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Preface

Tomatoes are one of the most valuable and popular vegetables worldwide. The fruit 
of each cultivar differs in size, shape, taste, and color, as well as the firmness of skin 
and flesh. Ideally, tomatoes should be fertile and disease resistant. With increased 
consumer demand for large salad-type tomato varieties, they also need to be robust 
to meet transportation conditions. More than 80% of tomatoes grown worldwide are 
processed into products such as tomato juice, paste, puree, ketchup, sauce, and salsa.

Tomatoes and tomato-based food products are rich in biologically active compounds 
such as polyphenols and carotenoids (mainly lycopene), which have numerous 
biological functions in the human body. Rising market demand has stimulated the 
development of diverse production methods for these compounds, and nowadays, 
lycopene is mainly produced through chemical synthesis. Nevertheless, bioactive 
compounds of natural origin enjoy both higher bioaccessibility and greater consumer 
trust. The industrial processing of tomatoes into tomato products generates large 
amounts of by-products (peel, pulp and seeds). These by-products are costly to 
dispose of and have a potentially negative impact on the environment, but they also 
represent a promising, low-cost source of carotenoids (primarily lycopene).

Among the interesting research topics covered in this book are the chemical composi-
tion, nutrition, production, and protection of tomato plants, and tomato processing 
applications, including sustainable technologies. This book will be of significant value 
to researchers, academics, and students in the field of agronomy, food, pharmacy, 
and other sectors.

Pranas Viškelis, Jonas Viškelis and Dalia Urbonavičienė
Institute of Horticulture,

Lithuanian Research Centre for Agriculture and Forestry,
Babtai, Lithuania
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Chapter 1

Foliar Application of Salicylic Acid 
on Growth and Yield Components 
of Tomato Plant Grown under Salt 
Stress
Salma Wasti, Salwa Mouelhi, Feriel Ben Aïch, Hajer Mimouni, 
Salima Chaabani and Hela Ben Ahmed

Abstract

Abiotic environmental stresses such as drought stress, mineral deficiency, heat 
stress, and salinity stress are major limiting factors of plant growth and productivity. 
Tomato (Solanum lycopersicum L.), one of the important and widespread crops in the 
world, is sensitive to moderate levels of salt in the soil. So many authors have reported 
large variation among tomato genotypes in their response to salinity. The present 
study was conducted to study the effect of different concentrations of salicylic acid 
on growth parameters, yield, and yield attributes of tomato under saline condi-
tions. Tomato plants cv. Marmande were grown under normal or saline (100 mM 
NaCl) conditions. Different levels of salicylic acid: SA (0, 0.01, 0.1, and 1 mM) were 
applied as a foliar spray. The study was conducted at the vegetative and reproduc-
tive stage. Salt stress reduced significantly the whole plant growth at the two stages. 
Application of SA caused a significantly increase in biomass under non-saline condi-
tions. However, in salt medium, treatment of leaves by SA induces a slight increase in 
biomass, leaf area and ameliorates the fruit diameter compared with plant grown only 
in the presence of salt. The beneficial effect of SA is more pronounced with the dose 
0.01 mM.

Keywords: tomato, growth, foliar spray, fruit, salinity, salicylic acid

1. Introduction

During their development cycle, plants are exposed to several constraints under 
inappropriate environments without being able to escape them. Soil salinity is a major 
abiotic factor that reduced productivity of many crops.

About one third of the irrigated land in the world is affected by salinity to varying 
degrees [1]. According to FAO [2], more than 800 million hectares of land around 
the world are affected by salinity, accounting for more than 6% of the earth’s surface. 
In Tunisia, saline soils cover about 23% of the total area, i.e., 8.7 million hectares of 
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arable land [2]. It caused various deleterious effects on morphological, physiological, 
biochemical, and nutritional attributes. During the onset and development of salt 
stress within the plant, all mechanism such as: photosynthesis and protein synthesis 
are affected. So, plants’ first reaction was to reduce the extension of leaf area, fol-
lowed by extension cessation with the increase of stress [3].

Tomatoes (Solanum lycopersicum L.) are today the most consumed vegetable 
in the world. They are an important greenhouse crop in semiarid coastal areas of 
Mediterranean countries. In these regions, soil and groundwater salinity are insidious 
problems that affect both tomato yield and quality [4]. It is known that dry biomass 
and fruit yield of tomato plants are strongly affected by soil salinity [5]. In a recent 
study, Ors and al. [6] reported that photosynthetic rate, plant dry weight, stomatal 
conductance, chlorophyll reading value decreased with salt in tomato seedlings. 
Plants exposed to NaCl stress were confronted with three fundamental problems, 
which are reduction of water potential, ion toxicity associated with the excessive 
accumulation of sodium (Na+) and chloride (Cl−) leading to essential cations potas-
sium (K+) and calcium (Ca2+) deficiency, and production of ROS [7]. Salinity causes 
also unfavorable conditions that limit normal plant production. The increase of 
salinity most often causes a decrease in plants development and in general the average 
weight, the diameter of the stems, and size of the fruits were reduced significantly. 
Thus, driving with high salinity results in, therefore, a loss of production [8].

Furthermore, many research studies have focused on the physiological responses of 
plant subjected to salinity. The development of plants tolerant to environmental stress 
is seen as a promising approach, which can help satisfy the growing food demands in 
the world. Thus, overcoming NaCl stress is a major objective to ensure the stability 
of agricultural production. Salicylic acid (SA) is a signaling molecule that plays an 
important role in the induction of acquired systemic resistance (ASR) against patho-
gens; it was first demonstrated to play a crucial role in biotic stress such virus, fungi, 
[9]. Progressively, it was shown that SA induces tolerance to major abiotic stresses such 
as drought and salinity. Most papers, on this subject, have reported on the protective 
effect of exogenous salicylic acid against abiotic stress [9]. The exogenous application 
of SA affects various physiological, biochemical, and molecular processes in plants. 
Gharbi and al. [10] reported that SA (0.01 mM) enhanced shoot growth in Solanum 
lycopersicum cv Ailsa Craig and its wild salt-resistant relative Solanum chilense. 
Moreover, Mimouni and al. [11] found that the application of SA (0.01 mM) restored 
photosynthetic rates and photosynthetic pigment levels under salt (NaCl) exposure.

The purpose of this work was to study the effect of different concentrations of 
salicylic acid on growth parameters; yield and yield attributes of tomato under saline 
conditions. The study was conducted at two stages (vegetative and reproductive) and 
based on growth parameters (biomass production and leaf area).

2. Materials and methods

2.1 Plant material and growth conditions

Plant material studied is the cultivated tomato (Solanum lycopersicum L.) var 
Marmande. The tomato seeds were germinated in Petri dishes. Boxes containing 20 
seeds are placed in an enclosure air-conditioned at a constant temperature (25°C) and 
under an illumination at low intensity (10 μ mol m−2 s−1). Eight days after, seedlings 
were transferred to nutrient solution composed by macroelements and microelements 
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as described by Wasti and al. [12] and placed in a growth chamber under controlled 
environmental conditions with relative humidity of 80%, temperature 25/18°C (day/
night), artificial light 150 μmol.m−2. s−1, and 16 h photoperiod. Two experiments 
were undertaken: one at the vegetative stage and the other at reproductive stage. The 
salicylic acid was applied as a foliar spray.

2.2 Experience 1

The plants were grown in pots, each pot containing four plants. The plants were 
grown for 11 days before the start of salt treatment. Each pot receives a basic nutri-
ent solution. After an acclimation period of 11 days, the seedlings at three-leaf stage 
are divided into eight lots. Four control groups without NaCl continued to grow 
in the basic nutrient solution : Lot (1), the leaves are sprayed daily until the end of 
culture by distilled water, while the lots (2), (3), and (4) are sprayed with distilled 
water supplemented with SA (0.01, 0.1, 1 mM). The other four lots are transferred 
to nutrient solution enriched with NaCl (100 mM), and the leaves are sprayed daily 
until the end of the culture by distilled water added or not by salicylic acid (0.01, 0.1, 
1 mM). The addition of salt is done gradually, with 25 mM every 24 hours, until a final 
concentration of 100 mM. The pH was adjusted to 5.9 with KOH (1N).

2.3 Experience 2

The second experiment was conducted under the same culture conditions as 
above, has tracked the growth and development of plants to produce fruit. The plants 
were divided into four groups. Two groups continued to grow on the nutrient solu-
tion, leaves of the first group were sprayed with distilled water while those of the 
second batch were sprayed with a solution of 0.01 mM SA. Plants of the third and 
fourth groups were transferred to a nutrient solution supplemented with 100 mM 
NaCl and leaves were sprayed with SA solution 0.01 mM. Spraying of SA continued 
until flowers were developed.

2.4 Growth parameters and ion analysis

* Dry mass (DM) was determined after desiccation at 80°C for 48h. * Sensitivity 
index (SI), i.e., the difference between dry matter production of treated plants and 
the control, expressed in percent of the latter, was calculated according to the follow-
ing expression:

 ( )( )=treatment treatment control control100 x – / .SI DM DM DM  (1)

This parameter was more negative when the plant was sensitive to treatment
* Leaf area of the tagged leaf 5 was determined by using a leaf area meter AM 300.

3. Results

3.1 Plant growth

The tomato seedlings treated with 100 mM NaCl are less developed than the control 
plants. Indeed, salt stress reduced significantly the whole plant growth (42% compared 



Tomato - From Cultivation to Processing Technology

6

with control). Application of SA caused a significantly increase in biomass of whole 
plant under non-saline conditions. This increase is about 45, 30, and 32% (compared 
with control plants sprayed with distilled water) respectively for the concentrations 
0.01, 0.1, and 1 mM. (Figure 1). This beneficial effect is more pronounced at the root 
system where there is a significant increase in biomass, about 66, 52, and 57% respec-
tively, compared with control for the doses (0.01, 0.1, and 1 mM), whereas in aerial 
organs, stimulation is about 52, 33, and 32% for leaves and 26, 19, and 25% for stems 
compared with the control respectively for doses (0.01, 0.1, and 1 mM). (Figure 2).

Salt negatively affects the three organs. However, the roots were much less sensi-
tive to NaCl than the aerial parts (leaves and stems). The decrease in dry matter was 
respectively 16, 40, and 50% (Figure 2). Foliar application of SA reduced the damag-
ing effect of salinity on plant. The masses of dry matter increased compared with 
plants subjected only to NaCl. Indeed, in the presence of NaCl 100 mM, inhibition of 
growth of the whole plant was about 42% compared with the control plants, it was 
40% when plants treated by salt were sprayed with Sa 1 mM and the inhibition was 
even more attenuated (29 and 27%) with the lower doses of SA (0.1 and 0.01 mM) 
(Figure 1). The root system of plants subjected to salt and sprayed by 0.01 mM SA 
was stimulated by 4% compared with the control (Figure 2).

3.2 Leaf area

The salt induced a decrease in leaf area by 50% in leaves of rank 5. Foliar applica-
tion of SA induced an increase in leaf area of stressed plants. The stimulation was 
significantly with SA application at 0.01 and 0.1 mM (Table 1). While the foliar spray 
of SA did not affect the expansion of leaf plants grown without NaCl.

3.3 Na+ compartmentalization

Vacuolar compartmentalization of Na+ ions is one of the major strategies for salt 
stress tolerance. In tomato var. Marmande, when the content of Na+ ions increases, 

Figure 1. 
Dry mass of the whole plant of tomato var Marmande submitted to 100 mM NaCl for 18 days and sprayed or 
not with salicylic acid (1; 0.1; 0.01 mM). Data are means of 16 replicates ± SE. Means with similar letters are not 
different at P ≤ 0.05 according to Duncan’s multiple range test at 95%.
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a drop in the water content of leaf tissue is observed (Figure 3); this decrease sug-
gests that Na+ is not properly compartmentalized in the leaf tissue vacuole; on the 
contrary, it is accumulated in the extracellular spaces. This accumulation is associated 
with a tissue dehydration. In the presence of NaCl, foliar spray of salicylic acid with 

Figure 2. 
Dry mass of leaves, stems, and roots of tomato seedlings submitted to 100 mM NaCl for 18 days and sprayed or 
not with salicylic acid (1;0.1; 0.01 mM). Data are means of 16 replicates ± SE. Means with similar letters are not 
different at P ≤ 0.05 according to Duncan’s multiple range test at 95%.
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different concentrations (1, 0.1, and 0.01mM) improves vacuolar Na+ compartmen-
talization, as shown in Figure 3, since leaf water contents are relatively stable, despite 
the accumulation of leaf with sodium. Maintaining leaf tissue hydration despite the 
accumulation of sodium suggests that the leaves have a light ability to compartmental-
ize Na+ in the vacuoles.

3.4 Reproductive growth stage

Based on the results of the first experiment, the better amelioration of salt 
tolerance of tomato plants was obtained with SA 0.01 mM, for this we have used the 
dose (0.01 mM) in this part of our study. Salt stress at the reproductive stage caused 

Figure 3. 
Dry mass of leaves of tomato seedlings cultivated to the reproductive growth stage in the absence (Control) or 
presence of NaCl 100 mM and sprayed or not with salicylic acid 0,01 mM. Data are means of 16 replicates per 
treatment. Means with similar letters are not different at P < 0.05 according to Duncan’s multiple range test at 95%).

SA, mM 0 1 0.1 0.01

Leaf area 129.8a 115.0a 102.1a 128.8a

NaCl 100mM+ 
SA

0 1 0.1 0.01

Leaf area 67.6a 71.7a 79.7b 77.8b

Table 1. 
Leaf area (cm2) of order 5 of tomato seedlings submitted to 100 mM NaCl for 18 days and sprayed or not with 
salicylic acid (1; 0.1; 0.01 mM). Data are means of 16 replicates ± SE.
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a reduction in plant size, number of stalk, and fruit diameter. In detail, the length 
of the plants decreased from 170 cm to 75 cm, so compared with control, reduction 
was about 56%. In control medium, plants sprayed or not by SA at the stage were 
at 25 foliar stages. In the presence of 100 mM NaCl, they only have 17 stages and 
thus have a developmental delay. In addition, there was a significant decrease in the 
number and the size of fruit; it is respectively about 70 and 67% compared with 
control (Table 2).

