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CIMUM basilicum L. (a medicinal plant known as sweet basil) was investigated and

showed disease symptoms, including mosaic mottling, leaf distortion, blistering,
witches” broom, and phyllody. The plants were found to be infected by both tobacco mosaic
virus (TMV) and phytoplasma. Positive TMV was indicated by serological identification using
direct antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA). Phytoplasma
infection was identified molecularly using the phytoplasma P1/P7 primer pair and the nested
primer, R16F2n/R16R2, which successfully generated a DNA band at ~1200 bp. The virus was
successfully transmitted mechanically to Nicotiana tabacum, Datura metal, Datura stramonium,
and Phaseolus vulgaris. Light and transmission electron microscopy showed pleomorphic
phytoplasmas and rod-shaped particles (300 nm) of TMV, respectively. Histopathological
and cytopathological studies revealed changes in the cell behavior of the infected leaves of
sweet basil due to virus and phytoplasma infection. Hypoplasia and hyperplasia were observed
in the mosaic areas of the mesophyll. Alterations in the vascular tissues and degeneration of
the organelles were observed in ultrathin sections of the infected mesophyll. The presence
of phytoplasma cells and crystalline bodies were indicative of the mixed infection. To our
knowledge, this is the first report of a mixed infection of TMV and phytoplasmas in sweet basil.

Keywords: Cyto- histopathology, DAS-ELISA, Nested primer, Phytoplasma, Sweet
basil, TMV.

Introduction

Medicinal plants play a vital role in human health
and have been used to treat disease since ancient
times. The Ocimum genus has a variety of species,
including Ocimum basilicum L., Ocimum sanctum
L., Ocimum canum, Ocimum ammericanum, and
Ocimum camphora (Rubab et al., 2020). The
Ocimum comprise around 100 herbs and shrubs that
grow in the tropical and subtropical regions of the
world. Ocimum originated from the Asian continent
but is cultivated universally as a perennial, aromatic
plant. Sweet basil is known for its pharmacological
properties and can be used to treat cardiovascular
diseases, diabetes, neurodegenerative disorders,
menstrual cramps, cancer, and digestive disorders.
It is also used as a culinary herb due to its pleasant

flavor. In addition, sweet basil’s antioxidant,
antimicrobial, and larvicidal activities have been
recorded (Purushothaman et al., 2018).

In Egypt, the cultivated areas of sweet basil
are increasing, especially in the newly reclaimed
lands, to meet the needs of local consumption and
for export purposes. The Egyptian government
has encouraged the expansion of medicinal and
aromatic plant cultivation in Egypt (El-Saad & El-
Saad, 2018). The local cultivated area in Egypt has
now reached approximately 7,329 Feddan. During
2013, Egypt was ranked the fourth (41,664MT)
sweet basil exporter in the world (El-Attar et al.,
2019).

Many microorganisms can cause destructive
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disease in sweet basil, leading to a reduction in
its quality and quantity. The available literature
reveals that the most common viruses infecting
sweet basil are alfalfa mosaic virus (Wintermantel
et al., 2012; Bruni et al., 2016), broad bean wilt
virus (Sanz et al., 2001), impatiens necrotic
spot virus (Grausgruber-Groger, 2012), tomato
yellow leaf curl virus, tomato leaf curl Al Batinah
virus, chili leaf curl virus (Ammara et al., 2015),
pepino mosaic virus (Davino et al., 2009), and
tomato spotted wilt virus (Holcomb et al., 1999).
In addition, phytoplasmas are one of the most
important pathogens that infect sweet basil,
causing yield reduction and severe symptoms, such
as chlorosis and distortion/streaking of the leaves
(Arocha et al., 2006).

Any plant disease control relies on the accurate
identification of the disease and its causative agent.
Detection and diagnosis are therefore the most
critical part of the management of plant viruses.
The basis for detecting and identifying viruses
are the biological, morphological, and intrinsic
properties, which include serological and molecular
techniques (Baranwal et al., 2021). Enzyme-linked
immunosorbent assay (ELISA) is considered a
sensitive and specific method for virus detection
(Zahn et al., 2011).

