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Introduction

Tomato (L. esculentum L.) is most important and 
famous fruit vegetable worldwide. It belongs 

to the family Solanaceae and it was originated from 
Peru and Mexico (Verma et al., 2018). This fruit is full 
of nutrients, antioxidants, vitamins A and C; hence, 
nutritionists recommended its use for managing 
cholesterol and weight loss (Mj et al., 2017). Ripe 
tomato fruit consists of various vitamins, amino 

acid, glucose and fructose. It is a rich source of 
minerals which include Mg, Ca, P, Fe, Na, K, Cu and 
S. It also contains protein, fiber and carbohydrates. 
Tomato has lycopene which is considered as an 
important component that helps to lower the chances 
of prostate cancer, heart diseases and age-related 
diseases (AVRDC, 2003). Tomato is cultivated all 
over Pakistan due to its high demand. Annually, 
599.7 thousand tons of tomato is produced on the 
area of 63.2 thousand hectares in Pakistan (Akhtar et 
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al., 2017). There are many limiting factors of tomato 
production like, early blight, verticillium wilt, bacterial 
canker, tomato spotted wilt, anthracnose, and bacterial 
wilt (Mardi et al., 2002). Now a days, tomato wilt 
disease (TWD) is the major limiting factor of tomato 
production in Pakistan. About 20-80% disease losses 
has been reported worldwide (Worku and Sahela, 
2018). In Pakistan, 49.5% disease losses have been 
recorded due to this tomato wilt disease (Akhtar et 
al., 2017). Extreme losses of this disease have been 
reported under favorable conditions of wetness at 
fruit maturity stage (Akhtar et al., 2017). 

As FOL is a soil borne fungus, it survives in soil 
in the form of dormant propagules known as 
chlamydospores. The germination of chlamydospores 
depends on the presence of host roots. At the time 
of penetration into the roots, the hyphae of the 
FOL adhere to the roots and attack the cortical 
cells of the root and are penetrated intracellularly 
through xylem pits into vascular system. Later on, 
the fungus uses an exclusive pathway for causing 
infection where it colonizes the entire xylem vessels. 
The fungus then expedites its colonization into the 
host and starts producing microconidia which are 
moved to upwards using sap stream. Subsequently, 
microconidia germinate and penetrate into upper 
vessels. Accumulation of hyphae into the plant vessels 
together with the combination of plant-pathogen 
interactions results in the release of gums, toxins, gels, 
and develop tyloses, which cause blockage of vessels 
resulting wilt symptoms (McGovern, 2015; Srinivas 
et al., 2019). Symptoms of tomato wilt disease clearly 
seen on leaves as vein clearing, yellowing, curling 
of margins, stunting, drying of leaves and stem, 
development of adventitious roots, marginal necrosis, 
defoliation, and at the end whole plant gets died 
(Agrios, 1988; Patil et al., 2011).
 
Electron and fluorescence microscopy have been 
used to study the tomato plant interaction and 
ultra-structures of FOL. The findings of electron 
microscopy have shown that microconidia are largely 
associated structures with xylem vessels. Further, it 
was found that microconidia germinate, and mycelia 
take about 10-14 days to enter into the cortex after 
inoculation. It was further found that hyphae in 
between the tissues of vessels were thicker with 
diameter of 1.5–2 μm. The physical structures within 
the vessels cannot stop the growth of microconidia 
within the vessels. FOL makes the vessels smooth, 

while the uncolonized vessels are granular (Srinivas et 
al., 2019). What further changes take place in tomato 
wilt infected tissues are still to be investigated. 

The hypothesis of current study was that tomato 
wilted plants exhibit histopathological changes which 
need to be explored in FOL infected roots of tomato 
plants. Tomato roots and stem structural changes due 
to various abiotic factors have already been reported 
(Ortiz et al., 2014). This research work was planned to 
study the response of tomato plant to fungal infection 
under controlled environment to understand the 
mechanism of penetration, infection and colonization 
of the fungus.

Materials and Methods

Collection of germplasm and pathogenicity trial
A total of thirty plants of local tomato variety Roma 
were potted with three replications under normal 
soil and environmental conditions in green house 
of the Department of Plant Pathology, University 
of Agriculture Faisalabad. Infected samples were 
collected from the greenhouse on the basis of 
symptoms. Infected plant parts were cut from sample 
and washed in distilled sterilized water, after that 
sterilized parts were placed on potato dextrose agar 
and incubated at 282 for seven days. FOL isolates 
01, 02, 03, 37, 61 and 67 whose pathogenicity was 
confirmed previously were used in this experiment. 
Ten potted tomato plants were subjected to artificial 
inoculation with 1 × 106 conidia/mL spore suspension 
of FOL (Ortiz et al., 2014). After 35 days of artificial 
inoculation, potted tomato plants showed partial 
to complete wilting symptoms such as yellowing 
of leaves, clearing of veins and drying of leaves and 
stems. Untreated five tomato plants served as control. 
Physiological parameters of healthy and inoculated 
plants were also compared to observe the effect of 
FOL infection. 

