cell morphology,
white arrow advanced cytoplasmic fragmentation, with cell rupture. Image 6:
representative cell of the group 48 h, Image 6.1: approach in the ultrastructure of the
nucleus with nuclear fragmentation. Image 6.2: ultrastructure of cytoplasm, and Image
6.3: 3D morphology of Lymphoblast.

Table 1. Cellular size after CCRF-SB cell was exposed to methylprednisolone for 24 and 48 h.

Time of exposition (h) Diameter (um) + SD Height (um) + SD

0 19+3 0.88 £ 0.07
24 22+6 1.46 +0.70
48 30+6 1.01 +£0.22

Data represent mean of diameter and height. Each group represents the measurements of 4 cells.

SD: Standard deviation.

results obtained in this investigation for Ra were 79 + 15
nm for the control group, 133.4 + 29.4 nm for cells CCRF-
SB with MP exposed 24 h and for cells exposed 48 h was
122.3 + 16.7 nm. The values of Rq were 93 + 17, 159.3 +
34.5, and 141.4 + 15.4 nm, respectively for the control
and the two treatments. These changes in the Ra and Rq
values can result from different cellular processes in
which the integrity of the cell membrane is compromised.
In this regard, Dong et al. (2013) reported changes in the
cellular roughness (Ra and Rq) of leukemia lymphoid
cells type B exposed to Staphylococcus aureus. They
observed that the Ra value increased to 3.18 + 0.35 and
3.07 £ 0.18 nm after the cells were exposed to the Gram

(+) bacteria for 24 and 72 h, respectively. While the Rq
roughness registered was around 3.93 £ 0.08 and 3.47 £
0.31 nm, respectively. Dong et al. (2013) explained that
the observed changes in Ra and Rq have resulted from
the redistribution of the components of the cell membrane
that takes place at the surface of the cell (Dong et al.,
2013).

Besides the contribution of AFM to the evaluation of
changes caused on the morphology and mechanical
properties by anticancer drugs on cancer cells, and help
to obtain a diagnosis of cancer, there are many other
uses of AFM in investigations at molecular level. However,
AFM cannot investigate the chemical composition of cells
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Figure 5. Box plot for cell roughness Ra and Rq subjected to three treatments, control group,
treatment with MP at 24 and 48 h. Results represent mean +/- SD of Ra and Rqg. Each group
represents the measurements in cm/nm/pixel of 4 cells. One-way nonparametric ANOVA
(Kluskal-Wallis) followed by Tukey test were used to analyze the Ra and Rqg parameters and
to compare control cells and cells treated with MP for 24 and 48 h (p<0.05).

or molecules and sometimes it is slow to get information
on damaged cells, but combined with other techniques
like Raman spectroscopy, scanning microscopy confocal
laser scanning microscopy, scanning electron microscopy,
among others, AFM offers an excellent tool to obtain
more precise diagnosis of cancer cells (Deng et al., 2018).

Conclusions

The effects of methylprednisolone (MP) on the
morphological properties of leukemia B cell model
(CCRF-SB cell line, CCRF-SB) were evaluated by AFM.
Before the AFM analysis, a protocol to fix the CCRF-SB
CCRF-SB cell onto the mica surface was standardized. It
is important to remark that this approach allows to
determine the effects of the exposition of MP (845 puM) on
the morphology of CCRF-SB cell CCRF-SB by AFM,
taking into count parameters such diameter, height,
morphology, and roughness. Since these parameters
give information about the integrity of the cell membrane,
then they have potentials as biomarkers useful to analyze
the cellular damages after the exposition of a given drug.
In this regard, AFM images allowed to observe the loss of
ovoid shape of CCRF-SB cell after cells were exposed to
MP for 24 and 48 h. Additionally, despite CCRF-SB
retaining its ovoid shape, the exposition to MP for 24 h,
topographical irregularities were observed, suggesting
that the integrity of the cell membrane has been affected
by the exposition to the drug, causing the disruption of
the cellular membrane and the formation of cellular bodies

in the cytoplasm and nucleus. These effects were more
evident after 48 h of exposition to MP, observing
fragmentation of the cytoplasm and nucleus of CCRF-SB
cells, indicating that cells are dying. These results
suggest that the AFM can be considered a powerful tool
to study the morphology and topography of cells after the
exposition of a given drug. However, AFM tool is limited
to be applied in research areas, and it is difficult to be
used for clinical purposes due to the time required to
prepare the cell sample and to acquire images with high
resolution (at least 45 min per image).
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Rhizobia could exhibit plant growth-promoting mechanisms besides nitrogen fixation. In search of
efficient rhizobia with multiple PGP traits, 72 groundnut nodulating rhizobia isolates were screened in
vitro for their plant growth promoting traits like phosphate solubilization, production of indole acetic
acid, ammonia, hydrogen cyanide, production of different hydrolytic enzymes and antifungal activity.
About 72% of the isolates produced IAA, varying from 7.4 to 78.8 pg.ml'1 and 23.6% of the isolates were
able to solubilize tri-calcium phosphate. Even if all isolates could produce ammonia, two isolates were
strongly produced. Only two isolates were able to produce hydrogen cyanide. The enzymatic
production study revealed that 50 and 48% of the tested isolates showed protease, and cellulase
activities respectively. Only 13.8% of the isolates were found to be inhibitory against the test pathogen,
Fusarium oxysporum, but the maximum inhibition potential was exhibited by GNR-07. The present
study also demonstrated that 100% of the isolates exhibited multiple PGP (plant growth promotion)
properties, with isolates GNR-37 and GNR-28 being superior, acquiring the highest number of PGP
properties (87.5% each). These isolates can be potential candidates as a PGPR inoculant after
evaluation of their performance under greenhouse and field conditions.

Key words: Rhizobia isolates, plant growth-promoting traits, enzymes and some chemical compound
production, antifungal activity.

INTRODUCTION

Plant growth promoting rhizobacteria (PGPR) are a
heterogeneous group of bacteria that can be found in the
rhizosphere, at root surfaces and in association with
roots, which can improve the extent or quality of plant
growth directly and or indirectly (Meena et al., 2012;
Moustaine et al., 2017). PGPR include different genera of
bacteria such as Acetobacter, Acinetobacter, Alcaligenes,
Arthrobacter, Azoarcus, Azospirillum, Azotobacter,
Bacillus, Beijerinckia, Burkholderia, Derxia, Enterobacter,
Gluconacetobacter, Herbaspirillum, Klebsiella,

*Corresponding author: E-mail: asnake.beshah@yahoo.com.