The salt has a depressive effect on weight of aerial organs in particular stems. The 
decrease was equal to 70%. The foliar spray of salicylic acid (0.01 mM) attenuated 
the effect of salt. The reduction was more than 30% (Figure 4). The fruit diameter 
was enhanced. The amelioration was about 16% compared with plants subjected 
only to NaCl.

4. Discussion

Saline soils and saline irrigations constitute a serious production problem for veg-
etable crops as saline conditions are known to suppress plant growth [13]. The present 

Parameters Treatments

Control SA NaCl NaCl+SA

Number of fruit 14b 10b 4a 6a

Number of stalk 24.5b 26.5b 16.5a 16.5a

Plant height 170b 168b 75.5a 76a

Plant diameter 32.65b 31.9b 10.46a 17.85a

Root length 31.5b 39.5b 26a 38.5a

Data are means of 16 replicates per treatment. Means with similar letters are not different at P < 0.05 according to 
Duncan’s multiple range test at 95%.

Table 2. 
Yiedl parameters of tomato seedlings cultivated to the reproductive growth stage in the absence (Control) or 
presence of NaCl 100 mM and sprayed or not with salicylic acid 0.01 mM.

Figure 4. 
Relationship between sodium and water in the leaves of tomato seedlings submitted to 100 mM NaCl for 18 days 
and sprayed or not with salicylic acid (1; 0.1; 0.01 mM). Data are means of 16 replicates.
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study demonstrates salinity adversely affected the growth of tomato cv Marmande 
regardless of SA treatments. Earlier studies have shown that the concentration of 100 
mM NaCl decreased total dry biomass and leaf area [11, 14]. Also, previous study 
reported a decrease in whole plant DW, shoot DW, root DW, and leaf area in tomato 
plant cv. Marmande under NaCl stress [11]. In fact, the reason of this reduction is 
due essentially to the nutritional imbalance and the specific ion toxicity [15]. On 
the other hand, it could be due to the decrease of the water content in relation to a 
decrease of external water potential [16]. However, foliar SA applications reduced 
the negative impact of salinity on growth of tomato plants. Application of SA caused 
a significantly increase in biomass under non-saline condition. Spraying leaves with 
SA at concentrations (0.01, 0.1, and 1 mM) in tomato seedlings grown on medium 
supplemented with 100 mM NaCl improves their tolerance to salinity, this increased 
tolerance is evidenced by the increase mass of dry matter and leaf area compared 
with plants that are subjected only to NaCl (Figures 1 and 4).Various studies on 
different plants, including quinoa [17], barley [18], and cowpea [19], showed that 
the use of SA ameliorates growth biomass under NaCl stress. Foliar applications of 
SA (0.01, 0.1, and 1 mM) in tomato seedlings grown on control medium induced a 
strong increase in biomass production at the whole plant, it is about 45, 30, and 32% 
respectively compared with the control for concentrations 0.01, 0.1, and 1 mM. These 
results are in agreement with those of El-Tayeb [8] and Arfan et al. [9], who reported 
that exogenous foliar application of SA ameliorated the adverse effects of salt stress 
on growth of barley and cowpea. Similarly the work of Noreen et al. [10] shows that 
exogenous application of SA stimulates foliar growth in sunflower plants grown in the 
absence or in the presence of salt. Similar results were obtained by Idrees et al. [11]. 
Also, Abdi et al. [12] showed that the salicylic acid causes a significant increase on the 
plant density and dry weight of root and shoot. Spraying maize plants “Single hybrid 
10” with SA increased dry weight of stem, leaves, and whole plant [12].

To better assess the effect of salt and salicylic acid on growth of tomato seedlings 
cv Marmande, we have calculated a sensitivity index (SI) based on the dry matter pro-
duction. Table 3 shows that the presence of NaCl affects the three organs; however, 
it is the aerial organs, especially stems, that reflecting the greater depressive effect of 
salt. Foliar spraying of SA (0.01, 0.1, and 1 mM) reduces the effects caused by NaCl, 
this beneficial effect is more pronounced with the dose 0.01 mM, the improvement 
was about 15% compared with plants subjected only to NaCl. The protective effect of 

Treatments Whole plant Roots Stems Leaves

NaCl −42 a −17.9 a −50.6 a −40.8 a

NaCl+SA 1mM −40 a −15.6 a −51 a −37.4 a

NaCl+SA 0.1mM −29.3 b −1,4 b −45 a −24.3 b

NaCl+SA 0.01mM −27.6 b +4.6 b −43.7 a −23 b

SA 1mM +32.3 c +57 c +25.6 b +32.6 c

SA 0.1mM +30 c +52.2 c +19.3 b +32.8 c

SA0.01mM +45 c +66.3 c +26.4 b +52.6 d

Table 3. 
 Index of salt sensitivity of roots, stems, leaves, and whole plant of Marmande tomatoes submitted to 100 mM 
NaCl for 18 days and sprayed or not with salicylic acid (1; 0.1; 0.01 mM).
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exogenous salicylic on plants cultivated under abiotic stress have been also reported 
by Idrees et al. [21] on in lemongrass plants subjected to water stress and by Abdi et al. 
[22] on Marigold cultived under salt stress.

Most commercial tomato cultivars are moderately sensitive to salinity at all stages 
of development, including seed germination, vegetative growth, and reproduction, 
and therefore yield is markedly reduced [23].

Our study reports that during the whole development cycle, tomato was sensi-
tive to NaCl. Dry weight of the leaves decreased significantly (−70%). Salt affected 
negatively yield and yield attributes of tomato (plant size, number of stalk, number, 
and size of fruit). Decreased shoot and root weight, plant height, and leaf number 
were reported in soybean plant due to salt stress [24]. Also Lauchli and Grattan [25] 
reported that salinity adversely affected performances of grain crops and cowpea 
plants at flowering and seed filling stage. Kinsou et al. [26] also report that salinity 
reduced the number of fruits in tomato (Lycopersicon esculentum Mill.) var Akikon. 
This number has increased from approximately 7.67 in the control plants to 5 fruits 
at 30 mM NaCl. Salt stress reduces also the size of tomato fruits, the productivity 
and increases flowering time. Foliar spray of salicylic acid (0.01 mM) counteracted 
salt-stress-induced growth inhibition and improved yield attributes of tomato. The 
fruit diameter was enhanced, amelioration was about 16% compared with plants 
subjected only to NaCl. According to Shakirova et al. [27], the positive effect of 
salicylic acid on growth and yield can be due to its influence on other plant hormones. 
Salicylic acid altered the auxin, cytokinin, and ABA balances in wheat and increased 
the growth and yield under both normal and saline conditions. Stimulation of yield 
under foliar application of salicylic acid could be assigned to the well-known roles of 
these plant hormones on photosynthetic parameters and plant water relations. Some 
studies showed that SA increased membrane permeability facilitating absorption and 
utilization of nutrients [28]. This would contribute to ameliorating the growth of the 
stressed plants.

In conclusion, from the results of this study, it can be affirmed that exogenous 
application of SA (0.1 mM) as foliar spraying once at vegetative and second time at 
reproductive stage influences growth parameters; yield and yield attributes of tomato 
under saline conditions, which could be used as a useful strategy in order to enhance 
the tolerance of tomato plants to salinity and biological yield.
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Chapter 2

Cultivation of Tomato under 
Dehydration and Salinity Stress: 
Unravelling the Physiology  
and Alternative Tolerance Options
Rowland Maganizo Kamanga and Patrick Alois Ndakidemi

Abstract

Tomato is an important fruit vegetable in the world, as a nutritional source and an 
income option for a majority of resource constrained households. However, tomato 
supply in developing countries is often fluctuating, with high scarcity in both supply 
and quality during rainy season. Unlike many crops, cultivation of tomato is a chal-
lenging task during rainy season, with high pest and disease infestation. Hence, dry 
season is the most favorable period for tomato cultivation. However, inadequate water 
supply poses a yet another significant hurdle, as the crop requires high soil moisture for 
optimum growth. According to a landmark study by FAO, Tomato has a yield response 
factor of 1.05, which signifies that a smaller decline in water uptake results into a 
proportionally larger decline in yield. Moreover, over the years, there have been increas-
ing reports of soil salinization, which imposes similar effects to drought stress through 
osmotic effects of Na+ in the soil solution and oxidative stress through excessive genera-
tion of reactive oxygen species. This chapter will dissect how tomato plants respond to 
these abiotic stress factors on physiological, anatomical, and molecular levels and sug-
gest options to improve the crop’s productivity under these constraining environments.

Keywords: drought, salinity, physiology, acclimation, osmotic tolerance

1. Introduction

Global changes in the climate scenario undeniably pose insurmountable challenge 
on global food supply system. Formerly agriculturally productive lands are insidi-
ously becoming unarable. Yet, global population is steadily increasing, projected to 
reach an insane 9.8 billion by 2050 [1]. Therefore, finding ways to sustain agricultural 
productivity in light of the prevailing and worsening climate to support the grow-
ing population is one of the current and future’s major global hurdles. Persistent 
droughts, extreme temperatures, soil salinization, and heat stresses have gradually 
become abiotic norms in the agricultural setting.

Tomato is among the most commercially important fruit vegetables globally  
[2, 3]. In one of the FAO’s milestone publications on crop water relations, tomato was 
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established to have a yield response factor (Ky) of 1.05, indicating that a small decline 
in water uptake results into a proportionally larger yield decrease [4–6]. This substan-
tiates the need for development of cultivars that are able to maintain yield or exhibit 
less yield decline under limited water conditions. Worldwide, agricultural productiv-
ity is confronted with accelerating environmental constraints such as drought and 
salinity. Coupled with the global changes in climate, water stress is progressively 
becoming a major environmental factor limiting plant growth, development, and 
yield [7]. Drought and salinity stress impose somewhat similar effects on growth of 
crop plants, as both result into reductions in soil water availability and plant water 
uptake capacity. When soil water potential and plant’s turgor fall below a threshold, 
such that normal plant functioning is perturbed, the soil is said to be droughted [8] 
or in a state of water stress. Some authors refer to soil as droughted when plant’s water 
deficiency results from evaporative demand of the atmosphere exceeding plant roots’ 
capacity to extract soil water [9]. It is indicated that initial reductions in shoot growth 
under salinity stress are due to increases in plants’ osmotic pressure due to heavy 
presence of salts around roots, resulting into hormonal signals that eventually reduce 
stomatal conductance and consequently growth [10]. These effects are similar to those 
generated by drought stress. Tomato (Solanum lycopersicum L.) is recognized as a crop 
of an immense economic importance globally [2]. What is more is that drought and 
soil salinity have considerable impacts on its production [11, 12]. Present understand-
ing proves that water stress perturbs various physiological and biochemical processes  
[7, 13–16] eliciting expression of various stress-related genes [12, 17, 18]. Therefore, 
in order to achieve the required knowledge for attainment of water stress tolerance, it 
remains imperative to couple physiological analysis’s descriptive power with biochemi-
cal, morphological, and transcriptomic analysis [19] in carefully screened and selected 
varieties with proven differential tolerance under drought stress.

2. Drought stress: an overview

Plant water deficit develops as its demand exceeds the supply of water. The 
supply is determined by the amount of water held in the soil to the depth of the 
crop root system. The demand for water is set by plant transpiration rate or crop 
evapotranspiration, which includes both plant transpiration and soil evaporation. 
Evapotranspiration is driven by the crop environment as well as major crop attri-
butes such as plant architecture, leaf area, and plant development. Drought stress is 
often measured by the Palmer Index (the Palmer drought severity index, PDSI), a 
regional drought index commonly used for monitoring drought events and studying 
areal extent and severity of drought episodes [20]. The index uses precipitation and 
temperature data to study moisture supply and demand using a simple water balance 
model. Water moves into the plant within a physical system also known as the soil-
plant-atmosphere continuum (SPAC). Here, water is driven through the plant from 
the soil to the atmosphere by the difference in water potential between the atmo-
sphere (very low potential) and the soil (relatively high potential when wet).

Plants often receive excessive radiation, out of which only a small fraction is 
used for photosynthesis (photosynthetically active radiation), while the rest is dis-
sipated as heat and transpiration [21], this led to the term “transpirational cooling.” 
Transpiration functions to cool leaves relative to ambient temperatures when the 
environmental energy load on the plant is high, without which plant leaves could heat 
up to lethal temperatures [22]. When a leaf transpires, leaf water potential becomes 
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more negative (lowers), creating a water potential gradient (pull) that drives water 
movement into the plant (assuming more water is available in the soil). As the soil 
gets drier, it is necessary that leaf water potential be reduced further in order to create 
the required pull to drive water into the plant leaf.

This brings a concept of osmotic adjustment (OA), defined as the net accumulation 
of solutes after the plant has been exposed to a predetermined rate of water deficit [23]. 
OA has been suggested as a prime drought stress adaptive engine in support of plant 
production. Osmotic adjustment (OA) and cellular compatible solute accumulation 
are widely recognized to have a role in plant adaptation to dehydration mainly through 
turgor maintenance and the protection of specific cellular functions by defined solutes. 
A typical leaf cell comprises a battery organic and inorganic osmolytes (osmotically 
active solutes), such as soluble sugars, proline, and glycine betaine, which determine 
the leaf osmotic potential. Relatively, osmotic potential is lower than leaf water poten-
tial, whose difference is what constitutes turgor potential, a critical determinant of 
cellular growth and function, devoid of which collapses the cells and wilts the leaves. 
A lower turgor is typified with stomata closure (as an attempt to reduce transpiration), 
this reduction reduces intercellular CO2 concentration (Ci), consequently downregu-
lating CO2 fixation and photosynthetic assimilation [7, 24] and an increase in leaf 
temperature [18]. Rise in temperature may get excessive, causing heat damage to the 
leaf especially under hotter environments. Therefore, turgor maintenance and transpi-
ration are two critical aspects for plants growing under dehydrated conditions. Turgor 
maintenance can be maintained by sustaining water uptake to keep leaf water potential 
higher or through accumulation of osmolytes (osmotic adjustment).