The pathological impacts of viruses on plants
have been documented in previous studies, where
mesophyll and vascular cylinder abnormalities
were found in infected plants (Hull, 2009; Otulak
et al., 2015; Parrella et al., 2015; Alkhazindar et
al., 2016). The Plant Virus Subcommittee of the
International Committee on Taxonomy of Viruses
(ICTV) listed inclusion bodies as one of the
parameters for virus classification (Edwardson et
al., 1986). To understand the relationship between
the virus and the host plant it is necessary to study
the anatomical changes in the host plant. One of the
main changes caused by viral infection is growth
abnormality (Esau, 1967). During multiplication
of the causal agent in cells, certain pathological
phenomena may occur, such as necrosis or
hypoplasia (Schneider, 1973). Furthermore, viruses
can disturb the internal organization of cells by
altering their form, appearance, and arrangement
(Stevens, 1983).

In this study, we report the presence of a mixed
infection of TMV and phytoplasma in sweet basil
using biological, serological, and molecular studies.
The correlation between TMV and phytoplasma is
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reported through ELISA and nested-PCR in relation
to climatic changes. Furthermore, we studied the
changes in cell behavior and the anatomical and
cytological alterations induced in leaves due to
mixed infection.

Material and Methods

Sample collection

From 2017 to 2020, leaves of sweet basil that
showed disease symptoms were collected from
Cairo University campus, Giza. The aerial parts
(stems and leaves) of the plants were collected
and stored at —20°C. Normal seeds from the same
species were grown in a greenhouse and the plants
grown from these seeds were used as controls.

Mechanical  transmission and single lesion
transmission

Leaves of naturally infected sweet basil (1g)
were ground using a sterilized mortar and pestle.
Distilled water (2mL) was added, and the extract
was filtered through cheesecloth. The inoculum was
applied onto 600 mesh carborundum lightly dusted
on 2-month-old healthy Phaseolus vulgaris plants.
The inoculation was performed mechanically using
the forefinger according to the method described
by Hull (2009). The inoculated leaves were washed
thoroughly with water and observed for any
changes. The same experiment was repeated using
healthy sweet basil plants as controls.

After 8 days of infection, a single lesion was
cut from the infected Phaseolus vulgaris leaf and
the extract was reinoculated on healthy sweet basil
plants. The plants were washed and then placed
in a controlled greenhouse and monitored for
appearance of symptoms.

Host range

Eight different host plant species were tested
as virus hosts: Capsicum annuum, Datura metel,
Datura Stramonium, Nicotiana tabacum, Phaseolus
vulgaris, Petunia sp. Solanum lycopersicum, and
Vicia faba. The host plants were mechanically
inoculated with sap extracted from a single lesion
of the infected leaves. All plant species were grown
from healthy seeds. All experiments were carried
out in a greenhouse at 20-25°C.

Direct  antibody  sandwich  enzyme-linked
immunosorbent assay (DAS-ELISA)

DAS-ELISA was used against TMV according
to the method described by Clark & Adams (1977),
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with some modifications. Specific immunoglobulin
G (IgG) for TMV was supplied by DSMZ
(Braunschweig, Lower Saxony, Germany) and
diluted (1:1000) using coating buffer (pH 9.6), as
prescribed by the provided manual. Polyethylene
microtiter plates were coated with 1gG (200puL/
well) and incubated overnight at 4°C. Wells were
washed three times with PBS-Tween buffer (pH
7.4). Healthy and infected sweet basil leaves (0.3g
each) were macerated in 1 ml of extraction buffer
(pH 7.4) using a mortar and pestle, followed by
centrifugation at 3000% g for Imin. The supernatant
(200uL) was added to the wells and incubated
at 4°C overnight. Wells were rewashed three
times with PBS-Tween, and 200uL of IgG-AP
conjugate diluted in conjugate buffer (pH 7) was
pipetted into each well. Plates were then incubated
at 4°C overnight. Plates were washed three times
with PBS-Tween followed by the addition of
200uL/well of freshly prepared substrate (para-
nitrophenyl-phosphate). The plates were incubated
at 37°C for 45min. The absorbance was measured
at 405 nm using an ELISA reader (Das, Italy). The
results were considered positive when the readings
were two times the readings of the control. DAS-
ELISA was repeated monthly from July 2018 until
June 2019.