Ochrobactrum, Pantoae, Pseudomonas, Rhodococcus,
Serratia, Stenotrophomonas and Zoogloea (Jha and
Saraf, 2015).

PGPR can promote plant growth by both direct and
indirect mechanisms. Direct mechanisms are defined as
employing those bacterial traits that result in the direct
promotion of plant growth. It includes the production of
ACC deaminase, auxin, gibberellin, cytokinin,
phosphorous  solubilization, nitrogen fixation and
impounding of iron by siderophore producing bacteria.
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The bacteria have characteristics that involve inhibiting
the functioning of one or more plant pathogenic
microorganisms, including fungi and bacteria. Indirect
mechanisms include the production of cell wall degrading
enzymes, antibiotics, competition, induced systemic
resistance, hydrogen cyanide, quorum quenching, and
siderophores (Olanrewaju et al., 2017). PGPR antagonize
phyto-pathogens through various mechanisms; like
competition for nutrients and space, production of
antibiotics, production of lytic enzymes and hydrogen
cyanide (Hamid et al., 2021; Jayaprakashvel et al., 2019;
Kaur et al., 2021). Some bacteria produce enzymes such
as chitinases, cellulases, proteases, and lipases that lyse
and destroy cell walls of bacteria and fungi that are
pathogenic for the plant. PGPR are capable to synthesize
one or more of these enzymes have been found to have
biocontrol activity against a range of pathogenic fungi
(Sathya et al., 2017).

Rhizobia that form root nodules and fix atmospheric
nitrogen with leguminous plants are one of the PGPR that
possess many distinct plant growth-promoting traits that
enhance plant growth of both leguminous and non-
leguminous crops (Jaiswal et al., 2021; Knezevi¢ et al.,
2022). Rhizobia can enhance plant growth directly
through production of different metabolites having a
property of plant growth promotor and biocontrol by
production of different lytic enzymes (Gopalakrishnan et
al., 2015).

It is reported that rhizobia nodulating groundnut host
possess plant growth promoting (PGP) properties such
as solubilization of inorganic phosphate (Afzal and Asad,
2019) phytohormone production such as Indole Acetic
Acid (IAA) (Kumar et al., 2014; Panigrahi et al., 2020)
and siderophore production (Vargas et al., 2017).

In general, root nodule rhizobia possessing multiple
PGP traits confer additional advantage to serve as
inoculants for both legume and non-legume crops grown
rotationally or simultaneously. However, the number of
studies on groundnut rhizobia is limited compared to
other pulses, despite the growing commercial interest in
crop production in Ethiopia. Hence, to improve the yield
of groundnut, there is a need to collect, isolates, and
screen more groundnut rhizobia for their plant growth
promotion characteristics from the major growing areas of
the country. In this study, groundnut rhizobia isolates
were collected from major prospective groundnut growing
areas of Ethiopia using groundnut variety Babile 1. The
isolates were then evaluated for multiple plant growth
promotion (PGP) traits under laboratory and greenhouse
conditions to determine their potential and effectiveness
for future inoculant production.

MATERIALS AND METHODS
Source of rhizobial isolates

A total of 72 groundnut rhizobia isolates were used for PGP tests.
All of them were trapped by induction method under greenhouse
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condition from soil samples collected from major groundnut growing
areas Oromia Babile, Benishangul and Berhet wereda by using
improved groundnut variety called Babile 1 as a trap host. This
variety was introduced from India by International Crop Research
Semi-Arid and Tropics (IRISAT). It is well adapted in some areas of
the country like that of Werer, Miesso, Assosa, Pawe and Babile
with an altitude range between 569 to 1100 mm and having an
average potential productivity of 24 qt/ha. The majority of isolates
were slow growing rhizobia identified as Bradyrhizobium species.

Screening for plant growth promoting (PGP) characteristics of
groundnut rhizobia

Solubilization of inorganic phosphates

A loopful of fresh rhizobial culture (10uL; 10° cells mL™) was spot
inoculated on Pikovskay’s medium containing Yeast Extract 0.5
Dextrose 10.0 Calcium Phosphate 5.0 Ammonium Sulphate 0.5
Potassium Chloride 0.2 Magnesium Sulphate 0.1 Manganese
Sulphate 0.0001 Ferrous Sulphate 0.0001 Agar 15.0 (in g I* of
distilled water): and incubated at 28-30°C for one week. Clear zone
formation around the colonies was recorded as positive for
inorganic phosphate solubilization. Phosphate solubilization index
(the extent of phosphate solubilizing ability of bacterial isolates) was
also determined (Paul and Sinha, 2017).

Phosphate Solubilization Index (Sl) = B/A

Where; A = Colony diameter B = Total diameter (colony + halo
zone)

Quantitative estimation of indole acetic acid (IAA) production

The ability of rhizobial isolates to produce indole acetic acid (IAA)
was determined colorimetrically accordingly. The rhizobial cultures
were grown at 28°C in YEM broth (containing K;HPO, - 0.5 g,
MgSO.. 7H,0 - 0.2 g, NaCl - 0.1g Mannitol - 10.0 g Yeast extract 1
lit distilled water) supplemented with filter sterilized L-tryptophan (2
g I'") for 72 h on a shaker at 150 rpm, and centrifuged at 6,000 rpm
for 15 min at 4°C. 2 ml of the supernatant was mixed with 4 ml of
Salkowski reagent (1 ml of 0.5M FeCl; solution in 50 ml of 35%
perchloric acid) and the mixture was reserved at room temperature
for 25 min in darkness. IAA production was confirmed due to the
development of pink color. The intensity of pink color was read at
530 nm spectrophotometrically and the amount of IAA produced
was extrapolated from the standard curve constructed from pure
IAA (Loba Chemie) in the range of 5 to 100 pg/ml. Non-inoculated
L-tryptophan supplemented YEM broth medium was used as
control (Md Hoirul Azri, 2018).

Ammonia (NH3) production

The isolates were tested for ammonia production by inoculating a
loopful of freshly grown cells in to 10 ml of pre-sterilized peptone
water tubes and incubated at 28°C for 3 days. The tubes were
treated with 0.5 ml of Nessler's reagent (potassium iodide -50 g,
saturated mercuric chloride -35 mL, distilled water -25 mL,
potassium hydroxide (40%) -400 mL) to detect development of
brown to yellow color as a positive test for ammonia production
(Manasa et al., 2017).