At a whole plant level, transpiration rate can be controlled by limiting total leaf 
area. For example, two plants growing in a pot of similar volume, a large plant will 
require irrigation more frequently than a smaller one. Reduction of plant size and 
growth rate has therefore been a key revolutionary feature for plants’ adaptation to 
drier environments [25]. As such, it has been observed that as water deficit becomes 
severe, older leaves desiccate and shed off first as an attempt to reduce leaf area and 
slow down on water requirement, while younger leaves maintain stomatal opening 
and carbon assimilation. At the crop level, the relationship between plant size and 
the demand for water can be extrapolated by measurement of leaf area index (LAI), 
which expresses total area of live leaves per unit ground surface. When LAI is high, 
crop evapotranspiration (ET) also increases, at least until LAI reaches a maximum 
threshold beyond which ET does not increase. As the crop matures and leaves senesce, 
LAI is reduced and so does evapotranspiration. In response to desiccation, growth 
regulating hormone abscisic acid (ABA) is produced in the shoot, inducing a cascade 
of responses such as arrested growth, stomatal closure, and reproductive failure. ABA 
is also produced in the root in direct response to the drying soil and its hardness as it 
dries. Root ABA is translocated to the shoots via the transpiration stream, eliciting 
stomatal closure or arrested growth before any water deficit develops in the shoot. 
This “hormonal or chemical root signal” may therefore serve as an “early warning 
system” to the plant. This results into the ABA-dependent pathway of signal trans-
duction under drought stress. In this pathway, ABA induces novel protein synthesis, 
which regulates expression of numerous “ABA responsive” genes. Alternatively, ABA 
may also regulate stress responsive genes without novel protein synthesis. These 
gene products are either functional (e.g., water-channel proteins or key enzymes) or 
regulatory (e.g., protein kinases), and they are involved in mediating various cellular 
responses. Presently, thousands of “drought stress responsive genes” have been identi-
fied that are either upregulated or downregulated under dehydration.
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2.1 Responses of tomato plants to drought stress

Physiologically, photosynthesis is one of the highly regulated, sensitive, and 
primary traits affected by drought [26, 27]. Hence, ability to maintain photosyn-
thetic capacity under water stress deserves solemn consideration when screening for 
drought stress. Ueda et al. [28] observed that water and salinity stresses downregu-
late photosynthesis through stomatal and non-stomatal limitations. Yuan et al. [7] 
observed that under different water stress conditions, reasons for decline in photo-
synthetic rates are different; with stomatal limitations being more apparent under 
mild stress while non-stomatal limitations were more prevalent under moderate 
and severe water stress. This may suggest that severing water stress affects pho-
tosynthesis, principally via photosystem damage, inhibition of RuBISCO enzyme 
and other enzyme activities [29], and these non-stomatal effects may be even more 
apparent in sensitive cultivars. Furthermore, water stress affects photosynthesis 
through stomatal closure triggered by root to shoot signaling after sensing lower 
plant water potential. Thus, cultivars that present higher stomatal conductance 
under water stress conditions indicate a higher adaptability to water stress [30]. A 
consequence of inhibited photosynthesis is downregulation of plant growth; how-
ever, this cause-effect relationship remains difficult to entangle [31]. Under water 
stress, accumulation of soluble sugars and other osmolytes has been implicated in 
osmotic adjustment in tomatoes. Several studies have thus observed and correlated 
an increase in sugars and proline accumulation with drought tolerance [32, 33]. 
As a consequence of photosynthetic downregulation, drought stress often results 
into accumulation of reactive oxygen species (ROS), which damage photosynthetic 
machinery and cell membranes consequently resulting into cell death [13, 34]. 
Malondialdehyde is a widely used marker for lipid peroxidation and shows greater 
accumulation under abiotic stresses [7, 35]. Cell membrane stability and electrolyte 
leakage have also emerged as important tools in assessing membrane damage elicited 
by abiotic stress [36, 37].

3. Salinity stress: an overview and effects

The global consequences of the rapidly changing climate scenario imply that the 
environment for crop growth and development is gradually becoming unbearably 
altered. Soil salinization for one has victimized agriculture since time immemorial 
and has remained an important factor constraining worldwide crop productivity 
[38]. As a result, remarkable strides have been made in unmasking plants’ responses 
and tolerance mechanisms to salinity stress. Deposition of salts in agricultural fields 
is principally through rain and wind and in rare cases through weathering of rocks 
[39]. It is estimated that over 800 million hectares of land are saline representing 
more than 6% of world’s land area [31]. Spatially, soil salinity is most widespread in 
arid and semiarid regions in addition to sub-humid and humid climatic conditions. 
In most cases, these regions experience lower precipitation, yet suffer from higher 
evapotranspiration rates. This imbalance results into capillary transport of salts 
from the water table to the ground surface [40]. There are various types of salts that 
accumulate in the soil and water to agriculturally lethal levels. However, sodium 
chlorides (NaCl) are considered the most soluble and abundantly released salts, 
hence have been the subject of considerable research attention insofar as soil salinity 
is concerned. Soil salinity increases electrical conductivity of soil, hence soils are 
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characterized as saline when its ECe is at least 4 dS/m at 25°C [41], approximately 
40 mM NaCl, with about 15% exchangeable sodium [42].

Plants’ responses to soil salinity are governed by complex interactions of mor-
phological, physiological, and biochemical processes, thereby affecting plants from 
seed germination, vegetative growth, reproductive development [42], and uptake of 
water and soil nutrients [43]. The complexity of salinity stress renders it particularly 
difficult to manage as it is associated with interlinked yet dissimilar effects that 
require different tolerance strategies. The first observable primary effect of salinity 
on plant growth is the reduction of water uptake capacity of plants. Usually, this 
effect is as a result of salts outside the roots, which increase the osmotic pressure 
of water making it harder for plants to take up water [31]. This osmotic component 
of salinity is rapid, progressing a few hours after encountering soluble salts and is 
characterized by decreases in new shoot growth, through reductions in leaf expansion 
rates, slow new leaf emergence, and lateral buds development. As a consequence of 
the resultant decline in soil water potential and subsequent cell dehydration, osmotic 
stress induces stomatal closure and a decline in photosynthetic activity that eventu-
ally chucks growth [28, 44]. In addition, soil salinity may result into ion toxicity and 
nutritional imbalances. Na+ and K+ compete for binding sites, due to their similarity 
in physicochemical properties [45], such that excess availability of Na+ in the growth 
media results into replacement of K+ by Na+ in some key biochemical reactions [42], 
which may become inhibitory to some enzymes [46]. It is well understood that most 
enzymes rely on K+ as a cofactor and can thus not be substituted by Na+. Thereby, 
maintaining an optimal Na+/K+ ratio has emerged a crucial aspect of salinity toler-
ance [47]. The ion-specific phase is relatively slow and begins when salts accumulate 
to lethal concentrations particularly in older leaves that have ceased expanding and 
eventually die. According to Munns and Tester [31], ionic stress becomes a major 
concern in crop plants with uncontrollable accumulation of ions in the shoots coupled 
with an inability to tolerate the accumulated ions. Therefore, maintenance of a lower 
Na+ accumulation in relation to essential ions such as K+, Mg2+, and Ca2+ is a desirable 
trait under salinity stress. Toxic accumulation of Na+ and Cl− salts in the cytosol and 
osmotic-effect-induced reductions in water uptake result into metabolic imbalances, 
which in turn cause oxidative stress [48]. Meanwhile, it is widely accepted that 
accumulation of reaction oxygen species (ROS) accounts for a major part of dam-
age caused to macromolecules and cellular structure by most abiotic stresses [49] 
suggesting that generation of ROS might be the prime cause of lethality in stressed 
organisms. Under optimal conditions, plants’ cellular homeostasis is dependent on 
a delicate balance of multiple interlinked pathways. However, water stress disrupts 
that balance, uncoupling the pathways resulting into transferring of high energy state 
electrons to oxygen, which generates reactive oxygen species [50, 51]. These include 
hydrogen peroxide (H2O2), superoxide radicles (O2•−), singlet oxygen (1O2), and 
hydroxyl radicles (OH•). When their generation exceeds their scavenging, they are 
potentially toxic and capable of causing oxidative stress to proteins, DNA, and lipids 
[13, 52, 53]. Therefore, tolerance to salinity stress requires a combination of multiple 
strategies and mechanisms that confront osmotic stress, specific ion toxicity and 
scavenge reactive oxygen species.

3.1 Tolerance mechanisms to salinity stress

As a result of the widespread nature of salinity stress, plants have developed 
multiple mechanisms and strategies to confront salinity stress. Tolerance to salinity 
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stress falls within three main categories; osmotic tolerance, ion exclusion, and tissue 
tolerance (Figure 1). A yet fourth tolerance strategy pertains to tolerance to oxida-
tive stress elicited by excessive generation of ROS. Osmotic stress inhibits ability of 
plants to take up water due to excessive presence of salts around the roots. Thereby 
first mechanism, termed osmotic tolerance, is targeted at sustaining water uptake in 
plants and ensuring a well-hydrated leaf status of plants to maintain key metabolic 
activities such as photosynthesis. This is regulated by long distance signals that reduce 
shoot growth [54] way before Na+ accumulates to the shoots. ROS and Ca2+ waves are 
speculated to be involved in the long-distance signaling under osmotic tolerance [55]. 
One important mechanism through which plants confront osmotic stress is through 
accumulation of solutes to balance extra osmotic pressure generated in the soil 
solution to maintain turgor [18]. This can be achieved by excluding saline ions from 
accumulating in the shoots and principally relying on accumulation of organic osmo-
lytes such as sugars, proline, glycine betaine, etc. However, controversy sparks from 
this strategy as it comes with a larger trade-off in the form of energy cost [56]. That 
notwithstanding, this strategy is employed particularly among glycophytes through 
selective uptake of ions by roots, excluding uptake of Na+ and Cl−, preferentially 
loading K+ in the xylem vessels, and controlling Na+ loading and unloading of Na+ 
from the xylem in the upper part of the roots, stems, and petiole [10]. Cognizant of 
the energy cost of synthesizing organic solutes for osmotic adjustment, some plants, 
mostly halophytes, rely on accumulation of Na+ as a cheap osmoticum. This way, the 
plants transport Na+ to the shoots to levels bearable and sequester them into vacuoles 
so as not to interfere with key cytosolic metabolic activities [57]. Works leading to the 
discovery of tissue tolerance as a strategy in plants were inspired by an earlier finding 
that in vitro, halophytic enzymes were not any more tolerant to high salt than those 
of glycophytic plants [58, 59]. Besides, several species have reported higher tissue Na+ 
concentrations in leaves that are still functioning [60, 61]. When Na+/Cl− accumulates 
in the vacuole, K+ and organic solutes must accumulate in the cytoplasm to balance 

Figure 1. 
A summary of mechanisms of salinity tolerance in tomato plants.
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the osmotic pressure of ions in the vacuole. Common organic osmolytes in tomatoes 
are proline [62] and soluble sugars [24, 63].

All these compounds are found under both drought and salt stress and accu-
mulate in higher levels in plants adapted to such environments. Under salt stress, 
their accumulation reflects more of an osmotic response than salt-specific (ionic) 
response. This strategy is termed tissue tolerance and in tomatoes, it is aided by 
Na+/H+ antiporters NHX, isoforms SlNHX3 and SlNHX4 [64]. It is important to 
note that plants transpire 30–70% more water than is used for cell expansion [10]. 
Salts carried in the transpiration stream are deposited in leaves as the water evapo-
rates, gradually building up to toxic levels. In older leaves, salt toxicity becomes 
much higher than younger leaves since they are no longer expanding and cannot 
dilute incoming salts. Eventually, the salt concentration becomes high enough to 
kill the cells. Hence, some plants rely on Na+ exclusion, to reduce the rate at which 
salt accumulates in transpiring organs. This can be achieved through (1) root cells 
and can selectively avoid uptake of Na+ (2) preferentially loading of K+ into the 
xylem at the expense of Na+ and (3) unloading of Na+ from the xylem, this is aided 
in tomato by high-affinity K+ transporters (SlHKT1;2). Being a glycophytic plant, 
tomato is less efficient in sequestering Na+ in the vacuoles but relies predominantly 
on exclusion of Na+ from the leaves.

3.2 Screening techniques for drought and salinity tolerance

In view of the devastating effects of drought and salinity coupled with sensitiv-
ity of this agronomically important crop, it is substantiated to develop cultivars that 
are able to maintain yield or exhibit less yield decline under these environments. 
Such breeding goals can be aided with proper screening and selection for water 
stress-tolerant cultivars. Various techniques and parameters have been derived from 
screening for drought tolerance [65, 66]. A classical approach to investigating plants’ 
responses to abiotic stresses is to use two genotypes with contrasting tolerance reputa-
tions. Some have argued that this approach is narrow, hence have advocated for the 
broadening of these types of analyses by using several genotypes before speculating 
about a species’ performance [67]. Furthermore, when selecting a few contrasting 
genotypes, it is necessary to take into account the potential variability of the trait 
under study within the population, especially crops and plants with determinate 
and indeterminate growth habits such as tomato. In such cases, derivation of salt 
tolerance indices obtained as relative decreases in plant biomass by comparing plant 
biomass of stressed and control plants [68] is imperative. Stress susceptibility index 
(SSI) serves as a reliable measure of sensitivity to stress as it considers the intensity of 
stress and performance ratio between stress and their respective controls [69]. That 
notwithstanding, screening techniques need to be supplemented with other tech-
niques to increase their reliability. Cluster analysis is one dependable tool that allows 
self-grouping of cultivars into groups of similar characteristics and has been widely 
used as a screening tool in tomato [24, 65, 66]. For reference to a variety of screening 
methods and their merits, refer to [70].

