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Abstract

Fusarium wilt of tomato is caused by a soil-borne fungal pathogen Fusarium oxysporum f. sp. lycopersici
(FOL). A pot experiment was carried out to examine the effect of two antagonistic fungi namely Penicillium
digitatum and P. expansum, and dry plant material (1, 2, and 3% w/w) of Chenopodium murale on
histopathology of tomato plants grown in the FOL contaminated soil. These treatments were applied to the soil
either separately or in different combinations. Transverse sections of root and stem were stained in three
reagents, namely Lugol’s iodine to detect starch contents, ferric chloride to estimate phenolics, and safranine-
fastgreen to detect lignin. Results showed that there were high concentrations of phenols, starch and lignin
contents in root and stem sections of positive control (where only pathogen was incoulated) while
concentrations of these compounds were very low in the negative control. Application of dry biomass of C.
murale (DBC) and the two Penicillium spp. reduced the concentrations of these compounds to variable extents.
The effect of Penicillium spp. was more pronounced than DBC. This study concludes that DBC and Penicillium
spp. treated plants showed a resistance mechanism against FOL.
Keywords: Biocontrol, Fusarium wilt, Histopathology, Nettle-leaved goosefoot, Penicillium spp., Tomato.

Introduction

Tomato (Solanum lycopersicum L.) is one of
the most widely cultivated and extensively consumed
horticultural crops. It can be eaten in various ways
and in a countless number of dishes (Ochilo et al.,
2019). Fungal pathogens cause huge economic losses
due to reduced and lower-quality tomato production
(AbdElfatah et al., 2021; Khan and Javaid, 2022a;
Jafri et al., 2024). Among them, Fusarium wilt is a
major disease of cultivated tomatoes caused by F.
oxysporum f. sp. lycopersici, which is a soil-borne
fungal pathogen (Khurshid et al., 2016; Tetorya and
Rajam, 2021). It can remain in the soil for many
years and become more prevalent under warm and
humid environmental conditions (Katan et al., 1997).
It often produces infectious structures and certain
type of toxins (Murugan et al., 2020) that penetrate
through plant vascular system, which ultimately
results in blockage of xylem vessels (Srinivas et al.,
2019). Moreover, mycelium laterally penetrates to
the adjacent cells, resulting in clogging of vascular
bundles and plant suffers from lack of water supply.
In response to insufficient water supply, leaves start
wilting and plant dies prematurely (Manikandan et
al., 2018; Malbran et al., 2020). The observed plant
symptoms include browning, leaf yellowing, wilting,
abscission, necrosis and chlorosis (Maurya et al.,
2019). Management of Fusarium wilt of tomato is
quite challenging; however, many fungicides are
being used against the pathogen (Akram et al,

2018). However, these chemicals get accumulated in
the environment and pose serious threat to the
humans and animals (Gupta, 2018). Therefore, there
is a strong need to develop alternative control
measures that are easily biodegradable and
environment friendly. Thus, many researchers are
focusing on biocontrol agents and natural plant
products for the control of soil-borne diseases (Ali et
al., 2020; Jabeen et al., 2021).

Biological control of soil-borne pathogens by
antagonistic microorganisms has been considered a
good alternate to the chemical treatment methods
(Akhtar and Javaid, 2018; Zohaib et al., 2024). Many
antagonistic microbes have been proved to be active
under in vitro and in vivo conditions (Caulier et al.,
2018; Sharf et al., 2021). Among them, Penicillium
spp. are well-known that have the ability to produce
secondary metabolites responsible for control of
plant pathogens (Javaid et al., 2020; Khan and
Javaid, 2022b). These antagonists possess various
mechanisms of action based on the production of
antimicrobial compounds (Guijarro et al., 2019;
Khan and Javaid, 2021), induction of resistance
(Carreras et al., 2020), and establishment of
mycoparasitic interactions (Villarino et al., 2018). In
a recent study, F. oxysporum f. sp. lycopersici was
effectively managed by using conidial suspension of
Penicillium species (Nigam et al., 2021). Larena et
al. (2003) reported that the application of P.
oxalicum could inhibit the growth of soil-borne
fungal pathogens of tomato under field conditions.
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Several plant species belonging to family
Chenopodiaceae are known to exhibit antifungal
activity against many fungal pathogens (Ali et al.,
2017; Khan and Javaid, 2020). Chenopodium murale
commonly known as Nettleleaf goosefoot, is a
cosmopolitan fast-growing annual weed plant
(Bajwa et al., 2019). It is propagated through seeds
and found abundantly in different habitat types. It
grows under a wide range of environmental
conditions including soil pH, temperature and
moisture (Gupta and Narayan, 2012). It possesses
certain antimicrobial, nematicidal and pesticidal
properties (Naqvi et al., 2020), and has been tested
against a wide range of pathogens (Abdel-Aziz et al.,
2014; Nagqgvi et al., 2019). Therefore, the present
study was carried out to investigate the effect of
Penicillium spp. and C. murale dry plant biomass on
histopathology of tomato plants exposed to F.
oxysporum f. sp. lycopersici.