Histopathological studies
For histopathological studies, 10 mm transverse slices 
of stems and roots of healthy and diseased tomato 
plants were preserved in Formalin acetic acid (acetic 
acid 5%, v/v formalin 10%, distilled water 35% and 
ethyl alcohol 50%) for the 48 hours (Anjum et al., 
2016). For long term storage, fixed samples were then 
transferred to Acetic ethanol solution (ethanol 75% 
and v/v acetic acid 25%). Fixed stems and roots were 
sectioned into 3mm transvers portions by freehand 
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sectioning. To prepare permanent slides, the sections 
were dehydrated through the serial dilutions of 
ethanol and stained using standard double-staining 
technique of safranine and fast green stains (Anjum 
et al., 2016). Real time images were taken with 
microscope camera after observing under OMAX 
microscope model G017075953. The experiment was 
set up in a completely randomized design. The data 
was subjected to analysis of variance (ANOVA) and 
means were computed by using software Statistics 
8.1.

Results and Discussion

Morphological parameters
For the morphological studies of the isolates, color 
of colony, mycelial development pattern, radial 
development and sporulation parameters were 
recorded after 7 days of incubation. The isolates 
showed white, pink, creamy white and purple to violet 
colours. The length of the macroconidia was between 
11-17μ × 2.5-4μ, while the length of microconidia 
was 2.5-15μ × 2-3μ, and chlamydospores were around 
7-12μ ×3-5μ. Macrconidia showed 3-5 septation 
while microconidia were aseptate (Figure 1). The 
isolates showed high diversity in the form of culture 
and morphology. 

Figure 1: a) Microspores, b) Macrospores and c) Chlamydospores.

Comparison of shoot height and root length of healthy and 
diseased plants 
Shoot height and root lengths of both healthy and 
diseased plants were taken to check the effect of FOL 
on physiological parameters. A gradual decrease 
in shoot height and root length was observed in 
diseased plants as compared to healthy (Figure 2). 
Cross sections of stem showed that epidermis created 
polygonal cells in between a thinner cuticle, while 
1 or 2 coatings of collenchyma and 6-8 coatings of 
parenchyma were also observed in cortex (Figure 3). 
The primary vascular system was with the same style, 
although at the lateral stages, plant showed secondary 
growth. The xylem was found organized and had large 
vessels about 105-160 μm in diameter. The xylem 
further showed profused radial and paratracheal 

parenchyma through lignified walls with obvious 
amyloplasts, tracheids and sporadic xylem fibers. The 
primary xylem showed non- lignified parenchyma 
and vessels with reduced diameter as compared to 
pith. The phloem was observed with larger sieve 
cells and smaller companion cells. The cross section 
of collar showed same histological pattern as 
observed in stem, where epidermis was replaced with 
periderm (cork, phellogen and phelloderm) and the 
parenchyma cells had several amyloplast. The vessels 
and parenchyma had large number of xylem fibers 
with visible secondary walls. The pith was thick and 
made of parenchyma cells. In secondary growth of 
roots, parenchymatic secondary cortex showed cell 
partition and wall lignification; although did not form 
the phelloderm. Roots had secondary xylem as was 
observed in collar region with no pith in the center. 
Different stains have different effects on cellular 
forms associated with other tissues (Figure 3).

Figure 2: Comparison of shoot height and root length of healthy and 
diseased plants of tomato. Alphabets indicate statistical difference 
among treatments (factorial ANOVA; HSD test at α = 0.05) 

Figure 3: Staining of tomato plant parts; root and collar region 
with fast green and safranin. (A) presence of R.H, root hair; Co, 
collenchyma; Pf, periphloematic fibers; Ep, epidermis; Cp, cortical 
parenchyma;(B) X1, primary xylem; X2, secondary xylem; Xf, xylem 
fibers; Am, amyloplasts;(C) P1, primary phloem; P2, secondary 
phloem; Cb, cambium;(D) whole healthy root section.
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Anatomy of diseased plant tissues
FOL colonized xylem including collar, stem and 
root portions of the plant. Hyphae and microconidia 
of fungus occupied the xylem bundles. Lack of 
amyloplast in parenchyma and degradation of xylem 
fibers clearly represented the presence of FOL. Green 
colour staining indicated the presence of chitin 
and glucan while red colour staining indicated the 
presence of gel in cell wall (Figure 4). Cortex thickness 
and inner phloem zone thickness was higher while 
xylem zone thickness and number of xylem vessels 
were lower in diseased samples compared to healthy 
(Figure 5). Similarly, stem diameter, vascular cylinder 
thickness and vascular tissue thickness were higher 
while pith thickness was lower in diseased samples 
compared to healthy (Figure 6). 