DNA extraction and nested PCR assay

Total nucleic acid was extracted from leaf
midribs and petioles (100mg) using an EZ-10 Spin
Column Plant Genomic DNA Miniprep Kit (Bio
Basic Inc., Canada). The purity and concentration
of nucleic acid was determined using a Q3000 UV
spectrophotometer (Quawell, USA). PCR was
carried out with 25pL. PCR master mix (Genedirex),
1uL DNA, 1uL of each primer (P1/P7;10 pmol),
and 22pL distilled sterile water. The amplification
cycles comprised a 3-min denaturation step at 95°C,
followed by 35 cycles at 94°C for 1min, 50°C for
2min, and 72°C for 3min, and a final extension step
at 72°C for 10min. The PCR product was diluted
(1:20) and used as a template for nested PCR using
the R16F2n/R16R2 primer pair targeting the 16s
rRNA gene under the same conditions as those
described above (Bertaccini et al., 2019a).

Gel electrophoresis

PCR product (5uL) was electrophoresed in
1% agarose gel using 1x Tris-borate-EDTA buffer,
stained with ethidium bromide (0.5ug/mL), and
photographed using gel documentation (MicroDoc,
Cleaver Scientific, UK). The fragments length was
estimated by comparing them to O’RangeRuler

100+500 bp DNA Ladder, ready-to-use (Thermo
Fisher Scientific, USA).

Virus purification

Infected sweet basil was used as a source
for virus purification, according to the method
described by Chapman (1998). Twenty grams
of infected leaves were homogenized in 4mL
extraction buffer (1% (v/v) 2-mercaptoethanol
in 0.5M phosphate buffer just before use) using
a mortar and pestle. The homogenate was
filtered through two layers of cloth. Butanol
(0.8mL/10mL of filtrate) was added dropwise to
the filtrate while swirling the tube contents. The
tubes were incubated at room temperature for
15 min and mixed every few minutes. The tubes
were centrifuged at 10,000x g for 30min at 12°C.
Polyethylene glycol (PEG) solution (20%) was
added and mixed with 0.4mL/10mL of supernatant,
followed by incubation on ice for 15min. The
mixture was centrifuged at 10,000 g for 15min at
4°C. The supernatant was discarded, and the pellet
was dissolved in 8mL of 10mM phosphate buffer.
This was followed by centrifugation at 10,000 g
for 15min at 4°C. The supernatant was transferred
to a fresh tube and 1.7mL of 5SM NaCl and 2.24mL
of 20% PEG were added. The solution was mixed
and then incubated on ice for 15min. Centrifugation
was then performed at 10,000x g for 15min at
4°C, and the supernatant was discarded. The
pellet was dissolved in 2mL of 10mM phosphate
buffer. The solution was divided into two 1.5mL
centrifuge tubes for centrifugation at 13,000x g for
30s, then the supernatant was pipetted into a fresh
microcentrifuge tube.

Determination of virus purity

The purity of virus particles in the supernatant
was evaluated usinga Q3000 UV spectrophotometer
(Quawell, USA) to measure the UV absorption
spectra and to determine the ratio of A260/A280.