Materials and Methods

Pot experiment

A pot experiment was carried out in earthen
pots of 36 cm deep. Each pot was filled with 10 kg
of fumigated soil. FOL inoculum was prepared on
autoclaved pearl millet seeds and mixed in each pot
@ 10 g kg of soil except in the negative control,
where only sterilized seeds were mixed in the same
concentration. Thereafter, pots were left for one
week followed by the mixing of P. digitatum and P.
expansum inocula in pot of respective treatments. C.
murale dry plant biomass was added at different
concentrations (1, 2 and 3%), while positive control
was treated only with FOL inoculum. Fertilizers such
as K20 at 60 mg kg, nitrogen at 30 mg kg, and
P,0s at 10 mg kg™ were mixed to each pot. There
were 11 treatments with four replications including
soil amendment with 1, 2, and 3% C. murale, P.
digitatum, P. expansum, and their combinations.
Four-week-old seedlings @ 10 per pot were planted
in each pot and watered on regular basis. After
maturity, plants from each treatment were uprooted
and washed carefully.

Histological studies

Fresh tomato plants from all the treatments
were selected and hand-cut transverse sections of
stem as well as root were prepared in radial plane of
a cylindrical portion by using a blade. The selected
sections from each treatment were stained in three
different reagents. Firstly, specimens were dipped in
Lugol’s Iodine for 2 min to detect starch contents
(Hinchman, 1973). Ferric chloride stain was used to
estimate phenolic compounds (Pomer et al., 2004).
Likewise, samples were washed with safranine-
fastgreen to detect lignin deposited areas (Johansen,
1940). Each treated section was mounted on clean
glass slide and observed under light microscope.
Digital photography was performed in different
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directions to capture microscopic structures of plant
tissues and to reveal the presence of physical barriers
in response to pathogen attack.

Results

Effect of soil amendments on histology

Plants infected with FOL showed a
significant reduction in plant growth due to the
disintegration  of internal  tissues. = Growth
impairments were higher in stem as compared to root
tissue. This was might be due to the pathogen
colonization in vessels and adjacent tissues which
resulted towards the blockage of xylem vessels.
Moreover, infected tissues showed higher
concentrations of lignin and phenolic compounds
along with observable changings in morphology of
diseased areas. °

Effect on stem histology

Tomato stem sections from all the treatments
were stained with ferric chloride, iodine and
safranine-fastgreen solution as given in Fig. 1, 2 and
3, respectively to check differences among
anatomical structures. Typical symptoms of
Fusarium wilt were observed as browning of
vascular tissue upon basal stem cut. Stem samples
showed vibrant and sharp cell structures. A single
layered epidermis with compactly arranged
collenchyma cells followed by several layers of
parenchymatous cells was visible (Fig. 2 A). In
positive control treatment, whole cell structures from
epidermis to pith was spoiled, vascular tissues were
disintegrated which led towards deformed pith and
disrupted epidermal cells (Figure 2 B).