Production of hydrogen cyanide (HCN)

The rhizobial isolates (100 uL; 10% cells mL™) were inoculated into
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YEMA plates supplemented with 4.4 g L™ of glycine to detect HCN
production. Stripes of filter paper (Whatman filter paper No.1) were
soaked in the yellow picric acid solution (2.5 g of picric acid and
12.5 g of Na,COgsdissolved in 1L of distilled water) and fixed to the
underside of the upper lids and sealed with parafilm (to avoid the
escaping of volatiles like HCN) and incubated at 28°C for 5 days. A
color change of the yellow filter paper to brown was recorded as
positive for HCN production (Mir et al., 2021a).

In vitro antagonistic activity against test pathogenic fungus
(Fusarium oxysporum)

The inhibitory effect of the rhizobia isolates against the pathogen, F.
oxysporum, was evaluated in vitro on YEMA plates using the dual
culture technique as described by Kumar et al. (2016). A loopful (10
uL; 10%ells mL™) of each rhizobial culture was spot-inoculated on
YEMA plates amended with 0.5% sucrose at a distance of 2.0 cm
from the center at four equidistant points and incubated at 28°C for
5 days. Then, five days old mycelial discs (4 mm diameter) of F.
oxyporum was positioned at the center of the Petri dishes and
incubated at the same temperature until the test pathogen in the
control plates (plates without rhizobia isolate) reached the edges of
the plates. The radial growth of fungal mycelium and the inhibition
percentage was compared with control using the formula, | = [C -
TI/C] x 100, where | is the percent inhibition and C and T are the
pathogen radial growth in control and treatment, respectively.

Test for the production of different lytic enzymes
Cellulase production activity

Isolates were tested for their ability to produce cellulase according
to the method. A loopful of broth culture (10 pL; 108 cells mL'l) of
each isolate was streaked on a cellulose agar media containing
composition of KH,PO,4 0.5 g, MgSO, 0.25 g, cellulose 2 g, agar 15
g, and gelatin 2 g; distilled water one liter and at pH 6.8-7.2. The
plates were incubated at 28°C for 72 h and flooded with Gram’s
iodine for 5 min to detect clear zone formation around colonies (Dar
et al., 2015).

Protease production activity

Protease activity was assayed with YEM agar containin%; 5%
skimmed milk (Mohamad et al., 2018). After incubation at 28°C for
5-7 days, formation of clear halo zone around the bacterial colonies
was positive reaction for milk casein hydrolysis.

Production of chitinase

Chitinase activity of the isolates was tested on chitin agar plates
constituting (g I") colloidal chitin (4), MgS04.7H,0O (0.5), K-HPO,
(0.7), KH,PO4 (0.3), FeS0..7H,0 (0.01), MnCl, (0.001), NaCl (0.3),
yeast extract (0.2) and agar (20). After adding iodine the
development of clear zone around the colony was reflected as
positive for the enzyme chitinase production (Madison et al., 2017).

RESULTS
Phosphate solubilizing ability of isolates

Phosphate-solubilizing bacteria were identified
characteristically by the formation of a clear zone around

the colonies after 48 h of incubation following spot
inoculation in Pikovskaya's agar plate were taken as
positive tests (Figure 1). Accordingly, out of the 72
rhizobial isolates, seventeen (17) isolates (23.6%) were
capable of solubilizing tri-calcium phosphate. There was
variation in the diameter of the halo zones surrounding
each colony, indicating that these seventeen phosphate
solubilizing bacteria exhibited differing capacities for
phosphate solubilization (Table 1). The clear zone
diameter ranged from 1 to 3 mm, with isolates GNR-67
and GNR-28, respectively. The phosphate solubilization
indices formed by these isolates also varied between 1.7
and 2.45. The solublization index was calculated as:
Phosphate Solubilization Index (SI) = B/A

Where; A = Colony diameter B = Total diameter (colony +
halo zone)

Indole acetic acid (IAA) production

The isolates showed marked differences in their ability to
produce IAA in tryptophan supplemented YEM broth
media (Figure 2). Of the 72 isolates, 72% (52 isolates)
produced a detectable amount of IAA, which ranged from
7.4 to 78.8 pg.ml'1, while the auxin levels produced by
the remaining 20 isolates were below the detection limit.
A large amount of IAA was produced by isolate GNR-43
(78.8 pg.ml™) followed by isolates GNR-37 (77.2 ug.ml™),
GNR-28 (67.8 ug.ml™), GNR-34 (66.8 ug.ml™), GNR-03
(65.8 pg.ml™), GNR-07 (58.8 pg.ml™) and GNR-54 (56.8
pg.mi™? (Table 1).

Ammonia (NH3) production

Screening the rhizobial isolates for ammonia production
was an important trait of plant growth-promoting
rhizobacteria (PGPR) that indirectly influences plant
growth and performance. Of all the tested Rhizobium
isolates, two isolates were (GNR-28, GNR37) exhibited
as strong (+++) ammonia producer, six isolates (GNR-
3.GNR-7, GNR-19, GNR-34, GNR-43 and GNR-54) were
produce moderately (++) .Whereas the rest isolates were
scored as weak (+) for Ammonia production (Figure 3).

Antagonistic activity of Rhizobium against fungal
pathogen

In vitro antagonistic potential of the Rhizobium isolates
were tested against F. oxysporum in dual culture under in
vitro conditions and the percentage of inhibition were
recorded. After five days of incubation, inhibition zone
was clearly visible. Hence, ten isolates were found to be
inhibitory against fungal strain; yet, maximum inhibition
potential was exhibited by the rhizobial isolates GNR-07
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Figure 1. Clear zones of phosphate solublization for the isolates AAUR19, AAUR34 and
AAUR37 on Pikovskaya’s agar plate.

followed by GNR-03 and GNR-28 with growth inhibition of
42.3, 28 and 25.8% respectively against F. oxysporum
(Table 1).

Production of different lytic enzymes

Screening of bacterial isolates for Iytic enzymes
production was done. Lytic enzymes include Protease,
cellulase and chitinase positive isolates showed distinct,
clear, and prominent zones of clearance around the
colonies showing lytic enzymes production (Figure 4). In
this study, of the tested isolates, 35 and 36 isolates
showed positive for cellulase and protease activity,
respectively. The majority (90%) of the isolates that
produce cellulase enzyme also produce protease
enzyme. However, all the tested isolates were negative
for chitinase activity (data not shown).