Electron microscopy

A drop of purified virus was loaded on a carbon-
coated grid, stained with 2% phosphotungstic acid
(pH 7.0), and allowed to air dry. The grid was then
examined under transmission electron microscopy
(TEM) (JEOL; JEM-1400 TE, Japan) at the
desired magnification. Images were captured using
a charge-coupled device (CCD) camera (model
AMT). This work was conducted at the TEM
laboratory of the Faculty of Agriculture Research
Park (FARP), Cairo University.
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Anatomical studies using light microscopy

To test for the presence of phytoplasma,
sections of healthy and infected main veins,
shoots, and petioles of sweet basil were cut using
a microtome and placed in distilled water. The
sections were incubated in Dienes’ stain for 10
min at room temperature, then washed in distilled
water, mounted in water, and observed under light
microscopy (Musetti, 2013).

Histopathological and cytopathological studies

Naturally infected leaves that were showing
symptoms were chosen for sectioning for the
histopathological and cytopathological studies.
Phenotypically normal leaves grown in the
greenhouse were used as controls. The method
described by Alkhazindar & Sayed (2016) with
some modifications was used as the technique for
the preparation of permanent slides for microtome
sections. Leaf sections were fixed in Nawaschin
type (Craf) II (1% chromic acid, 10% acetic acid,
and 10% formaldehyde), dehydrated in different
concentrations of ethyl alcohol and tertiary butyl
alcohol, embedded in paraffin wax, and sectioned.
The sections were stained with erythrosine.
Stained sections were examined under light
microscopy.

The same areas and control leaves that were
chosen for histopathology were used for the
cytopathological studies. Ultrathin sections were
fixed in 1% glutaraldehyde and osmium tetroxide,
dehydrated in alcohol, and embedded in epoxy
resin. Microtome sections were prepared in
approximately 500-1000-pm thicknesses with a
Leica Ultra Cut UCT ultramicrotome. Sections
were stained with toluidine blue (IX), and
were examined by camera (Leica ICC50 HD).
Ultrathin sections were prepared at approximately
75-90-pm thicknesses and stained with uranyl
acetate and lead citrate, then examined under
transmission electron microscopy (JEOL; JEM-
1400 TEM) at the desired magnification. Images
were captured by charge-coupled device (CCD)
camera (model AMT), and an optronics camera
with a 1632x 1632-pixel format as the side-mount
configuration. This camera uses a 1394-fire wire
acquisition board. This work was conducted in the
TEM laboratory of FARP, Cairo University.

Results

Disease symptoms
Sweet basil samples were collected from
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Cairo University campus, Giza, between 2017 and
2020. The symptoms varied during the seasons
and included mosaic mottling, leaf distortion,
blistering, downward leaf curling, and crinkling
during January and February (winter), as shown in
Fig. 1. However, the symptoms included witches’
broom, excessive branching of axillary shoots,
black streaks on the stem, and phyllody during
March and April (spring), as shown in Fig. 2.

C

Fig. 1. Naturally infected sweet basil plants during
winter (10°C-20°C) showing viral infection
[(A) Control plant, (B) Blistering and leaf
distortion, (C) Mosaic mottling (light and dark
green areas), blistering and leaf distortion, (D)
Mosaic mottling, crinkling, and leaf distortion]

C

Fig. 2. Naturally infected sweet basil plants during
spring (25°C-30°C) showing phytoplasma
infection [(A) Shoot proliferation, (B) Witches'
broom, (C) Phyllody, (D) Black streaks on the
stem (arrowhead)]

Mechanical  transmission and  single-lesion
transmission
The sap from sweet basil infected leaves
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was mechanically inoculated onto D. metel
plants. A single chlorotic local lesion was cut
and reinoculated to normal (healthy) sweet basil
plants. The same viral symptoms appeared on the
inoculated plants after 3 weeks.

Host range

The virus was mechanically transmitted to
Nicotiana tabacum, Datura metel, and Datura
Stramonium, and these plants formed chlorotic
local lesions after approximately 7 days. Phaseolus
vulgaris showed necrotic local lesions 3 days after
inoculation (Fig. 3). However, Capsicum annuum,
Petunia sp. Solanum lycopersicum, and Vicia faba
did not show any symptoms.