4. Salinity and water stress: where is the synergy?

Firstly, it is important to understand that plants’ responses to salinity stress occur 
in two distinct temporal phases [71]: a rapid response to the increase in external 
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osmotic pressure, and a slower response due to the accumulation of Na+ in leaves. 
Hence, in order to correctly dissect the physiological mechanisms associated with 
salinity tolerance of plants, it is necessary to first identify whether their growth is 
being limited by the osmotic effect of the salt in the soil or the toxic effect of the salt 
within the plant. According to [31], in the first few hours occurring immediately 
after plant roots are exposed to a saline media, plant’s shoot growth is consider-
ably reduced, largely as a result of osmotic effect of salts “outside” the plant roots. 
Evidently, plants experience a lower rate of leaf expansion, slower emergency of 
newer leaves, and slower development of lateral buds consequently forming fewer 
branches and lateral shoots. It is important to note that shoot growth is far much 
sensitive to the osmotic effects than root growth. This phenomenon is also common 
in drying soils under drought conditions. It has been suggested that reduction in leaf 
area development relative to root growth would decrease the water use by the plant, 
thus allowing it to conserve soil moisture and prevent an escalation in the salt concen-
tration in the soil [31]. Relatively, it is the osmotic stress component of salinity stress 
that exhibits both an immediate and greater effect on growth than the ionic stress. 
The latter is manifested much later and lesser. Ionic effects of salinity stress are only 
higher either at very high salinity levels or in extremely sensitive species such as rice 
whose ability to control Na+ transport is limited.

Now, the question may remain as to whether these osmotic responses are salt and 
species-specific. Experiments in maize [72, 73], rice [74] as well as wheat and barley [75] 
have all recorded rapid and transient reductions in leaf expansion rates after a sudden 
increase in salinity. Likewise, similar changes were reported when plants are exposed 
to KCl, mannitol, or polyethylene glycol (PEG) [76]. These results are indicative that 
the responses are neither salt- nor species-specific. This first phase growth reduction 
is quickly apparent and is due to the salt outside the roots. It is essentially a water stress 
or osmotic phase, for which there is surprisingly little genotypic variation. The growth 
reduction is presumably regulated by hormonal signals coming from the roots. It is from 
this point of view that salinity stress synonymizes drought stress, hence the usage of the 
term “physiological drought” by some authors [62, 77]. Figure 2 shows this synergy, 
drought-specific responses involve synthesis of ABA and induction of ABA responsive 
genes involved in synthesis of water channels, enzymes, and protein kinases.

4.1 Comparative osmotic responses to salt and drought stress

Plants growing under salt stress are faced with three prime costs; (1) the cost of 
excluding Na+ from uptake by roots, (2) the cost of compartmentalizing/sequestering 
Na+ in the vacuole, and (3) that of excreting the salt through salt glands. In tomatoes, 
the latter cost is of less importance as tomatoes do not have the salt glands. Under 
drought stress, the prime cost is to synthesize organic osmolytes, a far much higher 
cost. While it remains unclear whether plants growing under saline media produce 
lesser organic solutes compared with those growing under non-saline media, a 
comparison of four tomato genotypes growing under PEG and NaCl at an isotonic 
solution, much greater accumulation of soluble sugars was observed under PEG than 
NaCl [78]. Correspondingly, the tomato plants growing under NaCl grew much better 
than under the isotonic PEG solution. This result suggests the higher cost of syn-
thesizing organic osmolytes in tomatoes on growth, hence it may follow that plants 
growing under saline conditions grow faster than under non-saline media. However, 
this conclusion may not be overarching, as equivocal results have been obtained in 
other species, notably [10].
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5. Learning from tomato wild relatives

Despite that tomato remains sensitive to drought and salt stress, the genus 
Solanum has extensive wealth of genetic variation existing in wild relatives. Tomato, 
for example, has a number of wild relatives with remarkable reputation for tolerance 
to drought and salt stress, such as Solanum pennellii, S. habrochaites, S. pimpinellifo-
lium, S. hirsutum, Lycopersicum chillense, and L. peruvianum. As such, they represent 
a valuable system in which to study local adaptation to drought and salt stress. A 
number of comparative studies have been conducted to evaluate physiological and 
molecular responses of cultivated tomato (S. lycopersicum) in comparison with wild 
relatives. For example, Egea et al. [17] reported substantial physiological differences, 
with the wild relative Sp leaves showing greater ability to avoid water loss and oxida-
tive damage under drought stress. Similar results were also found in another wild 
relative S. habrochaites under root-chilling-induced water stress, in which Sh exhibited 
higher shoot turgor through enhanced stomata closure relative to cultivated tomato, 
which failed to close stomata and consequently wilted [79]. QTL mapping revealed a 
single QTL coincidental with the gene or genes contributing to shoot turgor mainte-
nance under root chilling residing on chromosome 9 region that have been associated 
with abiotic stress tolerance in cultivated tomato. Under salinity stress, another study 
showed that Sp was able to reduce water loss by regulating transpiration through 
reduced stomatal density and aperture [18]. Furthermore, Sp leaves had larger and 
more turgid cells occupied by a giant vacuole, which was associated with higher water 
and Na+ accumulation. On Na+ homeostasis, the wild relative had higher expres-
sion of SpHKT1;2 and SpSOS1, which played an important role in Na+ translocation 
from root to shoot, and therefore, in the determination of the included behavior in 
the wild species, which was in concordance with the higher transcript levels of Na+ 
vacuolar transporters SpNHX3 and SpNHX4 in Sp leaves. An association study in 94 
genotypes of S. pimpinellifolium to identify variations linked to salt tolerance traits 

Figure 2. 
The synergy of drought and salinity stresses. Osmotic stress and oxidative stress are common links of both salinity 
and drought stress, whereas salt specific response is ionic toxicity (Na+ and Cl−) and drought-specific responses 
include synthesis of ABA in either shoots or roots that trigger expression of ABA responsive genes.
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( physiological and yield traits under salt stress) in four candidate genes identified 
five SNP/Indels in DREB1A and VP1.1 genes that explained substantially, phenotypic 
variation for various salt tolerance traits [80].

6. Improving salt and drought tolerance in tomato

Salinity stress affects many aspects of physiology and biochemistry of plants and, sub-
sequently, yield. Growing knowledge and advances in molecular techniques provide room 
and opportunity for quicker enhancement of salt tolerance in tomatoes. Even though 
genetic transformation could become a powerful tool in plant breeding, it is necessary to 
integrate the growing knowledge from plant physiology with molecular breeding tech-
niques. Notwithstanding the many relatively salt tolerant wild relatives of the cultivated 
tomato, it has proved difficult to enrich elite lines with genes from wild species that confer 
tolerance because of the large number of genes involved, most of them with small effect 
in comparison to the environment [81]. Critical in breeding for salt and drought tolerance 
is the need for the new cultivars to be both tolerant and maintain attributes of higher 
yield and quality shown by modern cultivars. Hypothetically, susceptible but productive 
cultivars should be converted to tolerant cultivars, while maintaining all the very valuable 
characters current cultivars possess, making the introduction of genes conveying salt 
tolerance to elite cultivars by transformation an attractive option. However, the problem 
of drought and salt tolerance is complex and multigenic, requiring a battery of strategies. 
Instead, scientists have resorted to a range of cultural techniques, each contributing to a 
small extent to allow plants to withstand better the deleterious effects of salt.

For many years to recent, it was believed that salt tolerance was solely a factor 
of expression of genetic information counteracting effects of stress [82]. However, 
present understanding tells that plants can improve their physiological ability and 
adapt to severe stresses when pretreated (PT) with mild stress, a phenomenon termed 
acclimation [61, 83–85] as shown in Figure 3. During the plant response and acclima-
tion to abiotic stress, important changes in biochemistry and physiology take place 
and many genes are activated, leading to accumulation of numerous proteins involved 
in abiotic stress tolerance. Benefits of acclimation to salinity stress have been linked 
to improved growth via effective vacuolar Na+ sequestration [61], improved survival 
rates [84], and reduced shoot Na+ accumulation [62, 85, 86]. The successful adapta-
tion of cell lines to salinity suggests that a genetic potential for salt tolerance is present 
in cells of plants from which the lines were derived and that exposure of the cells to 
salt triggers the expression of this information.

In tomato, success stories of acclimation have been reported through seedling 
pretreatment with NaCl [62, 87], pre-exposure to salicylic acid [88, 89], and seed 
priming with NaCl [82]. Another study by Gémes et al. [90] showed that pretreat-
ment of tomato plants with salicylic acid attenuated oxidative stress by reducing H2O2 
generation under salt stress, suggesting a cross talk between salicylic acid and salt-
stress-induced ROS. H2O2 is considered functional link of cross-tolerance to various 
stressors, as also reported in rice under saline-alkaline stress [86]. Szepesi [91] found 
that salicylic acid pretreatment improved the acclimation of tomato plants to toler-
ance levels comparable to that of tomato’s wild relative L. pennellii, a wild relative with 
a high reputation for stress tolerance. Humic acids pretreatment of tomato seedlings 
has also been explored and showed that seedlings primed by humic acids minimized 
the salinity stress by changing ion balance, promoting plasma membrane proton 
pumps activity and enhancing photosynthesis rate and plant growth [92].
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Plant adaptation to abiotic stress has also been observed under drought stress. For 
example, a study by [93] showed that multiple exposures to drought stress trained 
transcriptional responses in Arabidopsis. In the study, it was shown that during 
recurring dehydration stresses, Arabidopsis plants displayed transcriptional stress 
memory demonstrated by an increase in the rate of transcription and elevated tran-
script levels of a subset of the stress-response genes (trainable genes). Four distinct 
types of dehydration stress memory genes in Arabidopsis thaliana have been further 
identified [94]. These observations of altered plants’ subsequent responses following 
pre-exposure to various abiotic stresses by improving resistance to future expo-
sures, have led to the concept of “stress memory” implying that during subsequent 
exposures, plants provide responses that are different from those during their first 
encounter with the stress. While these phenomena have not been reported in tomato, 
yet they might represent a general feature of plant stress-response systems and could 
lead to novel approaches for increasing the flexibility of a plant’s ability to respond to 
the environment. In tomato, it has been shown that a moderate water deficit applied 
10 days after anthesis induced acclimation to a subsequent more severe drought 
stress [95]. Similar results have also been reported in wheat [96]. It has been reported 
that plants exposed to one stress may show tolerance to other stresses, displaying a 
concept of cross-tolerance [86, 97, 98]. It is hypothesized that drought pretreatment 
could increase the tolerance to the osmotic effect, the main effect induced by salinity 
when moderate salt levels are used. This has been observed in tomato plants previ-
ously exposed to a drought stress pretreatment, which subsequently grew better 
than non-pretreated plants after 21 days of salt treatment [99]. Similar findings were 
reported by [100], who found improved salt tolerance of tomato plants following 
seedling pretreatment with PEG, a chemical drought (osmotic) stress simulator. This 
illustrates a concept of induced cross-tolerance (Figure 4), in which prior exposure 
to one stress induces tolerance to another stress, as opposed to inherent cross-toler-
ance that manifests itself as genetic correlation of gene expression under different 
stresses (Figure 4).

Figure 3. 
A schematic of acclimation in tomato plants, wherein seedlings’ previous exposure to a mild level of stress (salt or 
drought) primes tomato plants to exhibit faster and stronger responses to subsequent lethal stresses.
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Plant adaptation to stresses is a complex process, involving numerous physi-
ological and biochemical changes. The key components in a typical stress-response 
relationship involve stress stimulus, perception of stress by signals, expression of 
stress-induced genes, and resultant changes at morphological, biochemical, and 
physiological levels [98]. The signaling and response pathways have been reported 
to overlap during exposure to different abiotic stresses, including reactive oxygen 
species (ROS), hormones, protein kinase cascades, and calcium gradients as common 
elements [101]. In a case of cross-tolerance, it has been suggested that specific pro-
teins are induced by one kind of stress and are involved in the protection against other 
kinds of stress [97, 98], although a common mechanism has not been found.

Aside from the use of pretreatments, another route for enhancing salt and 
drought stress tolerance in tomato would be to graft cultivars on to rootstocks able 
to reduce the effect of external salt or drought on the shoot. This strategy could also 
provide the opportunity to growers of combining good shoot characters with good 
root characters. In tomato, grafting has previously been used to limit soil-borne and 
vascular diseases such as Fusarium. Over the years, application of grafting tech-
nique has been widened across various uses such as improving yield, fruit quality, 
low and high temperature as well as Fe chlorosis as outlined in [81]. In Citrus spp., 
for example, the positive effect of rootstock is related to the ability of the rootstock 
to exclude chloride [102, 103]. However, grafting has rarely been used to increase 
the productivity of vegetables growing under adverse conditions. In tomato, a 
commercial tomato cultivar Jaguar as scion has been grafted onto roots derived 
from the same genotype (J/J) or other cultivars’ root stocks that increased fruit 
yield by more than 60% under salinity stress by regulating the transport of Na+ and 
Cl− throughout the plant growth cycle, even after 90 days of salt treatment [104]. 
Similar results have also been reported by [105], further revealing that rootstock 
effect on the tomato salinity response depends on the shoot genotype. Furthermore, 
[106] also found higher improvements in vegetative growth as well as yield in a 
commercial tomato cultivar grafted on tomato wild relatives coupled with changes 
in morphological, physiological, and molecular attributes. The results suggest that 
the saline ion accumulation in leaves is predominantly controlled by the genotype of 

Figure 4. 
A schematic of cross-tolerance. Plants may exhibit inherent cross-tolerance, manifesting itself as genetic correlation 
of gene expression under different stresses. Cross-tolerance may also be induced by previous exposure to one stress 
that may develop tolerance to another stress compared with plants without prior exposure to any stress.
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the rootstock, providing an alternative way of enhancing salt tolerance in tomato – 
quicker and least costly.

An observation has been made that acclimation ability to abiotic stress in toma-
toes is dependent on degree of tolerance of the cultivar such that more salt-sensitive 
cultivars benefit more from the acclimation process than tolerant cultivars [62, 87].