Production of Hydrogen Cyanide (HCN)

HCN production is ascribed as one of the mechanisms of
biocontrol activity of rhizobia, the ability of the 72 isolates
to produce HCN was determined by the picric acid assay
(Figure 5). Only two Rhizobium cultures, were produced
HCN scored as moderate (++) for GNR-37 and weak for

GNR-28 whereas the redcxw<nbvexwdsfw<nbcws<
sgmaining 70 isolates not changed the yellow color of the
picric acid solution treated filter paper, implying majority
of the groundnut isolate were failed to produce HCN
(Table 1).

DISCUSSION

Among the tested rhizobial isolates, 17 (23.6%) isolates
produce a halo zone around the colonies after 24 h of
incubation on Pikovskaya’s agar medium, which
gradually increased up to 72h. The solubilisation
efficiency (SE) of Rhizobium strains on solid media
ranged between 71 to 150%. The Rhizobium strain GNR-
28 showed maximum solubilisation efficiency followed by
GNR-19 and GNR-34. In the study by Adnan et al.
(2017), it was observed that 21% of the tested rhizobia
were phosphate-solubilising bacteria, with solubilisation
efficiencies ranging between 38 and 270%. Similarly,
phosphate-solubilizing microorganisms Bacillus subtilis
and Bacillus cereus, isolated by Satyanandam et al.
(2021) from groundnut rhizosphere soil, exhibited
maximum phosphate solubilizing zones. The isolates in
the current study varied in their intrinsic ability to produce
IAA as the production varied under the same condition.
Hence, 72% of the tested isolates produced a detectable
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Table 1. Summary of multiple plant growth promoting traits of groundnut rhizobial isolates.

Isolate IAA produced Ph.osp')hat.e Ammonia Protease Cellulase Chitinase Antif_ungal HCN  %PGP
solublization index  Production activity
GNRO3 65.8 21 ++ + + - 28 - 75
GNRO5 8 NS + + + - 0 - 50
GNRO8 325 221 + - + - 12.3 - 40
GNRO2 36 NS + + - - 0 - 37.5
GNR12 0 NS + + + - 0 - 37.5
GNRO7 58.8 2.34 ++ + + - 42.3 - 75
GNR15 234 NS + + - - 0 - 37.5
GNR17 0 NS + + + - 0 - 37.5
GNR19 76 2.42 . N N - 22.5 - 75
GNR20 11.2 21 N + + - 0 - 62.5
GNR24 32.2 2.24 N + + - 0 - 62.5
GNR25 24.4 1.8 N - - - 0 - 37.5
GNR26 0 NS + + + - 0 - 37.5
GNR27 0 NS + - + - 0 - 37.5
GNR28 67.8 2.45 . + + - 25.8 + 87.5
GNR29 32.4 2.33 + + - - 0 - 50
GNR31 16.5 NS + - + - 0 - 37.5
GNR35 0 NS + + + - 12.3 - 50
GNR34 66.8 241 ++ + + - 0 - 62.5
GNR36 28 NS + + - - 0 - 37.5
GNR37 77.2 2.4 e + + - 25 + 87.5
GNR38 11.6 NS + - + - 0 - 37.5
GNR42 42.4 1.8 + + - - 0 - 50
GNR43 78.8 2 ++ + + - 12.5 - 75
GNR44 334 NS N + + - 0 - 50
GNR46 7 NS + - - - 15.5 - 37.5
GNR47 33.7 2.22 + - + - 0 - 50
GNR49 18.5 NS + + + - 0 - 50
GNR50 0 NS + + + - 0 - 37.5
GNR51 29.8 NS + - + - 0 - 37.5
GNR53 22 NS + + - - 0 - 37.5
GNR54 56.8 1.8 ++ + + - 26.7 - 75
GNR55 0 NS + + + - 0 - 37.5
GNR58 34 231 + - + - 0 - 50
GNR60 0 NS + + + - 0 - 37.5
GNR61 39.2 NS N + - - 0 - 37.5
GNR64 20.8 NS N + ‘ - 0 - 50
GNR65 9.6 NS N - + - 0 - 37.5
GNR67 41.2 1.7 + + - - 0 - 50
GNR68 7.4 NS + + + - 0 - 50
GNR71 34.8 1.74 . . . - 0 - 62.5

amount of IAA, which ranged from 7.4 to 78.8 pyg.mi™. The biosynthesis of IAA is widespread among plant-
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"

Figure 2. IAA production of tested isolates AAUR37 (Pinkish color showed IAA production, Creamy color showed no IAA

produced and Whitish color only YEM broth as control).

Figure 3..Test for ammonia production of rhizobial isolates AAUR19, AAUR28,AAUR37 and AAU43 from left to right(
yellowish color indicates ammonium production).

associated bacteria (Ulrich et al., 2021). Several studies
also showed that many soybean rhizobia produced IAA
irrespective of the type of rhizobia nodulating groundnut
host varieties (Dlamini et al., 2021, Ibny et al., 2019). Ibny

et al. (2019) working with 89 rhizobial strains and found
that 39% of the strains produce IAA. The IAA produced
by some of the isolates in the present study was higher
than previously reported for both fast and slow growing
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Figure 4. Protease enzyme production by rhizobial isolates AAUR19, AAUR28, and
no protease production by isolates AAUR37and AAUR43 on SMA media.

%3 -

Figure 5. Plate based qualitative assays showing HCN production.

groundnut rhizobia in Pakistan (0.02 to 69.71 pyg.mi-1).
Ibny et al. (2019) and lower than which has been
reported from Ghana (56 to 290 pg mi™") (Khalid et al.,
2020). The production of IAA by PGPR can be differ with
in species and strains, and influenced by culture
conditions, substrate availability and growth stage

(Ashrafuzzaman et al., 2009; Kumar et al., 2012; Ngoma
et al., 2013).