Figure 4: Diseased samples stained with fast green and safranin. 
(A) Ty; Tylosis formation starts and vascular bundles disperse. (B) 
fusarium hyphae emerge from the branch. (C) dispersion of vascular 
bundles, tylosis occurring and disturbing the phloem. (D) full 
disintegrated cell portions and death of plant. 

Figure 5: Comparison of plant parameters between healthy and 
diseased samples. Alphabets indicate statistical difference among 
treatments (factorial ANOVA; LSD test at α = 0.05).

Figure 6: Comparison of plant parameters between healthy and 
diseased samples. Alphabets indicate statistical difference among 
treatments (factorial ANOVA; LSD test at α = 0.05).

FOL colonization was observed during this study in 
root, stem and collar region. This has confirmed the 
ability of FOL to penetrate through the root system 
and its colonization through vascular root system. 
This is in agreement with already available reports 
(Bishop and Cooper, 1983; Ortiz et al., 2014). FOL 
infections in collar have confirmed that colonization 
takes place from the path of periderm to pith through 
parenchyma tissues. Similar colonization has been 
reported in infections caused by F. solani f. sp. pisi, in 
which after penetration into the epidermis the fungus 
colonized parenchyma tissues in the cortex, and 
intercellular and intracellular growth of tissues took 
place as hyphae grew radially. Parenchyma are the 
tissues which facilitate the movement of the fungus 
in the tissues; however, there are also reports that they 
have also role in the defense mechanism of the plant 
(Stahl et al., 1994; Lian et al., 2020).

In our findings, microconidia and hyphae were found 
in tissues of vessels which means injuries are caused 
by these two structures. In response to injuries, it was 
observed that vessels produced tyloses structures. 
Moreover, primary xylem showed non-lignified 
parenchyma, and vessels were with reduced diameter 
as compared to pith. Further, the phloem was observed 
with larger sieve cells and smaller companion cells. In 
fact, all these were the defense mechanisms shown by 
the tomato plant tissues to defend themselves against 
the infection of FOL. This is in line with previous 
findings (Ortiz et al., 2014). We have also observed 
excessive changes in different structures of root and 
stem which include thickness of pith, secondary 
growth of roots, partition and wall lignification. 
All these changes in the tissues were in reaction to 
infection of FOL in cambium cells (Ouellette et al., 
2006). Further, these changes may also be due to 
hyperplasia and hypertrophy that cause destruction of 
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phloem, sieve cells and companion cells. Hypertrophy 
is also considered as defense mechanism of plants 
against diseases (Beckman and Roberts, 1995). 
During hypertrophy, growth promoting substances 
like ethylene are also produced (Ouellette et al., 2006). 

We have also observed reduction in amyloplasts 
which are present in parenchyma cells. It has 
been reported that through this mechanism plant 
tissues deplete carbohydrates which are present in 
amyloplasts particularly when infection is caused by 
the pathogens. This finding is in accordance with the 
findings of Saniewska et al. (2004). It was also observed 
in our study that lignin degraded in the tissues. This 
is in line with the previous findings in which when 
F. oxysporum caused infection lignin degradation was 
observed (Niemann et al., 1991).
 
Finally, the stains we used in our study to differentiate 
healthy and diseased tissues remained very effective. 
The stains helped a lot to study the structures of 
pathogen and histopathological structures, and the 
cell organelles. Similar stains have been previously 
used and remained effective to study the diseased 
tissues (Ortiz et al., 2014). 

Conclusions and Recommendations

Our findings concluded that FOL have caused 
significant changes in xylem fiber and caused clogging 
of vessels. We have further observed formation of 
tylosis and production of gel in the tissues which 
caused hypertrophy. It is concluded that all these 
changes cause disturbance in water uptake resulting 
in mineral shortage and plant died.

Novelty Statement

In this study, we conducted comparative study of 
histopathology to observe the changes which take 
place during infection of FOL in tomato plant tissues. 
The study revealed the mechanism of infection of 
FOL in tomato plants which has not been studied 
previously in Pakistan. 
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