Pretreatment Abiotic 
stress

Crop species Target stress factor Studies

NaCl Salinity O. sativa L. Osmotic, ionic [85, 86, 
107–109]

S. lycopersicum L. Osmotic, ionic [62, 82, 87]

Z. mays L. Osmotic, ionic [83]

P. sativum L. Osmotic, ionic [61]

G. max L. merr Osmotic, ionic [84]

V. radiata L. Osmotic, oxidative [110]

Salicylic acid Salinity S. lycopersicum L. Ionic [88, 89]

Alkaline S. lycopersicum L. Ionic, oxidative [111]

Silicon Alkaline S. lycopersicum L. Ionic, oxidative [111]

ABA Salinity O. sativa L. Osmotic, ionic [112, 113]

Alkali O. sativa L. Osmotic, ionic, 
oxidative

[114, 115]

Gibberellins Salinity P. vulgaris L. Oxidative [116]

Cytokinin Saline-
alkaline

O. sativa L. Osmotic [117]

Salinity Lolium perenne Oxidative, ionic [118]

Salinity V. faba Oxidative, ionic, 
osmotic

[119]

NaHCO3 Saline-
alkaline

S. cereale L. Osmotic, oxidative [120]

Drought Drought S. lycopersicum L. Osmotic [95]

Drought T. aestivum Osmotic [96]

Salinity S. lycopersicum L. Osmotic [99, 100]

Repeated 
drought

Drought A. Thaliana Oxidative [93, 94]

H2O2 Salinity T. aestivum L. Oxidative [121]

Salinity H. vulgare L. Oxidative [122]

Salinity Z. mays L. Oxidative, osmotic [123]

Saline-
alkaline

O. sativa L. Oxidative [86]

Grafting Salinity S. lycopersicum L. Ionic [104–106]

Table 1. 
List of some cultural techniques that have been used to enhance drought and salt tolerance in tomato and other 
crops.
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7. Concluding remarks

Despite being a crop of considerable agronomic importance, tomato remains a 
sensitive crop to droughts and salinity stress. Cultivation under these environments 
is an extremely challenging task; hence, it is imperative to develop tomato cultivars 
resistant to these adverse conditions. This, however, requires an understanding of 
their physiological and molecular mechanisms underpinning tolerance. This chapter 
has dissected in detail the key physiological and molecular changes that take place 
under both drought and salinity. These two stresses, albeit being distinct, pose 
considerable similarities and affect tomato growth in significantly comparable man-
ners. The chapter also drew learning points from tomato’s wild relatives that present 
the required variation for development of tolerant cultivated varieties. However, 
development of tolerant cultivars is often a long and costly endeavor and subject to 
country-specific regulatory frameworks. Moreover, considering the multigenic nature 
of drought and salt tolerance trait, the chapter suggests exploration of some quicker 
options that promote adaptation to adverse environments. In tomato, options such 
as acclimation, cross-tolerance, and grafting have proved effective in developing 
tolerance to abiotic and in some cases, biotic stress conditions (Table 1). These may 
provide some required short-term yield gains when cultivating tomato under adverse 
environmental conditions.
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al-Baḥth al-ʻIlmī (Iraq), Irrigation and 
agricultural development: Based on 
an International Expert Consultation, 
Baghdad, Iraq, 24 February-1 March 
1979. 2013

[7] Yuan XK, Yang ZQ , Li YX, Liu Q , 
Han W. Effects of different levels of 
water stress on leaf photosynthetic 
characteristics and antioxidant enzyme 
activities of greenhouse tomato. 

Photosynthetica. 2016;54(1):28-39.  
DOI: 10.1007/s11099-015-0122-5

[8] Kramer PJ, Boyer JS. Water Relations 
of Plants and Soils. London: Elsevier 
Science; 1995

[9] Blum A. Crop responses to drought 
and the interpretation of adaptation. 
In: Drought Tolerance in Higher Plants: 
Genetical, Physiological and Molecular 
Biological Analysis. Dordrecht: Springer 
Netherlands; 1996. pp. 57-70

[10] Munns R. Comparative physiology 
of salt and water stress. Plant, Cell & 
Environment. 2002;25(2):239-250.  
DOI: 10.1046/j.0016-8025.2001.00808.x

[11] Saadi S, Todorovic M,  
Tanasijevic L, Pereira LS, Pizzigalli C,  
Lionello P. Climate change and 
Mediterranean agriculture: Impacts 
on winter wheat and tomato crop 
evapotranspiration, irrigation 
requirements and yield. Agricultural 
Water Management. 2015;147:103-115. 
DOI: 10.1016/J.AGWAT.2014.05.008

[12] Ijaz R et al. Overexpression of 
annexin gene AnnSp2, enhances 
drought and salt tolerance through 
modulation of ABA synthesis and 
scavenging ROS in tomato. Scientific 
Reports. 2017;7(1):12087. DOI: 10.1038/
s41598-017-11168-2

[13] Kamanga RM, Mbega E, Ndakidemi P. 
Drought tolerance mechanisms in plants: 
Physiological responses associated 
with water deficit stress in Solanum 
lycopersicum. Advances in Crop Science 
and Technology. 2018;6(3):362. DOI: 
10.4172/2329-8863.1000362

[14] Soltys-Kalina D, Plich J, Strzelczyk- 
Żyta D, Śliwka J, Marczewski W. The 

References



Tomato - From Cultivation to Processing Technology

32

effect of drought stress on the leaf 
relative water content and tuber yield of 
a half-sib family of ‘Katahdin’-derived 
potato cultivars. Breeding Science. 
2016;66(2):328-331. DOI: 10.1270/
jsbbs.66.328

[15] Kamanga RM, Mndala L. Crop abiotic 
stresses and nutrition of harvested food 
crops: A review of impacts, interventions 
and their effectiveness. African Journal 
of Agricultural Research. 2019;14(3):118-
135. DOI: 10.5897/AJAR2018.13668

[16] Wang Y, Frei M. Stressed food—The 
impact of abiotic environmental stresses 
on crop quality. Agriculture, Ecosystems 
and Environment. 2011;141(3-4):271-
286. DOI: 10.1016/j.agee.2011.03.017

[17] Egea I et al. The drought-tolerant 
Solanum pennellii regulates leaf water 
loss and induces genes involved in 
amino acid and ethylene/jasmonate 
metabolism under dehydration. Scientific 
Reports. 2018;8(1):1-14. DOI: 10.1038/
s41598-018-21187-2

[18] Albaladejo I, Meco V, Plasencia F,  
Flores FB, Bolarin MC, Egea I. 
Unravelling the strategies used by the 
wild tomato species Solanum pennellii to 
confront salt stress: From leaf anatomical 
adaptations to molecular responses. 
Environmental and Experimental 
Botany. 2017;135:1-12. DOI: 10.1016/j.
envexpbot.2016.12.003

[19] Zhu M et al. Molecular and systems 
approaches towards drought-tolerant 
canola crops. The New Phytologist. 
2016;210(4):1169-1189. DOI: 10.1111/
nph.13866

[20] Alley WM. The palmer drought 
severity index as a measure of hydrologic 
drought. Journal of the American Water 
Resources Association. 1985;21(1):105-
114. DOI: 10.1111/J.1752-1688.1985.
TB05357.X

[21] Maxwell K, Johnson GN. Chlorophyll 
fluorescence—A practical guide. 
Journal of Experimental Botany. 
2000;51(345):659-668. DOI: 10.1093/
jxb/51.345.659

[22] Blum A. Drought resistance, water-
use efficiency, and yield potential—Are 
they compatible, dissonant, or mutually 
exclusive? Australian Journal of 
Agricultural Research. 2005;56(11):1159. 
DOI: 10.1071/AR05069

[23] Blum A. Osmotic adjustment is a 
prime drought stress adaptive engine in 
support of plant production. Plant, Cell 
& Environment. 2017;40(1):4-10.  
DOI: 10.1111/pce.12800

[24] Kamanga RM. Screening and 
differential physiological responses of 
tomato (Solanum lycopersicum L.)  
to drought stress. Plant Physiology 
Reports. 2020;25(3):1-4. DOI: 10.1007/
s40502-020-00532-6

[25] Poorter H, Jülich F. Interspecific 
variation in relative growth rate: On 
ecological causes and physiological 
consequences T. [Online]. Available 
from: https://www.researchgate.net/
publication/255663299. [Accessed: May 
08, 2022]

[26] Chaves MM. Effects of water deficits 
on carbon assimilation. Journal of 
Experimental Botany. 1991;42(1):1-16. 
DOI: 10.1093/jxb/42.1.1

[27] Galmés J et al. Physiological and 
morphological adaptations in relation to 
water use efficiency in Mediterranean 
accessions of Solanum lycopersicum. 
Plant, Cell & Environment. 
2011;34(2):245-260. DOI: 10.1111/j. 
1365-3040.2010.02239.x

[28] Ueda A, Kanechi M, Uno Y, 
Inagaki N. Photosynthetic limitations 
of a halophyte sea aster (Aster 



Cultivation of Tomato under Dehydration and Salinity Stress: Unravelling the Physiology... 
DOI: http://dx.doi.org/10.5772/intechopen.108172

33

tripolium L) under water stress and 
NaCl stress. Journal of Plant Research. 
2003;116(1):65-70. DOI: 10.1007/
s10265-002-0070-6

[29] Cornic G, Fresneau C. 
Photosynthetic carbon reduction and 
carbon oxidation cycles are the main 
electron sinks for photosystem II activity 
during a mild drought. Annals of Botany. 
2002;89(7):887-894. DOI: 10.1093/aob/
mcf064

[30] Medrano H, Escalona JM, Bota J,  
Gulías J, Ex JFL. Regulation of 
photosynthesis of C 3 plants in response 
to progressive drought: Stomatal 
conductance as a reference parameter. 
Annals of Botany. 2002;89:895-905.  
DOI: 10.1093/aob/mcf079

[31] Munns R, Tester M. Mechanisms 
of salinity tolerance. Annual Review of 
Plant Biology. 2008;59(1):651-681.  
DOI: 10.1146/annurev.arplant.59.032607. 
092911

[32] Mohammadkhani N, Heidari R.  
Drought-induced accumulation of 
soluble sugars and proline in two maize 
varieties. World Applied Sciences Journal 
2008;3(3):448-453. Available from: 
https://pdfs.semanticscholar.org/4e67/13f
4cd5fc7a45a43aa7962a9cb3e3fbba8d7.pdf. 
[Accessed: October 03, 2018]

[33] Alarcon JJ, Sanchez-Blanco MJ, 
Bolarin MC, Torrecillas A. Water 
relations and osmotic adjustment in 
Lycopersicon esculentum and L. pennellii 
during short-term salt exposure and 
recovery. Physiologia Plantarum. 
1993;89(3):441-447. DOI: 10.1111/j.1399-
3054.1993.tb05196.x

[34] Sharma P, Jha AB, Dubey RS, 
Pessarakli M. Reactive oxygen species, 
oxidative damage, and antioxidative 
defense mechanism in plants under 
stressful conditions. Journal of Botany. 

2012;2012:1-26. DOI: 10.1155/ 
2012/217037

[35] Mekawy AMM, Abdelaziz MN, 
Ueda A. Apigenin pretreatment enhances 
growth and salinity tolerance of 
rice seedlings. Plant Physiology and 
Biochemistry. 2018;130:94-104.  
DOI: 10.1016/J.PLAPHY.2018.06.036

[36] Farooq S, Azam F. The use of cell 
membrane stability (CMS) technique 
to screen for salt tolerant wheat 
varieties. Journal of Plant Physiology. 
2006;163(6):629-637. DOI: 10.1016/j.
jplph.2005.06.006

[37] Jungklang J, Saengnil K, 
Uthaibutra J. Effects of water-deficit 
stress and paclobutrazol on growth, 
relative water content, electrolyte 
leakage, proline content and some 
antioxidant changes in Curcuma 
alismatifolia Gagnep. cv. Chiang Mai 
Pink. Saudi Journal of Biological 
Sciences. 2017;24(7):1505-1512.  
DOI: 10.1016/J.SJBS.2015.09.017

[38] Negrão S, Courtois B, Ahmadi N, 
Abreu I, Saibo N, Oliveira MM. Recent 
updates on salinity stress in rice: From 
physiological to molecular responses. 
Critical Reviews in Plant Sciences. 
2011;30(4):329-377. DOI: 10.1080/ 
07352689.2011.587725

[39] Rengasamy P. Soil processes affecting 
crop production in salt-affected soils. 
Functional Plant Biology. 2010;37(7):613. 
DOI: 10.1071/FP09249

[40] Ueda A et al. Comparative 
physiological analysis of salinity 
tolerance in rice. Soil Science & Plant 
Nutrition. 2013;59(6):896-903.  
DOI: 10.1080/00380768.2013.842883

[41] USDA-ARS. Research Databases. 
Bibliography on Salt Tolerance. In: Brown 
GE Jr. Riverside, CA: Salinity Lab. US 



Tomato - From Cultivation to Processing Technology

34

Dep. Agric., Agric. Res. Serv.; 2008. 
Available from: https://www.ars.usda.
gov/pacific-west-area/riverside-ca/
us-salinity-laboratory/docs/research-
databases/. [Accessed: May 31, 2019]

[42] Shrivastava P, Kumar R. Soil 
salinity: A serious environmental issue 
and plant growth promoting bacteria 
as one of the tools for its alleviation. 
Saudi Journal of Biological Sciences. 
2015;22(2):123-131. DOI: 10.1016/J.
SJBS.2014.12.001

[43] Gharaei A et al. Salinity effects 
on seed germination and seedling 
growth of bread wheat cultivars 
of Hamoun International Wetland 
in different scenarios. Granted by 
Sistan and Baluchestan Department 
of Environment. View project. 2011. 
Available from: http://www.uni-sz.bg 
[Accessed: May 31, 2019]

[44] Janda T, Darko É, Shehata S,  
Kovács V, Pál M, Szalai G. Salt 
acclimation processes in wheat. 
Plant Physiology and Biochemistry. 
2016;101:68-75. DOI: 10.1016/J.
PLAPHY.2016.01.025

[45] Marschner H, Marschner P. 
Marschner’s Mineral Nutrition of Higher 
Plants. London: Academic Press; 2012

[46] Cuin TA, Shabala S. Compatible 
solutes reduce ROS-induced potassium 
efflux in Arabidopsis roots. Plant, Cell & 
Environment. 2007;30(7):875-885.  
DOI: 10.1111/j.1365-3040.2007.01674.x