Fig. 3. Symptoms produced on different hosts using
mechanical inoculation from sweet basil
after single-lesion transmission [(A) Necrotic
lesions on Phaseolus vulgaris, chlorotic local lesion
on (B) Nicotiana tabacum, (C) Datura Stramonium,
and (D) Datura metel]

DAS-ELISA

DAS-ELISA using IgG against TMV detected
the presence of the virus in infected sweet basil.

TABLE 1. Absorbance values at 405nm obtained for the

different seasons

The TMV concentration was recorded monthly
from July 2018 until June 2019. Reactions were
considered positive when the readings were two
times higher than the control. The generated
data revealed a significant correlation between
climatic changes and TMV concentration. High
concentrations of TMV were detected during July,
August, and September: 0.541, 0.794, and 0.239,
respectively. However, the TMV concentration
decreased during the rest of the year (Table 1).

Nucleic acid extraction, PCR, and nested PCR
Total DNA was extracted from sweet basil.
The purity ratio of the produced DNA was 1.9,
with a concentration of 996ng/pL. PCR using
the universal primer pair P1/P7 showed a faint
product. However, DNA was amplified when
proceeding with nested PCR using specific
primers of phytoplasma (R16F2n/R16R2). A
specific band at ~1200 bp was obtained (Fig. 4).

Virus purification and electron microscopy

The concentration of the purified virus
was 116 ng/ul, with a purity ratio of 1.32. The
purified virus was examined under transmission
electron microscopy. Rod-shaped virus particles
measuring ~300nm in length and ~26nm in width
were observed (Fig. 5).

Anatomical studies using light microscopy
Sections of the infected stems of sweet basil
showing necrotic streaks and stained using
Dienes’ stain showed phytoplasma pleomorphic
bodies. The phytoplasma cells were localized in
the phloem tissues and were stained blue (Fig. 6).

determination of TMV using DAS-ELISA during

Virus concentration expressed

Season Month as Absorbance at 405nm Results
Infected Control
Summer July 2018 0.541 0.225 Positive
(35°C—42°0) August 2018 0.794 0.418 Positive
Fall Septemper2018 0.239 0.112 Positive
(2“‘50 C-30°C) October 2018 0.195 0.195 Negative
November 2018 0.239 0.136 Negative
. December 2018 0.21 0.223 Negative
Winter .
(10°C—20°C) January 2019 0.246 0.24 Negative
February 2019 0.325 0.24 Negative
. March 2019 0.235 0.152 Negative
Spring . .
(25°C_30°C) April 2019 0.2 0.193 Negative
May 2019 0.112 0.144 Negative
Summer .
(35°C_42°C) June 2019 0.14 0.125 Negative
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Fig. 4. 1% agarose gel electrophoresis showing nested
PCR of phytoplasma in sweet basil using the
specific primer pair, R16F2n/R16R2 [A specific
band appeared at ~1200bp. M, marker O’RangeRuler
100+500bp DNA Ladder, ready-to-use]

Fig. 5. Electron micrograph showing TMYV particles
in purified preparation negatively stained
with 2% phosphotungstic acid [(A) A group
of virus particles at x80,000 magnification. (B) A
single viral particle at 120,000 magnification]
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Fig. 6. Cross-section of an infected sweet basil
stem stained with Dienes' stain showing
pleomorphic bodies of phytoplasma

Histopathological studies

Cross-sections of healthy sweet basil leaves
passing through the midrib showed normal
anatomical features. The mesophyll consisted
of palisade and spongy tissues filled with
chloroplasts. The vascular tissue consisted of
arranged xylem vessels and phloem above the
protoxylem (Fig. 7).