Another important trait of rhizobia is the production of
ammonia that indirectly influences the plant growth. The
plants can take up ammonia produced by the rhizobia as
a source of nitrogen for their growth. The ammonia



production results of the test isolates showed varied
outcome (Table 1). All isolates (100%) were able to
produce ammonia. Among these, two isolates were
exhibited as strong ammonia producer, six isolates were
produce moderately the remaining isolates were scored
as weak ammonia producer. Similarly Ajilogba et al.
(2022) works show that, even if all the tested isolates
were positive for NH; production, two of them were
recorded as moderate and the rest as weak ammonia
producers. In general, having such rhizobia characteristics
suggests that it is vital to select a nitrogen fixer with
ammonia production in a bio-fertilizer consortium for
agriculture practices.

To check the efficacy of antagonism of selected
rhizobial isolates against soil borne fungal isolates (F.
oxysporum) infecting groundnut plant, dual culture
method was adapted and the percentage of inhibition of
growth was recorded (Table 1). As a result of the plate
assay, some rhizobial isolates curtailed the growth of
pathogenic fungi tested and were found to be highly
inhibitory to F. oxysporum, whereas other strains showed
only nominal antifungal activity. Rhizobial Strains GNR-
07, GNR-03 and GNR-28 suppressed the growth of
tested fungi at higher percentage when compared to
other strains tested. Similar results were observed by
Antoun et al. (1998), who found that 49 of his rhizobial
strains inhibited the growth of F. oxysporum. A significant
reduction in damping -off or wilt disease of groundnut
plant could be achieved by inoculating the strains that
have antifungal ability and capable to reduce the
percentage of crop loss. Such biocontrol agents have
also been reported to produce toxic metabolites, enzymes
or volatile compounds that have inhibitory effects on soil-
borne pathogens.

Hydrolytic enzymes act as agents for prevention of
plant diseases by causing lysis of pathogenic microbes in
the close vicinity of the plant as they secrete increased
level of cell wall lytic enzymes (Protease, cellulase and
chitinase) (Neeraja et al.,, 2010). In this study, 50%
isolates were positive for protease production and 48%
isolates were positive for cellulase enzyme production.
Even if there is no work on groundnut rhizobia in
production of different lytic enzymes in Ethiopia, similar
result reported by Abera et al. (2018) that indicate 33 and
38% of soybean rhizobia isolated from Ethiopian soils
showed protease and cellulase activity, respectively
whereas, none of them utilized chitin. PGPR that able to
produce these lytic enzymes are expected to have
biocontrol property against a wide range of fungi and
bacteria that are potentially pathogenic for the plant and
led the crop to enhance crop yield.

Bacterial isolates for their production ability of hydrogen
cyanide (HCN) was also screened. Of all the tested
Rhizobium isolates (72) for Hydrogen Cyanide, only two
isolates showed moderate and weak production (Table
1).

Irrespective of the types of host plants, out of 22-tested
soybean isolates which isolated from Ethiopia soil only
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one isolate produced HCN (Getahun et al., 2022). Earlier,
Antoun et al. (1998) have also reported that only 3% of
rhizobial strains from different genera and species were
found to produce HCN, implying the rare occurrence of
HCN production among rhizobia species, indicating that
PGP rhizobia are relatively inefficient in the production
HCN (Mir et al., 2021b).

In general, presence or absence and intensity of
Hydrogen Cyanide production can play a significant role
in  antagonistic  potential of bacteria  against
phytopathogens.

Conclusion

The current study covers the way for the ideal selection
of Rhizobium possessing multiple PGPR properties and
confirmed antagonistic activity for their consistent
performance on the growth and yield of groundnut.
Selection of the appropriate rhizobial inoculant improves
nitrogen fixation and food production. The present study
was mainly taken up to screen and identify multiple
PGPR trait producers of rhizobial isolates isolated from
the major groundnut growing area of the country and to
use it as a biofertilizer for stimulating the growth of
groundnut. The ability of tested Rhizobium isolates
exhibiting some PGP-properties, namely, IAA production,
PSB, ammonia, HCN, lytic enzyme (protease, cellulase
and chitinase) production and antagonistic activity
evaluated under in vitro conditions. Accordingly, isolates
such as GNR-37 and GNR-28 proved 85% efficiency
followed by GNR-43, GNR-19 and GNR-which showed
75% efficiency performance from the all tested traits.
Owing to this, the isolates that showed much multiple
traits have a selective advantage for practical application
to formulate an inoculant for groundnut.
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Cashew nut cultivation plays an important socio-economic role in Senegal. However, it suffers from
several problems, including declining soil fertility which leads to low productivity. To overcome these
constraints, the use of arbuscular mycorrhizal fungi (AMF) could be a sustainable alternative. However,
the positive effects of AMFs may depend on their infectious potential, density, and diversity. So far,
little attention has been given to exploring these aspects in cashew plantations. The proposal of this
study is to determine the infectious propagules, density and diversity of AMF spores in cashew agro-
systems. Soil samples were collected from four cashew production areas in Senegal (Ziguinchor,
Sédhiou, Kolda and Fatick). The soil samples were previously treated by wet sieving and decantation
technique and the spores were isolated by centrifugation; thereafter, a morphological identification of
the extracted spores was carried out. To compare AMF propagule numbers between sites, a most
probable number (MPN) bioassay was performed under greenhouse conditions using Zea mays as the
host plant. The average AMF spore density was significantly higher in Ziguinchor (610 spores/100 g
soil), Sédhiou (586 spores/100 g soil), and Fatick (445 spores/100 g soil) compared to Kolda (211
spores/100 g soil). However, no significant difference was noted between Ziguinchor, Sédhiou, and
Fatick. Spore and propagule densities show opposite results, MPN was high in sites with low spore
density. The identification of the spores showed 6 genera belonging to Glomus, Gigaspora,
Acaulospora, Scutellospora, Entrophospora, and Racocetra. Identified AMFs could be isolated and
multiplied to produce bioinoculants for cashew trees.

Key words: Abundance, Arbuscular mycorrhizal fungi, morphological diversity, most probable number,
Anacardium occidentale, Senegal.