[47] Assaha DVM, Ueda A, Saneoka H, 
Al-Yahyai R, Yaish MW. The role of 
Na+ and K+ transporters in salt stress 
adaptation in glycophytes. Frontiers in 
Physiology. 2017;8:509. DOI: 10.3389/
fphys.2017.00509

[48] Chinnusamy V, Zhu J, Zhu 
J-K. Gene regulation during cold 

acclimation in plants. Physiologia 
Plantarum. 2006;126(1):52-61. 
DOI: 10.1111/j.1399-3054.2006.00596.x

[49] Sairam RK, Rao KV, Srivastava G. 
Differential response of wheat genotypes 
to long term salinity stress in relation to 
oxidative stress, antioxidant activity and 
osmolyte concentration. Plant Science. 
2002;163(5):1037-1046. DOI: 10.1016/
S0168-9452(02)00278-9

[50] Miller G, Suzuki N, Ciftci-Yilmaz S, 
Mittler R. Reactive oxygen species 
homeostasis and signalling during 
drought and salinity stresses. Plant, Cell 
& Environment. 2010;33(4):453-467. 
DOI: 10.1111/j.1365-3040.2009.02041.x

[51] Mittler R. Oxidative stress, 
antioxidants and stress tolerance. 
Trends in Plant Science. 
2002;7(9):405-410. DOI: 10.1016/
S1360-1385(02)02312-9

[52] Mittler R, Vanderauwera S, 
Gollery M, Van Breusegem F. Reactive 
oxygen gene network of plants. Trends 
in Plant Science. 2004;9(10):490-498. 
DOI: 10.1016/J.TPLANTS.2004.08.009

[53] Mittler R. ROS are good. Trends 
in Plant Science. 2017;22(1):11-19. 
DOI: 10.1016/j.tplants.2016.08.002

[54] Roy SJ, Negrão S, Tester M. Salt 
resistant crop plants. Current Opinion in 
Biotechnology. 2014;26:115-124.  
DOI: 10.1016/j.copbio.2013.12.004

[55] Mittler R et al. ROS signaling: The 
new wave? Trends in Plant Science. 
2011;16(6):300-309. DOI: 10.1016/J.
TPLANTS.2011.03.007

[56] Munns R, Gilliham M. Salinity 
tolerance of crops—What is the cost? The 
New Phytologist. 2015;208(3):668-673. 
DOI: 10.1111/nph.13519



Cultivation of Tomato under Dehydration and Salinity Stress: Unravelling the Physiology... 
DOI: http://dx.doi.org/10.5772/intechopen.108172

35

[57] Maathuis FJM. Sodium in plants: 
Perception, signalling, and regulation of 
sodium fluxes. Journal of Experimental 
Botany. 2014;65(3):849-858.  
DOI: 10.1093/jxb/ert326

[58] Greenway H, Osmond CB. Salt 
responses of enzymes from species 
differing in salt tolerance. Plant 
Physiology. 1972;49(2):256-259.  
DOI: 10.1104/PP.49.2.256

[59] Flowers TJ, Troke PF, Yeo AR. 
The mechanism of salt tolerance in 
halophytes. Annual Review of Plant 
Biology. 1977;28(1):89-121. DOI: 10.1146/
ANNUREV.PP.28.060177.000513

[60] Shabala S et al. Xylem ionic relations 
and salinity tolerance in barley. The Plant 
Journal. 2010;61(5):839-853.  
DOI: 10.1111/j.1365-313X.2009. 
04110.x

[61] Pandolfi C, Mancuso S, Shabala S. 
Physiology of acclimation to salinity 
stress in pea (Pisum sativum). 
Environmental and Experimental 
Botany. 2012;84:44-51. DOI: 10.1016/j.
envexpbot.2012.04.015

[62] Kamanga RM, Echigo K,  
Yodoya K, Mekawy AMM, Ueda A. 
Salinity acclimation ameliorates salt stress 
in tomato (Solanum lycopersicum L.) 
seedlings by triggering a cascade of 
physiological processes in the leaves. 
Scientia Horticulturae (Amsterdam). 
2020;270(April):109434. DOI: 10.1016/j.
scienta.2020.109434

[63] Hasegawa PM, Bressan RA, Zhu J-K, 
Bohnert HJ. Plant cellular and molecular 
responses to high salinity. Annual Review 
of Plant Physiology and Plant Molecular 
Biology. 2000;51(1):463-499.  
DOI: 10.1146/annurev.arplant.51.1.463

[64] Gálvez FJ, Baghour M, Hao G,  
Cagnac O, Rodríguez-Rosales MP, 

Venema K. Expression of LeNHX 
isoforms in response to salt stress in salt 
sensitive and salt tolerant tomato species. 
Plant Physiology and Biochemistry. 
2012;51:109-115. DOI: 10.1016/J.
PLAPHY.2011.10.012

[65] Zdravković J, Jovanovic Z,  
Djordjević M, Girek Z, 
Zdravković M, Stikic R. Application 
of stress susceptibility index for 
drought tolerance screening of tomato 
populations. Genetika. 2013;45(3):679-
689. DOI: 10.2298/GENSR1303679Z

[66] Shamim F, Saqlan SM, Athar HUR, 
Waheed A. Screening and selection 
of tomato genotypes/cultivars for 
drought tolerance using multivariate 
analysis. Pakistan Journal of Botany. 
2014;46(4):1165-1178

[67] Negrão S, Schmöckel SM, Tester M. 
Evaluating physiological responses of 
plants to salinity stress. Annals of Botany. 
2017;119(1):1-11. DOI: 10.1093/AOB/
MCW191

[68] Munns R et al. Avenues for increasing 
salt tolerance of crops, and the role of 
physiologically based selection traits. 
Progress in Plant Nutrition: Plenary 
Lectures of the XIV International Plant 
Nutrition Colloquium. 2002;98:93-105. 
DOI: 10.1007/978-94-017-2789-1_7

[69] Fischer R, Maurer R. Drought 
resistance in spring wheat cultivars. I. 
Grain yield responses. Australian Journal 
of Agricultural Research. 1978;29(5):897. 
DOI: 10.1071/AR9780897

[70] E. Farshadfar and J. Sutka, Screening 
drought tolerance criteria in maize. 
2002. Available from: https://akademiai.
com/doi/pdf/10.1556/AAgr.50.2002.4.3. 
[Accessed: June 11, 2019]

[71] Munns R. Physiological processes 
limiting plant growth in saline soils: 



Tomato - From Cultivation to Processing Technology

36

Some dogmas and hypotheses. Plant, 
Cell & Environment. 1993;16(1):15-24. 
DOI: 10.1111/J.1365-3040.1993.TB00840.X

[72] Cramer GR, Bowman DC. Kinetics of 
maize leaf elongation I. Increased yield 
threshold limits short-term, steady-
state elongation rates after exposure to 
salinity. Journal of Experimental Botany. 
1991;42(11):1417-1426. DOI: 10.1093/
JXB/42.11.1417

[73] Neumann PM. Rapid and reversible 
modifications of extension capacity of 
cell walls in elongating maize leaf tissues 
responding to root addition and removal 
of NaCl. Plant, Cell & Environment. 
1993;16(9):1107-1114. DOI: 10.1111/
J.1365-3040.1996.TB02068.X

[74] Yeo AR, Lee ÀS, Izard P, Boursier PJ, 
Flowers TJ. Short- and long-term effects 
of salinity on leaf growth in rice (Oryza 
sativa L.). Journal of Experimental 
Botany. 1991;42(7):881-889.  
DOI: 10.1093/JXB/42.7.881

[75] Passioura JB, Munns R. Rapid 
environmental changes that affect leaf 
water status induce transient surges or 
pauses in leaf expansion rate. Functional 
Plant Biology. 2000;27(10):941-948. 
DOI: 10.1071/PP99207

[76] Chazen O, Hartung W, Neumann PM. 
The different effects of PEG 6000 and 
NaCI on leaf development are associated 
with differential inhibition of root water 
transport. Plant, Cell & Environment. 
1995;18(7):727-735. DOI: 10.1111/J.1365-
3040.1995.TB00575.X

[77] Chuamnakthong S, Nampei M,  
Ueda A. Characterization of Na+ 
exclusion mechanism in rice under 
saline-alkaline stress conditions. Plant 
Science. 2019;287:110171. DOI: 10.1016/J.
PLANTSCI.2019.110171

[78] Pérez-Alfocea F, Estañ MT, Caro M, 
Guerrier G. Osmotic adjustment in 

Lycopersicon esculentum and L. pennellii 
under NaCl and polyethylene glycol 
6000 iso-osmotic stresses. Physiologia 
Plantarum. 1993;87(4):493-498. DOI: 
10.1111/J.1399-3054.1993.TB02498.X

[79] Arms EM, Bloom AJ, St. Clair DA. 
High-resolution mapping of a major 
effect QTL from wild tomato Solanum 
habrochaites that influences water 
relations under root chilling. Theoretical 
and Applied Genetics. 2015;128(9):1713-
1724. DOI: 10.1007/S00122-015-2540-Y/
FIGURES/4

[80] Rao ES, Kadirvel P,  
Symonds RC, Geethanjali S, 
Thontadarya RN, Ebert AW. Variations 
in DREB1A and VP1.1 genes show 
association with salt tolerance traits in 
wild tomato (Solanum pimpinellifolium). 
PLoS One. 2015;10(7):e0132535. DOI: 
10.1371/JOURNAL.PONE.0132535

[81] Cuartero J, Bolarín MC, Asíns MJ, 
Moreno V. Increasing salt tolerance in the 
tomato. Journal of Experimental Botany. 
2006;57(5):1045-1058. DOI: 10.1093/jxb/
erj102

[82] Cayuela E, Perez-Alfocea F, Caro M, 
Bolarin MC. Priming of seeds with 
NaCl induces physiological changes in 
tomato plants grown under salt stress. 
Physiologia Plantarum. 1996;96(2):231-
236. DOI: 10.1111/j.1399-3054.1996.
tb00207.x

[83] Pandolfi C, Azzarello E, Mancuso S, 
Shabala S. Acclimation improves salt 
stress tolerance in Zea mays plants. 
Journal of Plant Physiology. 2016;201:1-8. 
DOI: 10.1016/j.jplph.2016.06.010

[84] Umezawa T, Shimizu K, Kato M, 
Ueda T. Enhancement of salt tolerance 
in soybean with NaCl pretreatment. 
Physiologia Plantarum. 2000;110(1):59-
63. DOI: 10.1034/j.1399-3054. 
2000.110108.x



Cultivation of Tomato under Dehydration and Salinity Stress: Unravelling the Physiology... 
DOI: http://dx.doi.org/10.5772/intechopen.108172

37

[85] Djanaguiraman M, Sheeba JA, 
Shanker AK, Devi DD, Bangarusamy U. 
Rice can acclimate to lethal level of 
salinity by pretreatment with sublethal 
level of salinity through osmotic 
adjustment. Plant and Soil. 
2006;284(1-2):363-373. DOI: 10.1007/
s11104-006-0043-y

[86] Kamanga RM, Oguro S, Nampei M, 
Ueda A. Acclimation to NaCl and H2O2 
develops cross tolerance to saline-
alkaline stress in rice (Oryza sativa L.) 
by enhancing fe acquisition and ROS 
homeostasis. Soil Science and Plant 
Nutrition. 2021;68(3):342-352.  
DOI: 10.1080/00380768.2021.1952849

[87] Cayuela E, Estañ MT, Parra M, 
Caro M, Bolarin MC. NaCl pre-treatment 
at the seedling stage enhances fruit yield 
of tomato plants irrigated with salt water. 
Plant and Soil. 2001;230(2):231-238. 
DOI: 10.1023/A:1010380432447

[88] Tari I et al. Acclimation of tomato 
plants to salinity stress after a salicylic 
acid pre-treatment. Acta Biologica 
Szegediensis. 2002;46(46):3-455. Available 
from: http://www.sci.u-szeged.hu/ABS

[89] Szepesi Á et al. Role of salicylic acid 
pre-treatment on the acclimation of 
tomato plants to salt- and osmotic stress. 
Acta Biologica Szegediensis 2000;49(1-
2):123-125. Available from: http://abs.
bibl.u-szeged.hu/index.php/abs/article/
view/2442 [Accessed: December 05, 
2018]

[90] Gémes K et al. Cross-talk between 
salicylic acid and NaCl-generated 
reactive oxygen species and nitric 
oxide in tomato during acclimation to 
high salinity. Physiologia Plantarum. 
2011;142(2):179-192. DOI: 10.1111/J. 
1399-3054.2011.01461.X

[91] Szepesi A. Salicylic acid improves the 
acclimation of Lycopersicon esculentum 

Mill. L. to high salinity by approximating 
its salt stress response to that of the 
wild species L. pennellii. Acta Biologica 
Szegediensis. 2006;50(3-4):177. Available 
from: http://ttkde4.sci.u-szeged.hu/
ABS/2006/ActaHPb/50177.pdf

[92] Souza AC et al. Acclimation with 
humic acids enhances maize and tomato 
tolerance to salinity. Chemical and 
Biological Technologies in Agriculture. 
2021;8(1):1-13. DOI: 10.1186/
S40538-021-00239-2/FIGURES/7

[93] Ding Y, Fromm M, Avramova Z. 
Multiple exposures to drought ‘train’ 
transcriptional responses in Arabidopsis. 
Nature Communications. 2012;3:1-9 
DOI: 10.1038/ncomms1732

[94] Ding Y, Liu N, Virlouvet L, 
Riethoven J-J, Fromm M, Avramova Z. 
Four distinct types of dehydration stress 
memory genes in Arabidopsis thaliana. 
BMC Plant Biology. 2013;13(1):229. DOI: 
10.1186/1471-2229-13-229

[95] Murshed R, Lopez-Lauri F, Keller C, 
Monnet F, Sallanon H. Acclimation to 
drought stress enhances oxidative stress 
tolerance in Solanum lycopersicum L. 
fruits. Plant Stress. 2008;2(2):145-151