Stem sections stained with ferric chloride
yeilded black color to confirm the presence of
phenolic acid. In negative control treatment, phenolic
acid was present in very low amount whereas in
positive control, higher concentrations of phenolic
acid turned the whole section into black color (Fig. 1
A and B). Soil amendment with DBC, P. digitatum
and P. expansum alone or in different combinations
changed the amount of phenolics. In treatments
where soil was amended with P. digitatum only
(Figure 1 F) and P. digitatum + 2 % DBC (Fig. 1 H),
the phenolics were more visible around the vascular
bundles whereas higher dose (3%) of dry biomass of
C. murale along with P. digitatum and P. expansum
exhibited very less deposition of phenolics, which
depicts the inhibition of pathogen in these
amendments (Fig. 1 I-M).

lodine stained sections exhibited very less
starch grains in negative control while these were
observed  mainly in positive control and in
treatments where soil was amended with different
concentrations of DBC alone. The soil amendment
with biocontrol agents P. digitatum and P. expansum
along with DBC exhibited very few starch grains
(Fig. 2 F-K).



Histopathological changes in infected tomato plant

After staining with safranine-fastgreen,
samples from positive control treatment showed a
thick cuticle and an increased lignin concentration
(Fig. 3 B). Elevated levels of lignin and phenolic
compounds in response to pathogenic infections is a
general plant response. On the other hand, no
increase in lignin concentration or wall thickening
observed in negative control treatments (Fig. 3 A).
A slight thickening in cuticle was observed in
treatments in which soil was amended with only 1%
DBC + hiocontrol agent or biocontrol agents alone
(Fig. 3 F and G). Infection initiated by FOL resulted
in disruption of overall stem anatomy. Conversely,
visible positive effect on vascular bundles and no
cell wall thickening was seen in plants where soil
was amended with Penicillium species and various
doses of DBC. In positive control treatment, cell wall
thickening was considerably high. Cells with
lyseginous cavities were also observed with slight
thickening in plants of positive control treatment.
Tomato has bicollateral vascular bundles which were
highly disintegrated in positive control. In negative
control treatments, vascular bundles were shown
compact and no visible fungal traces were observed.

Effect on root histology

Root sections stained with ferric chloride,
iodine and safranine-fastgreen solution showed
different anatomical changes than stem as presented
in Fig. 4, 5 and 6, respectively. In negative control
treatment, roots were well-grown with plenty of root
hairs. In positive control treatment, roots appeared
stunted and dried. The stele was visible in the root
cross sections in the form of ring comprising of four
vascular bundles, well arranged in bicollateral
position (Fig. 5). Fungal mycelial growth was
observed in root cortical cells, pith and xylem cells.
Phloem and xylem tissues were significantly reduced
in the positive control. Inhibition of root elongation
was also observed in positive control. Root
elongation is the result of wvarious processes
including division of cells and cell enlargement
which seems to hinder in positive control treatments.
Growth of root hair was also less in positive control
treatment (Fig. 6 B). Root hair were visible in
negative control and other treatments with soil
amendment of P. digitatum, P. expansum and
different doses of DBC.

Sections stained with ferric chloride indicated
the presence of phenolics. In the negative control, the
amount of phenolics was very low whereas in
positive control, black coloration showed higher
accumulation of phenols (Fig. 4 A and B).
Treatments in which soil was amended with the
lowest concentration of DBC only, phenolic acid was
more abundant around the vascular bundles.
However, dry biomass of C. murale along with P.
digitatum and P. expansum exhibited very less
amount of phenolics depicting the suppression of
FOL in these amendments (Fig. 4 G-M).

lodine stained sections exhibited black
colored starch granules which were formed by the
presence of amylose in starch. In negative control, no
grains were found, whereas, in positive control,
blackish starch granules were observed with
disintegration of parenchymatous cells (Fig. 5 A and
B). Starch grains were more densed around the
vascular bundles and in the cortical parenchymatous
cells in the treatments where soil was amended with
only 1% dry biomass of C. murale alone or in
combination with P. digitatum (Fig. 5). In other
treatments in which soil was amended with higher
doses (2 to 3%) of DBC along with P. expansum, no
starch grains appaeared (Fig. 6 H-M).

In case of roots stained with safranin-fast
green, both thin and thick walled lignified secretory
cells were found. Lignification is a normal
mechanism of cell differentiation, which is also
triggered in response of pathogen attack. In negative
control treatment, lignification was not seen, on the
other hand, lignified cells were visible in positive
control treatment (Fig. 5 A and B). In the case of
positive control, higher ligno-suberization was
observed in comparison to negative control.
Disintegrated and narrow vessels were also appeared
in positive control with their reduced number. Soil
amendments with various doses of DBC along with
P. digitatum and P. expansum, showed an increase in
vessel number as compared to positive control.
Moreover, in all other treatments, vessels appeared
wider in diameter (Fig. 6 C-M).