INTRODUCTION

Cashew is a tropical nut crop and an extremely important a national production estimated at around 28 900 tons per
source of income for thousands of people in Senegal. Itis year (Hien, 2019). In Casamance, cashew is mainly
cultivated widely in the South of the country, especially in grown in the administrative regions of Kolda, Sedhiou,
Casamance and in the Groundnut Basin of Senegal with and Ziguinchor, while in the Groundnut Basin it concerns



222 Afr. J. Microbiol. Res.

the Factick region. Cashew constitutes a major source of
income in these regions by supporting more than 22500
households which represent a total population of around
352600 inhabitants (ASEPEX and IRD, 2017). In spite of
the importance of this crop, cashew nuts yields gradually
declined during these past years (Ndiaye et al., 2017).
Currently, the yield per tree fluctuates from 3.2 to 5.81 kg
and the yield per hectare is around 542 kg/h (Samb et al.,
2018b). This production remains low compared to other
producing countries such as Brazil, Vietnam, India,
Indonesia, Philippines, Ivory Coast, Nigeria, and Benin
(Samb et al., 2018b). Of the several factors associated
with low productivity, poor soil fertility especially in
nitrogen and phosphorus is a major factor limiting
production. In addition, very little attention, in term of
research has been accorded to this crop. There is
therefore the need to step up research to improve
cashew production, yields and quality as well as
standardize effective propagation techniques to increase
the productivity of this crop. In this context, the use of
Abuscular Mycorrhizal Fungi (AMF) could promote plant
growth and provide protection against phytopathogens
(Sadhana, 2014; Barrow, 2012). In fact, under natural
conditions, plants maintain symbiotic relationships with
microorganisms as a strategy to withstand adversities by
increasing plant resilience to water deficit and soll
nutrient scarcity (Cius, 2017; Manga et al., 2022;
Soumare et al., 2023). So, it is important to know which
AMF are present in rhizosphere and in roots of naturally
occurring plants in order to identify the most frequent
ones and those showing high adaptability to
environmental conditions. In fact, variations in AMF
diversity can influence the stability and population
dynamics of an ecosystem by changing plant
competiveness and persistence. However, until recently,
there was little focus on AM fungal diversity and
ecosystem variability and productivity. This study aims to
assess the MPN of infective propagules, density and
diversity of AMF associated to Anacardium occidentale L.
in different cashew agro-ecological zones in Senegal.

MATERIALS AND METHODS
Presentation of the study area

This study was conducted in two agro-ecological zones: the
Casamance and the Groundnut Basin favorable to cashew
cultivation (Figure 1). In Casamance, the sampling sites
corresponding to the administrative regions of Kolda (Sanankoro
12°53'00" N, 14°57'00" W), Sédhiou (Colane 12°42'29" N, 15°33
'25" W) and Ziguinchor (Boutoupa Camaracounda 12°33'40" N,
16°17'00" W) while in groundnut Basin, the sampling have been
taken in Fatick region (Ndiémou 14°19'00" N, 16°25'00 " O).

In Casamance, the annual rainfall varies between 600 and 1775

mm distributed from June to October with an annual average
temperature of 26.7°C (Camara, 2018). The soils are tropical
ferruginous and/or ferralitic, clayey-loamy, hydromorphic types
(ANSD, 2013). By contrast, Fatick region belongs to semi-arid
tropical climate with an average annual temperature between 21
and 37°C and an average annual rainfall of 611 mm (Samb et al.,
2018a). The soils are saline and acidified saline halomorphic soils
(Samb et al., 2018a).

Soil sampling

At each site, five composite soil samples were obtained from under
five A. occidentale trees. The sampling was carried out at a
distance of 3/4 of the crown radius at a soil depth of 0 to 20 cm,
following the East, West, North, and South directions of each tree.
The soils that have been taken from each tree are mixed together
to form a composite sample. Five composite samples were
collected per site.

Characterization physicochemical of soils

A physical and chemical characterization of the soil was carried out
in the Laboratory of Soil, Water and Plant of ISRA/CNRA in
Bambey following the method of Bremner and Mulvaney (1982).
The samples were placed in a mechanical shaker and sieved for 5
min through a series of sieves with 50, 100, 250, 500, and 1000 pm
diameter to determine the size of different soil particles. All soil
samples were characterized by measuring pH, total soil C and N
after dry combustion in Elemental Analyzer (LECO Corporation, St.
Joseph, MI, USA). Total and available P were analyzed by Olsen-
Dabin method (Aubert, 1978). Other components were also
determined such as Ca®*, Mg®", and K' the Atomic Absorption
Spectrophotometry method and exchangeable aluminium was used
(David, 1960).

Quantification and taxonomic identification of AM fungi spores

For each composite sample, the AM fungi spores were isolated
from A. occidentale rhizosphere by using a wet sieving and
decanting technique according to Gerdemann and Nicolson (1963).
Three subsamples (100 g) from each sample were independently
suspended in 500 mL of water in a beaker. After the settlement of
heavier particles, the suspension was carefully poured on a stack of
sieves (500, 200, 100 and 50 pm, arranged pm mesh size)
arranged in descending order. The processes were repeated
almost three times to trap all spores of AM fungi. The AM fungal
spores on the bottom sieves, to know, 100 and 50 pm, were
collected. Spores were purified by re-suspending the sieving in 60%
of sucrose solution and centrifuged at 1000 rpm for 5 min at 4°C.
Afterwards, the AM fungal spores were rinsed in tap water and were
counted under a microscope. Result was expressed as the spore
number per 100 g of dry.

The AM spores of different genera have been described by spore
morphology and as per the standard key referring to Souza (2015)
and the INVAM (https://invam.ku.edu/spores). The identification of
each spore type was done on the basis of color, shape, size,
surface ornamentation, spore wall structure and type of hyphal
attachment (Redecker et al., 2013). Identification of AM spores was
done after trap culturing as propagation of field collected AM
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Figure 1. Map of Senegal indicating the culture area of cashew in Senegal and the soils sampling zone.

species sometimes require controlled environment.

The most probable number (MPN) of AM fungi

This has been used to determine total propagules based on
colonization of roots of the assay host. MPN is based on the use of
a series of successive soil dilutions form 10™ to 10° (Mosse, 1986).
The dilutions were prepared by mixing the original soil with the
same soil autoclaved at 120°C for 1 h (Gianinazzi and Vosétka,
2004). The soil mixture is divided into five replicates of 50 g/pot.
One pregerminated Zea mays seeds were planted per pot under
greenhouse conditions. After 45 days, the plants were uprooted and
root system was stained according to the method of Phillips and
Hayman (1970) in order to visualize the structures’ mycorrhizal.
Using non mycorrhized and mycorrhized roots obtained for each
level of dilutions, the MPN of propagules present in soil was
calculated with the formula of Fisher and Yates (1963):

log = (x x log a) - K, which is the estimated number of propagules;
where ‘X’ is the mean of positive pots; ‘a’ is the dilution factor and

‘K’ is a constant on Fisher and Yates’ statistical. Results were
expressed as number of propagules per unit soil.