A\ ol The, (2 o‘:"f‘ ¥ b
Fig. 7. Section through the midvein portion of a
simple foliage leaf on the main stem of a
healthy sweet basil plant (Nassar et al., 2014)

Cross-sections  passing through infected
leaves with mosaic mottling, blistering, and leaf
distortion showed a lignified and distorted lower
epidermis accompanied by malformation. The
blade formed a convex and concave curvature
with asymmetric thickness of the mesophyll (Fig.
8). Sections passing through the light green areas
showed thinner lamina compared to sections
passing through the darker green sections. The
mesophyll was undifferentiated into palisade and
spongy tissues, indicating hypoplasia. The cells
were compact, with few intercellular spaces. Few
chloroplasts were observed in the yellow sections

(Fig. 9).
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D E- retm . YA, 1
Fig. 8. Cross-section of infected midrib from sweet basil leaves [(A) Pointed and lignified lower epidermis, mosaic

mottling and blistering. (B, C, D) Uneven mesophyll thickness, malformation, and abnormal midrib, (E) Downward
bending of the leaf blade]

Fig. 9. Cross-section of infected sweet basil leaves passing through yellow banding showing [(A) Compact palisade
and spongy tissue with almost no intercellular spaces, (B) Undifferentiated mesophyll tissue, (C) Enlarged section of
undifferentiated mesophyll tissue]

Sections passing through the green vein The vascular tissue appeared small in size, with a
banding showed hyperplasia, in which the number reduced number of cells (Fig. 11), while excessive
of mesophyll cells are increased, causing an formation of vascular bundles appeared in other
increase in the thickness of the lamina (Fig. 10). leaves (Fig. 12).

Fig. 10. Cross-section of infected sweet basil leaves passing through band of green vein [(A) Thick lamina with
increased numbers of cells (hyperplasia), (B) Enlarged lamina with increased numbers of spongy tissues]

Egypt. J. Bot. 61, No. 3 (2021)
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Fig. 11 . Cross-section of the midrib of infected sweet basil leaf showing a reduction in vascular bundles (A), (B)
Magnified part showing a reduced number of xylem and phloem vessels

Fig. 12 . Cross-section of the midrib of infected
sweet basil leaf showing the formation of
excess vascular bundles

Cytopathological studies

Transmission electron micrography of the
mesophyll cells of infected sweet basil revealed
cytological alteration. The cell organelles
appeared deformed and degenerated compared
to the control, accompanied with an increase
in the cell wall thickness (Fig. 13). Groups
of paracrystalline, fibrous, spindle-shaped
inclusions appeared in the cytoplasm. Typical
hexagonal crystals were also detected in some
sections (Fig. 14). A pleomorphic, wall-less
structure appeared, indicating the presence of
phytoplasma (Fig. 15).

Discussion

Sweet basil is an important medical herb.
Several viral diseases reduce its yield and
productivity. In our study, sweet basil was
observed to show severe symptoms in the field
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during winter and spring, and the symptoms
varied according to the weather conditions.
During winter, viral symptoms, were more
pronounced, while during spring, typical
phytoplasma symptoms, were observed. All
symptoms disappeared during the summer. Our
results correlate with those of Fraser & Loughlin
(1982), who studied the temperature dependence
on TMV distribution in plants. Li et al. (2009)
attributed symptom expression during winter to
virus replication and movement, thus resulting
in severe symptom formation. Conversely,
during the summer season (high temperatures),
virus replication and movement is prohibited,
resulting in no foliar symptoms of infection. In
fall and spring, symptoms are mild because the
virus is in its early phase of increase and the host
defense mechanism is high (Honjo et al., 2020).

In our study, sweet basil showed Witches’
broom or proliferation and phyllody. These
conditions are caused by changes in the normal
growth patterns of the plant due to phytoplasma
infection (Ermacora & Osler, 2019). Witches’
broom occurs due to a loss of apical dominance,
causing the proliferation of axillary shoots, which
canbeassociated with decreased internode length.
Therefore, the plant produces leaf-like structures
instead of flowers. The remaining flowers are
sterile and do not germinate (Ermacora & Osler,
2019). These symptoms appear during spring,
when new phloem is formed (Marcone, 2009).