[96] Amoah JN, Ko CS, Yoon JS, 
Weon SY. Effect of drought acclimation 
on oxidative stress and transcript 
expression in wheat (Triticum 
aestivum L.). Journal of Plant 
Interactions. 2019;14(1):492-505. DOI: 
10.1080/17429145.2019.1662098/SUPPL_
FILE/TJPI_A_1662098_SM8992.DOCX

[97] Foyer CH, Rasool B, Davey JW, 
Hancock RD. Cross-tolerance to biotic 
and abiotic stresses in plants: A focus on 
resistance to aphid infestation. Journal of 
Experimental Botany. 2016;67(7):2025-
2037. DOI: 10.1093/jxb

[98] Pastori GM, Foyer CH. Common 
components, networks, and pathways 



Tomato - From Cultivation to Processing Technology

38

of cross-tolerance to stress. The central 
role of ‘redox’ and abscisic acid-
mediated controls. Plant Physiology. 
2002;129(2):460-468. DOI: 10.1104/
pp.011021

[99] Gonzalez-Fernandez J. Tolerancia a 
la Salinidad en el Tomate en Estado de 
Plañuela y Planta Adulta—Sécheresse 
Info. Universidad Córdoba; 1996

[100] Balibrea ME, Parra M, Bolarín MC, 
Pérez-Alfocea F. PEG-osmotic treatment 
in tomato seedlings induces salt-
adaptation in adult plants. Functional 
Plant Biology. 1999;26(8):781.  
DOI: 10.1071/PP99092

[101] Atkinson NJ, Urwin PE. The 
interaction of plant biotic and abiotic 
stresses: From genes to the field. Journal of 
Experimental Botany. 2012;63(10):3523-
3544. DOI: 10.1093/jxb/err313

[102] Moya JL, Gómez-Cadenas A, 
Primo-Millo E, Talon M. Chloride 
absorption in salt-sensitive Carrizo 
citrange and salt-tolerant Cleopatra 
mandarin citrus rootstocks is linked 
to water use. Journal of Experimental 
Botany. 2003;54(383):825-833.  
DOI: 10.1093/JXB/ERG064

[103] Tucker DPH, Alva AK, Jackson LK, 
Wheaton TA. How salinity damages 
citrus: Osmotic effects and specific 
ion toxicities. HortTechnology. 
2005;15(1):95-99. DOI: 10.21273/
HORTTECH.15.1.0095

[104] Estañ MT, Martinez-Rodriguez MM, 
Perez-Alfocea F, Flowers TJ, Bolarin MC. 
Grafting raises the salt tolerance of tomato 
through limiting the transport of sodium 
and chloride to the shoot. Journal of 
Experimental Botany. 2005;56(412):703-
712. DOI: 10.1093/JXB/ERI027

[105] Santa-Cruz A, Martinez- 
Rodriguez MM, Perez-Alfocea F, 
Romero-Aranda R, Bolarin MC. 

The rootstock effect on the tomato 
salinity response depends on the 
shoot genotype. Plant Science. 
2002;162(5):825-831. DOI: 10.1016/
S0168-9452(02)00030-4

[106] Abdeldym EA, El-Mogy MM, 
Abdellateaf HRL, Atia MAM. Genetic 
characterization, agro-morphological 
and physiological evaluation of grafted 
tomato under salinity stress conditions. 
Agronomy. 2020;10:1948. DOI: 10.3390/
AGRONOMY10121948

[107] Kokulan KS, Osumi S, 
Chuamnakthong S, Ueda A, Saneoka H. 
8 Varietal Differences in salt Acclimation 
Ability of Rice (関西支部講演会, 2016
年度各支部会)2017;63:304-304.  
DOI: 10.20710/dohikouen.63.0_304_2

[108] Chuamnakthong S, Kokulan KS, 
Ueda A, Saneoka H. 9 The Effects of Mild 
Salinity and Osmotic Pretreatment on Salt 
Acclimation in Rice (関西支部講演会, 
2016年度各支部会)2017;63:304-304.  
DOI: 10.20710/DOHIKOUEN.63.0_304_3

[109] Ma LJ et al. Pretreatment with 
NaCl induces tolerance of rice seedlings 
to subsequent Cd or Cd + NaCl stress. 
Biologia Plantarum. 2013;57(3):567-570. 
DOI: 10.1007/s10535-013-0310-8

[110] P. Saha, P. Chatterjee, and 
A. K. Biswas, “NaCl pretreatment 
alleviates salt stress by enhancement 
of antioxidant defense system and 
osmolyte accumulation in mungbean 
(Vigna radiata L. Wilczek),” 2010. 
Available from: http://nopr.niscair.
res.in/bitstream/123456789/9073/1/
IJEB48%286%29593-600.pdf. [Accessed: 
June 03, 2019]

[111] Khan A et al. Silicon and salicylic 
acid confer high-pH stress tolerance 
in tomato seedlings. Scientific 
Reports. 2019;9(1). DOI: 10.1038/
s41598-019-55651-4



Cultivation of Tomato under Dehydration and Salinity Stress: Unravelling the Physiology... 
DOI: http://dx.doi.org/10.5772/intechopen.108172

39

[112] A. R. Gurmani et al., Exogenous 
Abscisic Acid (ABA) and Silicon (Si) 
Promote Salinity Tolerance by Reducing 
Sodium (Na+) Transport and Bypass 
Flow in Rice ('Oryza sativa’ indica) Crop 
Management View Project Scope of 
Wetland Plants for Phyto-remediation 
View Project Exogenous Abscisic 
Acid (ABA) and Silicon (Si) Promote 
Salinity Tolerance by Reducing Sodium 
(Na+) Transport and Bypass Flow in 
Rice (Oryza sativa indica). Available 
from: https://www.researchgate.net/
publication/270448560. [Accessed: 
November 08, 2019]

[113] Sripinyowanich S et al. Exogenous 
ABA induces salt tolerance in indica rice 
(Oryza sativa L.): The role of OsP5CS1 
and OsP5CR gene expression during salt 
stress. Environmental and Experimental 
Botany. 2013;86:94-105. DOI: 10.1016/j.
envexpbot.2010.01.009

[114] Wei L-X et al. Priming effect of 
abscisic acid on alkaline stress tolerance 
in rice (Oryza sativa L.) seedlings. 
Plant Physiology and Biochemistry. 
2015;90:50-57. DOI: 10.1016/J.
PLAPHY.2015.03.002

[115] Wei L-X et al. Priming of rice 
(Oryza sativa L.) seedlings with abscisic 
acid enhances seedling survival, plant 
growth, and grain yield in saline-alkaline 
paddy fields. Field Crops Research. 
2017;203:86-93. DOI: 10.1016/J.
FCR.2016.12.024

[116] Saeidi-Sar S, Abbaspour H, 
Hossein AS, Yaghoobi R. Effects of 
ascorbic acid and gibberellin A 3 on 
alleviation of salt stress in common bean 
(Phaseolus vulgaris L.) seedlings. Acta 
Physiologiae Plantarum. 2013;35(3):667-
677. DOI: 10.1007/s11738-012-1107-7

[117] Li XW et al. Exogenous 
application of cytokinins improves 
grain filling of rice (Oryza sativa L.) in 

saline-alkaline paddy field. Research 
on Crops. 2016;17(4):647-651. DOI: 
10.5958/2348-7542.2016.00108.X

[118] Ma X, Zhang J, Huang B. 
Cytokinin-mitigation of salt-induced 
leaf senescence in perennial 
ryegrass involving the activation of 
antioxidant systems and ionic balance. 
Environmental and Experimental 
Botany. 2016;125:1-11. DOI: 10.1016/j.
envexpbot.2016.01.002

[119] Samea-Andabjadid S, Ghassemi- 
Golezani K, Nasrollahzadeh S, Najafi N. 
Exogenous salicylic acid and cytokinin 
alter sugar accumulation, antioxidants 
and membrane stability of faba bean. 
Acta Biologica Hungarica. 2018;69(1):86-
96. DOI: 10.1556/018.68.2018.1.7

[120] Liu L, Saneoka H. Effects of 
NaHCO3 acclimation on Rye (Secale 
cereale) growth under sodic-alkaline 
stress. Plants. 2019;8(9):314.  
DOI: 10.3390/plants8090314

[121] Wahid A, Perveen M, Gelani S, 
Basra SMA. Pretreatment of seed with 
H2O2 improves salt tolerance of wheat 
seedlings by alleviation of oxidative 
damage and expression of stress 
proteins. Journal of Plant Physiology. 
2007;164(3):283-294. DOI: 10.1016/j.
jplph.2006.01.005

[122] Fedina IS, Nedeva D, Çiçek N. 
Pre-treatment with H2O2 induces salt 
tolerance in barley seedlings. Biologia 
Plantarum. 2009;53(2):321-324.  
DOI: 10.1007/s10535-009-0058-3

[123] Gondim FA, Miranda R d S, 
Gomes-Filho E, Prisco JT. Enhanced 
salt tolerance in maize plants induced 
by H2O2 leaf spraying is associated with 
improved gas exchange rather than with 
non-enzymatic antioxidant system. 
Theoretical and Experimental Plant 
Physiology. 2013;25(4):251-260. DOI: 
10.1590/s2197-00252013000400003





41

Chapter 3

Greenhouse Tomato Production 
for Sustainable Food and Nutrition 
Security in the Tropics
Peter Amoako Ofori, Stella Owusu-Nketia,  
Frank Opoku-Agyemang, Desmond Agbleke  
and Jacqueline Naalamle Amissah

Abstract

Greenhouse vegetable cultivation offers one of the optimistic approaches to 
ensuring sustainable food and nutrition security in the tropics. Although greenhouse 
vegetable production is known to be costly, this system of production is gaining 
popularity and contributes to sustainable tomato production with improved fruit 
quality and productivity, which results in higher economic returns. Among vegetable 
crops, tomato is the most cultivated under this system. A study was conducted to 
identify suitable soilless media for regenerating tomato cuttings from axillary stem 
of tomato plants and to assess the agronomic performance of the regenerated cut-
tings under greenhouse condition. The tomato cuttings were raised using 100% rice 
husk biochar, 100% rice husk, 100% cocopeat, 50% biochar +50% cocopeat, 50% 
cocopeat +50% rice husk. Two tomato hybrid varieties (Lebombo and Anna) were 
used. Cuttings from axillary stems were compared with those raised from seed. A 2 
× 2 factorial experiment was arranged in a Completely Randomized Design (CRD) 
with four replications. From the study, 100% rice husk biochar was found to induce 
root development in stem cuttings of tomato. However, no significant differences in 
yield and fruit quality were found between plants raised from seed and those from 
stem cuttings.

Keywords: greenhouse, tomato production, food and nutrition security, tropics

1. Introduction

Tomato (Solanum lycopersicum) is a flowering plant belonging to the Solanaceae 
family, also known as Nightshade. It is one of the most popular vegetable crops 
grown in the world due to its fruit quality—taste, color, flavor and nutritional 
content [1]. Tomato fruits can be consumed in different forms; either fresh, par-
tially cooked or processed. Tomatoes provide carotenoids, flavonoids, phytosterols, 
vitamins, and minerals which are essential in human nutrition. Carotenoids are the 
most abundant in tomatoes with the most common one being lycopene, followed 
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by beta-carotene, gamma-carotene, lutein, phytoene, and a few other minor carot-
enoids [2, 3] which have anti-cancer properties [4, 5]. It is also a great source of 
carbohydrates, fiber and a small amount of vitamin A, vitamin B complex (thiamin, 
riboflavin, and niacin) and vitamin C [6] and is also rich in iron, copper, phospho-
rus, manganese and potassium [7].

According to the statistical agency of the Food and Agriculture Organization of 
the United Nations (FAOSTAT) (2020), the world’s total tomato production is esti-
mated at 186,821 million tonnes with a cultivated area of about 5,051,983 hectares. 
In comparison, there has been a 3.35% increase in production from 180,766 million 
tonnes in 2019 to 186,821 million tonnes produced in 2020. China is the leading 
producer of tomatoes in the world accounting for about 34.67%. Egypt ranked fifth in 
global tomato production contributing 3.6% whiles leading the tomato production in 
Africa estimated at 6731.22 million tonnes cultivated on an area of 170.862 hectares. 
In addition to Egypt, other North African countries with both tropical and temper-
ate conditions including Algeria, Tunisia and Morocco accounted for about 2.39% 
of the world’s tomato production. Among the West African countries, the leading 
producers, Nigeria and Cameroun produced 3693.72 million and 1.246.65 million, 
respectively, whiles Kenya produced 1056.18 million to lead tomato production in East 
Africa [8]. In Ghana, according to the Ministry of Food and Agriculture (MoFA), 
tomato production is estimated at 420,000 tonnes in 2019 cultivated on 47,000 
hectares [9, 10].

The rapid increase in tomato consumption in the tropics is one of the factors 
influencing emerging production practices and strategies to meet local and export 
demands. Thus, many tropical countries have expanded their tomato acreage to meet 
local needs and, in some cases, to generate foreign exchange due to the increased 
importance of tomatoes in food and nutrition security. Several different produc-
tion systems have been used successfully in different parts of the world to produce 
tomatoes. For instance, in the tropics, particularly in Africa, the open field cultivation 
system is mostly adopted whereas, in the developed countries, there is a massive 
shift to controlled environment systems [11]. Tomato cultivars with a determinate or 
semi-determinate growth habit are typically grown in open fields which are usually 
for fresh consumption. This system is also distinguished by the use of either direct 
sowing or transplanting where a nursery is established. Currently, transplanting is 
commonly practiced since it ensures good stand establishment, uniformity, reduced 
weed competition, and improved survival rate and yield compared to direct sowing 
[12]. Nonetheless, open-field tomato seedlings tend to be weaker and have a lower 
rate of transplant survival, resulting in low yields [13]. Other constraints such as 
biotic (high incidence of pests and diseases) and abiotic stresses (such as drought and 
high temperature) pose serious threats to open-field tomato production [14]. Root-
knot nematodes (including Meloidogyne incognita, M. javanica and M. arenaria) are 
soil-borne pathogens that cause yield losses of about 30% in tomatoes in the tropics 
[5]. Thus, they cause stunted growth making the tomato plants more susceptible to 
soil-borne fungal (such as Fusarium wilt caused by Fusarium oxysporum) and bacterial 
diseases (such as bacterial wilt caused by Ralstonia solanacearum) [5]. Several studies 
on grafting techniques to combat these soil-borne root-knot nematodes and fungal 
diseases have resulted in the identification of potential rootstocks such as Solanum 
torvum, Solanum macrocarpon, and Solanum aethiopicum [15] that confer tolerance 
to these soil-borne problems. However, due to the high cost of producing grafted 
seedlings in large quantities, grafting is not widely used in large-scale production in 
the tropics [16]. Furthermore, open-field tomato cultivation exposes the plants to a 
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variety of stinging and sucking insects, such as whitefly, thrips, and aphids, which 
cause moderate to severe physical damage as well as contribute to the transmission of 
viruses [5]. High temperatures observed in open-field tomato production in the trop-
ics cause heat stress [17]. Tomato is an extremely sensitive crop to heat stress, which 
can lead to total yield loss [18]. A slight increase in night temperature especially can 
decrease pollen viability and female fertility thereby impairing fruit set and conse-
quently yield reduction [19].