Data analysis

All the data obtained were entered using the spreadsheet excel

version 2013. The data were statistically analyzed using the
XLSTAT software version 2016. A comparison between the
treatments was carried out using an analysis of one-way variance
(ANOVA). Significant differences between spore abundance and
between soil physical and chemical properties were tested using
Fisher's least significant difference (LSD) for P < 0.05. A principal
component analysis (PCA) was used to determine the multiple
correlations between the physicochemical properties of the soils
and the types of AMF identified in the sampling sites. Some data
were previously transformed by the formula ArsinV x to normalize
them. The MPN of arbuscular mycorrhizal fungi was calculated
using the excel table.

RESULTS
Physico-chemical soil analysis

The grain size analysis and the soil texture triangle
showed a textural variability of soils between the two
agro-ecological zones. The soils sampled from the three
areas of the agro-ecological zone of Casamance
(Ziguinchor, Kolda and Sedhiou) are clays sand, while
the soil of the agro-ecological zone of Groundnut Basin
(Fatick) is sandy. The analysis of soils’ chemical
parameters revealed a significant difference (p-value
<0.05) in their content in nitrogen, Ca** cation, and pH
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Table 1. Physico-chemical characteristics of soils.

Physi hemical Localities

ysicochemical property Ziguinchor sédhiou Kolda Fatick
Physical
Sands (%) 87.64" 86.48" 89.77% 94.82°
Stringers (%) 4.814% 5.67° 5.49° 2.81%°
Clays (%) 7.546° 7.86° 4.75% 2.38"
Chemical
pH 5.11° 5.18" 5.41° 6.07%
C (%) 0.514° 0.71% 0.48% 0.63%
N (%) 0.056" 0.05" 0.04" 0.09%
MO (%) 0.886° 1.222 0.84% 1.08%
CIN 9.542% 14.08% 12.63% 6.78"
P (ppm) 11.877° 9.73% 8.71% 14.74%
ca® 1.829° 1.87° 2.20° 0.64°
Mg** 0.22° 0.29% 0.25% 0.46°
K* 0.072° 0.07° 0.08 0.13%

In the same line, the values followed by the same letter are not significantly different at 5% threshold according to the
Newman-Keuls test. pH: potential of the hydronium ion, C%: proportion of total organic carbon, N%: proportion of total
nitrogen, C/N: the ratio between proportion of total organic carbon and proportion of total nitrogen, OM%: the organic
matter content, P. assimilable: assimilable phosphorus, Ca*: calcium ion, Mg®*: magnesium, K': the potassium ion.

values (Table 1). The soils pH of Casamance agro-
ecological areas is slightly acidic and show similar values
in the three sites. These soils are also characterized by
low values of N (%) and high value of Ca® elements.
However, the soils from Fatick agro-ecological were less
acidic and closer to neutral pH (6). The soils as opposed
to Casamance soils are characterized by high values of N
(%), lowest Ca®* cation content, and C/N ratio.

However, no significant differences (p-value >0.05)
were observed in organic carbon matter, assimilable
phosphorus, and K" cation, between sampling sites.

Density of AMF spores in the different sites studied

The results indicate a variation of the density of the
spores according to the sites (Figure 2). The density is
significantly higher in Ziguinchor (610 spores/100 g of
soil), Sédhiou (445 spores/100 g of soil) and Fatick (445
spores/100 g of soil) compared to Kolda (211 spores/100
g of soil). Variance analysis did not show significant (P
>.0. 05) difference in the number of spores between
Ziguinchor, Sédhiou and Fatick sites. However, the latter
were significantly lower in Kolda.

Morphological diversity of arbuscular mycorrhizal
fungi

Six genera of AMF morphotypes were recorded from the
different sites based on morpho-anatomical features of

the spores (Figure 3). The observed genera are Glomus,
Gigaspora, Racocetra, Entrophospora, Scutellospora and
Acaulospora. These genera belong to Glomerales and
Diversisporales orders.

The analysis of variance shows that the genera Glomus
showed significantly the highest frequencies (66.75%)
followed by Acaulospora (23.87%), while Gigaspora,
Scutellospora, Entrophospora and Racocetra genera
recorded the lowest frequencies (4.8, 2.17, 1.52, and
0.87% respectively). In addition, there were no significant
differences between these genera

AMF spore abundance according to the different
sites

The analysis of variance (Table 2) revealed that the
genera of Scutellospora, Glomus, Gigaspora, and
Entrophospora have a significantly different abundance
depending on the sites. However, the genera of
Acaulospora and Racocetra do not show any significant
difference between sites.

Abundance of AMFs infective propagules (MPN)

The number of infective propagules of the different site is
presented in Table 3. This number varied between from
the lowest mean value of 141. 6 recorded in Ziguinchor
and to the highest mean value of 992.05 recorded in
Fatick and Kolda. The MPN of infective propagules in 100
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Figure 2. AMF spore abundance according to sites. The values followed by the same letter are not
significantly different at the 5% level according to the Fisher test.

Table 2. Distribution of AMFs isolated from soils of cashew sites.

. Gender

Site Scutellospora Acaulospora Racocetra Glomus Gigaspora Entrophospora Total abundance
Fatick 22° 48 8 267% 62° 212 344%
Sédhiou 6" 100° 4? 17% 42 565
Ziguinchor 4° 1317 12 4° 2° 6042

Kolda 4° o7° 22 3° 1° 208"
Pr>F 0.00 0.32 0.13 0.002 0.013 0.044 0.007
Significant Yes No No Yes Yes Yes

The values followed by the same letter are not significantly different at the 5% level according to the Fisher test.

g of dry soil for Sédhiou was 524.95 propagules/100 g of
dry soil.

Relationship between soil physico-chemical
properties and AMF spores abundance

Figure 4 presents the correlation between the abundance
of AMF spores and the physicochemical properties of
soils. The contribution of axis F1 is 74.15% collecting
Gigaspora, Scutellospora, Entrophospora and Racocetra.
This axis is related to high total N and assimulable P and
characterize Fatick site which is opposed to the site of
Ziguinchor. The axis 2 account for 16.67% and is related
to high C% and MO% content in soil and abundance of
Glomus characterize Sédhiou site which is opposed to
Kolda site and that of axis 2 is 16.67%.