Our study showed that TMV can be
mechanically transmitted as reported before by
(Heinlein, 2002; Jung et al., 2002). Chlorotic
local lesions appeared on Datura metel, where
a single lesion was successfully back-inoculated
on sweet basil and the same viral symptoms
naturally appeared.
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Fig. 13 . Electron micrographs of ultrathin sections of infected/control sweet basil leaves [(A) Control cell, (B) Infected
cell showing abnormal cell wall thickness and abnormal protrusion to inside the cell]
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Fig. 14. Electron micrograph of ultrathin sections of infected sweet basil leaves showing (A) Typical hexagonal

crystals in the cytoplasm, and (B) Groups of paracrystalline, fibrous inclusions
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Fig. 15 . Electron micrograph of ultrathin sections of infected sweet basil leaves showing the pleomorphic, wall-less

structure of the phytoplasma

In our study, we tested the mechanical
transmission of TMV on some host plants. Local
necrotic lesions appeared on Phaseolus vulgaris.
This is in accordance with the study by Wu &
Rappaport (1961), who reported the appearance
of dark brown lesions on P. vulgaris, a differential
host for TMV. In our study, N. tabacum was

systemically infected; however, Capsicum
annuum, Petunia sp. Solanum lycopersicum,
and Vicia faba did not show any symptoms of
infection. These results correlate with those of
Sastry et al. (2019), who showed that these plants
are not within the host range of TMV.

Egypt. J. Bot. 61, No. 3 (2021)
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In our study, serological and molecular studies
were used to identify the causative pathogens.
DAS-ELISA using specific IgG identified the
infection by TMV, while PCR and nested PCR
confirmed that the sweet basil was also infected
by phytoplasma. TMV concentration was highly
affected by climatic changes and the presence
of phytoplasma. The TMV titer was high during
the summer (July, August, and September)
and was decreased during the rest of the year.
Furthermore, the presence of phytoplasma was
detected when the phytoplasma symptoms were
severe during the spring. Phytoplasma was tested
using nested PCR, which generated a DNA band
at the expected size (~1200bp). Our results are in
accordance with those of Bertaccini et al. (2019a,
b), who reported the presence of phytoplasma
using specific primers targeting the 16s rRNA
gene of the same size.

Our results confirm the co-existence of two
pathogens (TMV and phytoplasma) in sweet
basil plants. The co-existence of phytoplasma
and viruses is well documented in many plants
(Arocha et al., 2009). In pepper plants, a mixed
infection of phytoplasma with two begomoviruses
was previously reported in Mexico (Lebsky et al.,
2011).

In our study, electron microscopy of partially
purified virus revealed the presence of rod-shaped
particles with an average length of 300nm and a
width of 26nm, resembling that reported by Carr
(2018), who described the shape and size of TMV
particles. Phytoplasma cells were visualized using
light microscopy. Pleomorphic bodies appeared
in the phloem in the form of irregular patches
of intensely dark blue stained cells. Our results
match those described by Musetti (2013) and Ong
et al. (2021), who described the shape and size of
phytoplasma.

We studied the histopathological alterations
accompanying the mixed infection. The anatomical
features of the control sections were as described
by Nassar etal. (2014). The sections of the infected
leaves with mosaic symptoms showed hypoplasia
in the yellow mottled areas, where the tissues
were shorter and compactly arranged compared
to healthy tissues, with fewer or no intercellular
spaces. The lamina was thinner than in the dark
green areas, and the mesophyll cells were less
differentiated. The blade formed a convex and
concave curvature, with asymmetric thickness of
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the mesophyll. The downward bending of the leaf
blade was attributed to changes in meristematic
activity, which is responsible for the development
of the specific leaf form. In leaves that are still
growing at the time of infection, a reduction in
the activity of marginal meristems prevents the
normal expansion of the lamina, which may cause
reduction in the apical growth of the leaf (Esau,
1967).