Cell browning was also observed in all stem
and root sections, which was possibly due to the
production of tannins. These are the polyphenolic
compounds like polyphenol oxidase (PPO) that can
cause postharvest browning in plants. Varied
amounts of tannin deposits were observed in stem
and root sections. Browning was more commonly
observed in the vascular region of both stem and root
sections (Fig. 2 C-M and 5 C-M).

Discussion

In nature, plants are exposed to a wide range
of fungal pathogens and as a result these have
evolved the production of chemical defense related
enzymes as well as physical barriers to protect
themselves against pathogenic attacks (Pouzoulet et
al., 2014). In the present study, three histochemical
strains were used to examine the differences in
healthy and FOL infected plants treated with DBC,
P. digitatum and P. expansum. Plant phenolics are
secondary metabolites that have a broad range of
physiological role in plants. These are considered as
defense related compounds which are produced in
excessive amounts against pathogenic infections
(Vermerris and Nicholson, 2008). Plant sections
from DBC and antagonistic fungi treated soils
exhibited a significant increase in phenolic
compounds as compared to negative control where it
was present in lower concentrations. Previously,
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Baidez et al. (2007) also reported the presence of
excessive number of phenolic compounds in
Verticillium dahliae infected olive plants. Moreover,
in response to pathogenic infections phenolic
compounds are produced excessively in xylem
vessels as observed in Ulmus minor trees. These
phenols induced resistance mechanism against
Ophiostoma novo-ulmi, the causal agent of Dutch
elm disease (Martin et al., 2008). Mace et al. (1972)
also reported the presence of phenols in
parenchymatous cells of tomatoes infected with FOL
whereas, it was absent in healthy plants. Similarly,
Cooper and Williams (2004) found that different
plant species restricted the movement of Verticillium
dahlia, a xylem invading pathogen through the
production of phenolics. Ophiostoma novo-ulmi
sporulation and mycelial growth was also controlled
by the production of phenols in elm plant xylem
tissues (Martin et al., 2010).

Similarly, in negative control plants starch
granuels were not visible whereas in positive contrl
these were present in higher concentraions. The
plants grown in lower concentrations of DBC
exhibited a significant amount of starch granules in
comparison of higher doses and antagonistic treated
plants. Pitino et al. (2018) found that starch produces
in higher amounts in vascular bundles of citrus plant
under pathogen stress. Pepper plants infected with
Verticillium dahliae also showed the elevated levels
of starch granules in xylem vessels (Goicoechea et
al., 2000). A similar finding was also given by Joyce
et al. (2016) where sugarcane plants exhibited a
higher concentration of starch granules in response
to biotic stress. Plants evolved different sophisticated
defense related mechanisms to protect themselves
against biotic stresses (Miedes et al., 2014).
Previously, Zhang et al. (2017) reported that lignin
plays a key role in plant defense mechanism through
the formation of chemical and physical barriers to
restrict or limit the colonization of pathogen growth.
In the present study, stem and root sections from
negative control plants exhibited no lignin deposits
as compared to positive control plants. Earlier,
Zhang et al. (2019) reported cell wall lignification in
cotton plants as a defensive mechanism to restrict the
movement of vascular wilt pathogen namely
Verticillium dahlia.  Hence, it is an important
component which makes cell wall more resistant due
to the toxins production to prevent pathogen
invasions (Sattler and Funnell-Harris, 2013).
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Cell browning was also observed in all stem
and root sections which was might be the result of
tannin production in infected tissues. Walker (1971)
reported vascular browning as one of the most
common symptom of tomato Fusarium wilt disease.
Tomato plants infected with FOL also showed the
browning of parenchyma cells as well as xylem
tissues in comparison of healthy tissues even at early
stage of infection (Mace et al., 1972). Moreover, in
accordance to the present studies, Arabidopsis
thaliana susceptible towards downy mildew
exhibited distorted cell structures, pronounced
sporulation, conidiophore production, myecelial
growth and haustoria formation in comparison of
negative control plants (Koch and Slusarenko, 1990).
De Wit (1977) observed tomato plants infected with
Cladosporium fulvum under microscope. The plant
sections were completely collapsed, turned brown in
color with abundant hyphal growth. Likewise, Vigna
radiata infected with Macrophomina phaseolina
showed the excessive accumulation of phenols,
starch and lignin contents as a defensive mechanism
in comparison of negative control plants. Moreover,
plants grown in  Plant  growth-promoting
rhizobacteria (PGPR) treated soils were diseased free
with intact cell structures (Javed et al., 2021).