Analysis of Table 4 shows that there is a positive
correlation between spore abundance and available
phosphorus, carbon, nitrogen and organic matter. On the
other hand, a negative correlation was observed between
the abundance of spores and the pH, but also between
the abundance of spores and the C/N ratio. It was also
noted that the MPN of the soils studied are positively
correlated with pH, phosphorus, carbon, nitrogen and
organic matter.

DISCUSSION

The abundance of morphotype spores (spore density)
and MPN estimates of AMF infective propagules were
significantly variable depending on the exploited site. Our
results showed that soil properties played important roles
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Figure 3. Frequency of appearance of spores according to genera. The values followed by the same letter
are not significantly different at the 5% level according to the Fisher test.

Table 3. Most probable number of propagules in 100 g of dry soil from each site.

Sites

Feature

Ziguinchor Kolda

Sédhiou Fatick

Number of propagules/100 g of dry soil
Confidence interval at the threshold of P<5%

302.59< 141.60 < 62.26

992.05
2119.97<992.05 < 464.23

141.60

1121.80< 524.95 < 245.65

992.05
2119.97<992.05 < 464.23

524.95

in the global variation of mycorrhizal fungal
diversity and abundance. As reviewed by many
authors (Kachkouch et al., 2012; Soumare et al.,
2015) several factors influence arbuscular
mycorrhizal fungal spores distribution, such as soil

types, age of planting, cultural practices, etc.
According to our results, consistent chemical
drivers of AMF communities were available P,
Total N, Total C, and OM soil contents. Previous
studies (Nyawira et al.,, 2012; Edlinger et al.,

2022) have shown that soil total carbon and total
nitrogen contents positively influence the
abundance of AMF spores. For instance, Ba et al.
(2012), have reported that the allocation of C to
the roots and exudation from roots to soil could
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Figure 1. Principal component analysis of the diversity of arbuscular mycorrhizal fungi and

physicochemical parameters of soils.

be beneficial for the sporulation of AM fungi. The present
finding is in contrast to Datta and Kulkarni (2012) and Ma
et al. (2023) who found negative correlation between
AMF and available phosphorus. Ma et al. (2023) have
shown that AMF richness and Shannon index decreased
with increasing soil available P and increased with soil
pH. These contradictions may be due climatic factors,
and the phosphorus status of the plant.

Soil pH is another important predictor of global AMF
abundance, in this study, there was an inverse relation
between soil pH and spore density. This result is in line
with earlier report of Cibichakravarthy et al. (2015) which
have shown that pH, negatively impact on the AMF spore
abundance and infective propagules. This indicates that
certain AMF species are induced to sporulate abundantly
under low pH as it is the case of Ziguinchor and Sedhiou
in this study. In addition, soil texture and C allocation to
mycorrhizae may result in low mycorrhizal fungal diversity
and abundance.

In the current study, the difference in spore count and
MPN, that is, high MPN versus low spore count can be
explained by the fact that many AMFs, spread more with

other types of propagules such as hyphae and extra-root
mycelia fragments than by spores (Brito et al., 2012). The
majority of spores found in soils of the present study
belong to the Glomeraceae family (Driai, 2016). The
dominance of the number of propagules in Kolda and
Fatick could be due to the fact that in these two sites the
cashew trees are associated with vegetable crops.
Regarding diversity, our study showed that spores of
the genera Glomus and Acaulospora were more
abundant. This result is in agreement with previous
research which explains this fact by a developmental
difference. Spores of Glomus spp. have different adaptive
capacity and high plasticity to biotic and abiotic factors
(Dare et al., 2013). According to Oehl et al. (2003) and
Zhao et al. (2003), these genera have an outward
distribution in all types of agroecosystems of the world.
Fabre et al. (2021) explain this dominance by a higher
spore production capacity in a shorter time compared to
other genera. In addition, species of arbuscular
mycorrhizal fungi belonging to the genera Glomus and
Acaulospora are resistant to soil disturbances and altered
ecosystems (Welemariam et al., 2018). The large
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Table 4. Pearson correlation coefficients between soil chemical parameters, AMF spore abundance, and soil MPN.

Soil parameter

Sands (%) Stringers (%) Clays (%)

pH P (pm) C (%) N(%) C/N MO (%) Ca®* Mg* K*

Total abundance MPN of soil

Sands (%) 1.00

Stringers (%) -0.90 1.00
Clays (%) -0.97 0.77
pH 0.98 -0.87
P (ppm) 0.72 -0.95
C (%) -0.04 -0.11
N (%) 0.79 -0.96
CIN (%) -0.79 0.94
MO (%) -0.04 -0.12
ca® -0.82 0.96
Mg?* 0.87 -0.86
K* 0.96 -0.97
Total abundance -0.45 0.01
MPN of soil 0.71 -0.35

1.00

-0.96 1.00

-0.55 0.70 1.00

0.12 0.14 0.20 1.00

-0.64 0.81 0.97 0.37 1.00

0.65 -0.71  -094 0.14 -0.86 1.00

0.12 0.15 0.20 0.99 0.37 0.14 1.00
0.69 -0.86 -094 -0.39 -1.00 0.83 -0.39
-0.80 0.94 0.76 0.46 090 -0.65 0.46
-0.88 0.97 0.86 0.15 093 -085 0.16
0.63 -0.40 0.28 0.50 0.19 -0.05 0.50
-0.84 0.75 0.06 0.00 0.25 -0.13 0.00

1.00

Values in bold are significant at the threshold p-value= 0.05.

variations in AMF abundance and frequency
between sites could also be due to deferential
survival strategies depending on soil properties.
According to Datta and Kulkarni (2012),
fluctuations in the number of spores could be
associated with the process of germination,
formation, and degradation of spores.

Conclusion

In the present study, we have investigated the
MPN, AMF spore density and diversity in soils of
different A. occidentale L. plantations in Senegal.
From the results obtained, it appeared that soil
physical and chemical properties affect AMF
diversity and abundance. Six AMF morphotypes
belonging to Glomus, Gigaspora, Acaulospora,
Scutellospora, Entrophospora and Racocetra were
found. Glomus and Acaulospora genera were the

predominant in all soil samples. These findings
could be a starting point for the development of
well performing and inocula suitable for the
application in field. In future study, we will highlight
if the distribution patterns differ between diversity
and abundance of AMF.
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