In our study, sections of leaves showing viral
symptoms passing through the midrib showed
reduced vascular tissues with a low number of
phloem cells and xylem vessels, while sections
of leaves with viral and phytoplasma symptoms
showed excessive vascular tissues, suggesting that
these areas are particularly prone to hyperplasia.
Similarly, in cacao swollen shoot virus (CSSV)
infection, abnormal amounts of xylem tissue are
produced, but cells are structurally normal (Hull,
2009). Moreover, infected tobacco plants showed
hypertrophy of phloem parenchyma cells adjacent
to sieve tubes, followed by the differentiation of
many daughter cells into sieve tubes, causing an
increase in their number (Schneider, 1973). The
excessive formation of phloem tissue, resulting in
swollen veins, may also occur due to phytoplasma
infection (Lee et al., 2000).

Viral infection is responsible for many
alterations in the infected tissues. Certain
characteristic pathologic phenomena may happen
in cells when multiplication of the causal agent
occurs. These phenomena include increases in
the thickness of the cytoplasm, deterioration of
organelles and membranes, and the abnormal
appearance of structures, such as inclusion bodies
or virions aggregated into paracrystalline bodies
(Schneider, 1973).

We observed abnormal thickness of the cell
wall, abnormal protrusion to inside the cell, and
the abnormal appearance of certain inclusion
bodies. Cytoplasmic crystalline inclusions are a
distinguishing feature of tobamovirus infections
(Edwardson et al., 1978). Inclusion bodies have
been defined as “intracellular structures produced
de novo as a result of viral infection”. These
structures may contain virus particles, virus-
related materials, or ordinary cell constituents in
a normal or degenerate condition, either singly
or, more often, in various proportions (Martelli &
Russo, 1977). Inclusion bodies differ in form from
amorphous structures to well-defined crystalline
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structures; some of them are large enough to be
seen under light microscopy, while others can
only be detected under electron microscopy
(Stevens, 1983). The paracrystalline, fibrous,
spindle-shaped inclusions are composed of linear
aggregates of virus particles united end-to-end
(Esau, 1967). Furthermore, some light microscope
studies have indicated that virus crystals develop
in the X-bodies; in fact, the X-body may be
completely converted into crystalline material.
Consequently, at least some of the protein of the
X-body is used to form the capsids of the virus
particles, and the rest remains as noninfectious
virus protein (Esau, 1967).

Members ofthe tobamovirus family cause virus
particles to accumulate in crystalline arrays that
appear as hexagonal or rounded plates (Martelli
et al., 1977). We found that, in systemically
infected plants and in localized lesions, bundles
of paracrystalline needles occurred in vacuoles
and typical hexagonal crystals occurred in the
cytoplasm. The needles gave a protein reaction
and were similar to the TMV inclusions previously
described by other researchers (Esau, 1967).

Conclusion

To the best of our knowledge, TMV has not
been reported as a pathogen that infects sweet
basil. Therefore, this study reports sweet basil
as a new host of TMV. Moreover, our findings
are indicative for the co-existence of TMV and
phytoplasma. The presence of both pathogens was
correlated with climatic changes. This was studied
by DAS ELISA and nested-PCR. Histological
and cytopathological alterations caused by mixed
infection accompanied changes in phenotypic
symptoms.

Although this study provides evidence for the
co-existence of phytoplasma and TMYV, additional
studies are recommended to understand the
synergism between the virus and phytoplasma
in mixed infection under natural conditions,
the mechanisms by which these pathogens are
transmitted together to the same plant host, and
other factors, such as their single and combined
effect on sweet basil, their extent throughout
the country, and the factors determining their
coexistence, in addition to any epidemiological
implications and impacts that may occur from
geographic location and/or climate conditions.
Disease severity and yield loss may be increased

by mixed infection as compared to single infection.
Therefore, the synergistic interactions between
viruses and phytoplasmas should explored in
further studies.
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