Conclusion

The present study concludes that tomato
plants roots and stem sections infected with FOL
exhibited an increased production of phenols, starch
and lignin contents. However, soils amended with
DBC and antagonistic Penicillium species play a key
role in arresting the growth of targeted pathogen. In
addition to this, a significant reduction of phenols,
starch and lignin was observed with intact plant
tissues. Hence, it can be concluded that DBC and
Penicillium spp. not only reduced the pathogen
growth but also activated the resistance mechanism
against FOL in tomato plants.
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Histopathological changes in infected tomato plant

Fig. 1 (A-M): Cross sections of tomato stem stained with ferric chloride solution showing anatomical changes
upon exposure to Fusarium oxysporum f. sp. lycopersici (FOL), Penicillium digitatum (PD) and P. expansum
(PE), and different doses of dry biomass of Chenopodium murale (DBC).

A: Negative control, B: Positive control (FOL), C: 1% DBC+FOL, D: 2% DBC+FOL, E: 3% DBC+FOL, F:
PD+FOL G: 1% DBC+PD+FOL, H: 2% DBC+PD+FOL, I: 3% DBC+PD+FOL, J: PE+FOL, K: 1%
DBC+PE+FOL, L: 2% DBC+PE+FOL, M: 3% DBC+PE+FOL.

C: cortex, sp: secondary phloem, sx: secondary xylem, p: pith, ep: epidermis.
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Fig. 2 (A-M): Cross sections of tomato stem stained with iodine solution showing anatomical changes upon
exposure to Fusarium oxysporum f. sp. lycopersici, Penicillium digitatum and P. expansum, and different doses
of dry biomass of Chenopodium murale. For details of treatments A—M, see Fig. 1.

c: cortex, sp: secondary phloem, sx: secondary xylem, p: pith, ep: epidermis.
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Fig. 3 (A-M): Cross sections of tomato stem stained with safranine-fast green solution showing anatomical
changes upon exposure to Fusarium oxysporum f. sp. lycopersici, Penicillium digitatum and P. expansum, and
different doses of dry biomass of Chenopodium murale. For details of treatments A—M, see Fig. 1.

C: cortex, sp: secondary phloem, sx: secondary xylem, p: pith, ep: epidermis.
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Fig. 4 (A—M): Cross sections of tomato root stained with ferric chloride solution showing anatomical changes
upon exposure to Fusarium oxysporum f. sp. lycopersici, Penicillium digitatum and P. expansum, and different
doses of dry biomass of Chenopodium murale. For details of treatments A-M, see Fig. 1.

c: cortex, sp: secondary phloem, sx: secondary xylem, p: pith, en: endodermis.
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Histopathological changes in infected tomato plant 27

Fig. 5 (A—-M): Cross sections of tomato root stained with iodine solution showing anatomical changes upon
exposure to Fusarium oxysporum f. sp. lycopersici, Penicillium digitatum and P. expansum, and different doses
of dry biomass of Chenopodium murale. For details of treatments A—M, see Fig. 1.

C: cortex, sp: secondary phloem, sx: secondary xylem, p: pith, en: endodermis.
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Fig. 6 (A-M): Cross sections of tomato root stained with safranine-fast green solution showing anatomical
changes upon exposure to Fusarium oxysporum f. sp. lycopersici, Penicillium digitatum and P. expansum, and
different doses of dry biomass of Chenopodium murale. For details of treatments A—M, see Fig. 1.

c: cortex, sp: secondary phloem, sx: secondary xylem, p: pith, en: endodermis.
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