Increased tomato consumption [20] combined with unfavorable climatic condi-
tions necessitates the development of urgent strategies to boost production whiles 
improving fruit quality in the tropics. Open field tomato production is hampered by 
climate change-related factors such as high temperatures, drought and high incidence 
of pests and diseases. In recent years, greenhouse tomato farming has proven to be the 
most efficient method of producing high-quality fresh tomatoes for both domestic 
and international markets [1]. In addition, it provides the opportunity for year-round 
production. Indeterminate tomato cultivars are usually used in this system, allowing 
the harvesting period to be extended, thereby, increasing the tomato productivity and 
revenue as well as improving the livelihood of farmers. This chapter discusses green-
house structures and systems, agronomic practices, postharvest handling, prospects 
and challenges of greenhouse tomato production in the tropics and the use of axillary 
stem cuttings as an alternative method of producing true-to-type tomato seedlings for 
cultivation.

2. Greenhouse structures

Greenhouse farming systems have been adopted in some African countries, 
especially in Northern Africa (Algeria, Egypt, Morocco, and Tunisia), Eastern Africa 
(Kenya, Ethiopia, Uganda, and Rwanda), Western Africa (Ghana) and South Africa. 
In Northern Africa, the greenhouse system is mainly used for vegetable production 
whiles that of Eastern Africa (for e.g., Kenya), is for flower production. Furthermore, 
in Rwanda, South Africa and Ghana greenhouse system is mainly used for tomato 
production [21]. In all these countries, the greenhouse specifications are dependent 
on the availability of construction inputs, local climatic conditions and socio-eco-
nomic status [11]. Generally, the initial investment cost of greenhouse construction is 
very high. Galvanized metals including steel or aluminum are the preferred construc-
tion material as they are durable and require less amount of material for construc-
tion thereby increasing light transmission (Figure 1). Wood such as bamboo is an 
alternative material (Figure 2). Though it is less expensive, more wooden materials 
are required to ensure a solid and firm structure. This, however, reduces light trans-
mission. Also, the cost of maintenance in using bamboo is relatively higher compared 
to those constructed from metals [21].

High sidewalls in greenhouse construction are critical for maximizing the effec-
tiveness of natural ventilation in greenhouses with roof venting. The direct/diffuse 
ratio in incident light, as well as the diffusion properties of covering materials [22, 23], 
greenhouse design, time of day, season, and location, all influence light transmission 
and spatial uniformity of light intensity inside the greenhouse [11]. To promote plant 
growth and development, an ideal greenhouse ensures that light is evenly distributed. 
Again, to ensure optimal light transmission in the greenhouse, the type of cover-
ing material should be considered. These include; (1) a non-waterproof net which 
provides partial shade and protection against insect permeability; (2) a plastic film 
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for protection against insects and rains and (3) a glass which is more durable and 
effective than plastic films. Glass is mostly used for high-tech greenhouses [21]. In 
most greenhouses in Africa, side nets are fixed to provide natural ventilation (Figure 3).  
Circulation fans (chimney) (Figure 4), misting/fogging and hosing (Figure 5) can 
also be used to regulate/manage the climatic conditions in the greenhouse. In addi-
tion, shade screens/nets are also used to reduce the intensity of solar radiation in the 
greenhouse (Figure 5) [21].

2.1 Greenhouse agronomic practices

Good greenhouse crop management practices serve as a gateway for ensuring 
sustainable production, increasing yield and high fruit quality, concomitant with 
increased income generation. Before plant establishment; raising vigorous and 
healthy seedlings, greenhouse fumigation media selection and sterilization, fertiga-
tion and irrigation, etc. need to be considered. In addition, other recommended 

Figure 2. 
Greenhouse of Institute of Applied Science and Technology (IAST), University of Ghana built from bamboo.

Figure 1. 
Greenhouse of West Africa Center for Crop Improvement (WACCI), University of Ghana built from galvanized 
metals including steel or aluminum.
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Figure 3. 
Fixing of side nets (indicated with the arrow) to provide natural ventilation.

Figure 4. 
Circulation fans (chimney) are fixed on greenhouses of IAST to regulate the climatic conditions in the greenhouse.

Figure 5. 
Misting/fogging and hosing (blue arrow) are used to regulate the climatic conditions as well a shade net (red 
arrow) is used to reduce the intensity of solar radiations in the greenhouse.
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greenhouse cultural practices such as plant spacing, pruning, topping, training/trel-
lising and hormone application and pollination should be performed.

2.2 Tomato varieties and propagation

The cultivation of tomatoes in the tropics is solely by using seeds; either open-
pollinated (OPV) or hybrids. Hybrid seeds of tomatoes are the most suitable planting 
materials because of their vigor and high yielding potential [24]. Since greenhouse 
cultivation is done in a limited area, indeterminate hybrid tomato varieties are 
cultivated [11]. For instance, in Ghana, hybrid tomatoes such as Cobra, Anna F1, 
Lebombo, Kwando, Jaguar, Gamharr, Jarrah, Eva, Ranja, and Sodaja are being intro-
duced by seed companies for greenhouse cultivation. Several greenhouse screenings 
and evaluations of exotic tomato lines are being carried out to identify adaptable high 
yielding types with excellent fruit quality. However, cultivating these hybrid tomatoes 
in the tropics could be very expensive and as such, vegetative propagation of tomatoes 
could be a viable option for producing true-to-type tomato hybrid planting materials 
[25] to ensure sustainable production.

A study was conducted to identify a suitable soilless medium for regenerating tomato 
seedlings from axillary stem cuttings and to assess the agronomic performance of the 
regenerated seedlings under greenhouse condition. Cuttings (12–15 cm long) from 
mature tomato plants were taken and raised using 100% rice husk biochar, 100% rice 
husk, 100% cocopeat, 50% biochar + 50% cocopeat, 50% cocopeat + 50% rice husk. A 2 
× 2 factorial experiment arranged in a Completely Randomized Design (CRD) with four 
(4) replications was used. Treatments consisted of two factors; two tomato hybrid variet-
ies (Lebombo and Anna) and planting materials (cuttings and seeds). Seedlings were 
also raised using 100% rice husk biochar. Seedlings and rooted cuttings were sown and 
transplanted 28 days respectively into pots (22 × 25 cm) half filled with 100% cocopeat. 
The study identified rice husk biochar (Table 1) as a suitable medium for generating vig-
orous and healthy tomato stem cuttings obtained from pruned axillary shoots of tomato 
varieties, Lebombo and Anna F1 (Figure 6). Further evaluation using tomato plants 
generated from seeds and stem cuttings indicated that there were no significant differ-
ences in yield (Table 2) and fruit quality (Table 3). Hence, vegetative propagation via 
axillary stem cuttings could be used as an alternative method of raising tomato seedlings 
in the tropics. Seed companies and tomato nursery production operators can collaborate 
to leverage this method to supply tomato seedlings at affordable rates to ensure sustain-
able greenhouse tomato production in the tropics.

2.3 Substrate and sterilization

Plant roots are contained within a porous rooting medium called a ‘substrate’ or 
‘growing medium.’ A suitable growing medium is required to provide root anchorage 
and a favorable environment for healthy root development, [26]. Growing media 
for greenhouse cultivation in the tropics comes in two basic types: soil- and organic-
based. Field soil is the main component of the soil-based media and is the most simple 
and cheapest. However, it is associated with a high risk of soil-borne diseases such as 
bacterial wilt [21]. On the other hand, organic materials such as composted waste, 
peat, coconut peat/coir, sawdust, wood and bark are used to prepare the organic-based 
media [27]. Peat moss, vermiculite, and perlite which are premixed blends of organic 
and inorganic materials are commercially available. These products, however, are 
costly and difficult to obtain locally in the tropics, especially in Africa. Agricultural 
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and municipal wastes, which are locally available, affordable, and environmentally 
sustainable, should be investigated as alternatives to commercial products in the trop-
ics. A good soil-free substrate should have excellent chemical, biological and physical 
characteristics with low nutrient content, low pH, a unique combination of high-water 
retention capacity, high air space, lightweight, pest, and disease-free [28]. Cocopeat, 
a waste product obtained from the mesocarp of coconut (Cocos nucifera) fruit is most 
widely used in Africa and Asian countries such as the Philippines, Indonesia, India 
and Sri Lanka, where lots of coconuts are produced [28]. It can be combined with rice 
husk biochar and oyster shells. Although cocopeat is a better substitute for peat moss, 
high levels of natural soluble salts, sodium, and chloride are present and could cause 
osmotic stress to plants. As a result, to make these materials suitable for crop produc-
tion, they are buffered or flushed out to remove excessive salts [29]. Sterilization of 
growing media is required before use, especially the locally prepared ones to prevent 
the introduction of pathogens and weeds in the greenhouse. Heat sterilization is the 
most common method (Figure 7). Although the most popular and cheapest method 
is solar sterilization, other improvised systems have been developed. Regardless of the 
system, it is critical to ensure that the entire media is exposed to uniform and adequate 
heat for efficient and effective sterilization [27].

2.4 Plant spacing and density

Due to the high cost of greenhouse infrastructure, increasing plant density is 
one strategy for maximizing the limited space [30]. However, it is also important to 

Substrate Root 
length 
(cm)

Survival 
(%)

Root 
volume 

(cm3)

Shoot dry 
weight 

(g)

Root dry 
weight 

(g)

Total dry 
weight (g)

Rice husk 
biochar/
Lebombo

16.6 b 95.8 de 1.71 b 1.74 bc 0.26 ab 1.44 b

Cocopeat/
Lebombo

10.4 a 29.2 a 1.89 b 1.41 b 0.14 a 1.55 b

Biochar + 
Cocopeat/
Lebombo

10.1 a 40.6 ab 1.66 b 0.96 a 0.15 a 1.11 a

Cocopeat + Rice 
husk/Lebombo

13.0 ab 45.8 ab 1.55 b 1.35 ab 0.20 a 1.52 b

Rice husk 
biochar/Anna

17.4 b 100.0 e 1.89 b 2.13 c 0.38 b 2.54 c

Cocopeat/Anna 10.4 a 50.0 abc 1.71 b 1.40 b 0.17 a 1.56 b

Rice husk 
biochar + 
Cocopeat/ Anna

10.7 a 83.3 cde 0.97 a 1.37 ab 0.14 a 1.51 b

Cocopeat + Rice 
husk/Anna

10.6 a 72.9 bcd 1.58 b 1.45 b 0.20 a 1.62 b

Table 1. 
Mean Root length, Survival plants per replication, Root volume, shoot dry weight, root dry weight and Total dry 
weight. Means followed by the same letters within a column are not significantly different according to Fisher’s 
Protected LSD at 5%.
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plant in rows at a recommended spacing (Figure 8) to achieve an optimum yield. The 
required spacing between tomato plants will ensure an even distribution of resources 
such as water, nutrients, light, and air [31]. For example, there is more competition 
for light due to the overlapping and shading of leaves when plants are closely spaced 
[32]. The amount of light intercepted by the basal leaves could be drastically reduced, 
lowering the plants’ photosynthetic efficiency. Consequently, the plants may be 

Treatments Days 
to 50% 

flowering

Days 
to 50% 

fruiting

Total 
number 
of fruits

Fruits 
per 

plant

Fruit 
weight 

per 
Plant 

(g)

Yield 
(kg/
ha)

Shelf 
life 

(days)

Variety

Anna 25 32 a 24 b 5 b 96.5 6431.0 5

Lebombo 27 34 b 21 a 4 a 97.6 6506.0 5

P ≤ 0.05 0.143 <0.001 0.043 0.043 0.895 0.895 0.199

Propagule

Seeds 32 b 37 b 23 5 97.6 6503.0 5

Cuttings 21 a 28 a 22 4 96.5 6434.0 5

p ≤ 0.05 <0.001 <0.001 0.689 0.689 0.902 0.902 0.019

Variety * 
Propagule

NS 0.021 NS NS NS NS NS

Table 2. 
Days to 50% flowering and fruiting, the total number of fruits, number of fruits per plant, fruit weight per plant, 
yield and shelf life of tomato plants. Means followed by the same letters within a column are not significantly 
different according to Fisher’s Protected LSD at 5%.

Figure 6. 
Lebombo (A) and Anna (B) tomato seedlings raised from stem cuttings.
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forced to trade off their energy for stem elongation and reduced assimilate transport 
to developing fruits [31], thereby, causing yield reduction and poor fruit quality [33]. 
There have been reports of great increases in tomato yield and yield components 
when recommended plant spacing was used [33–35]. A recent study by Nkansah et al. 
[36] suggested plant spacing of 0.2 × 1.3 m for greenhouse tomato production.

2.5 Irrigation and fertigation

Adequate water supply to plants is essential for various metabolic and physiologi-
cal processes such as photosynthesis, nutrient transport, and cell expansion and 
development [27]. In the tropics, water for greenhouse production can be obtained 
from rivers, ponds or reservoirs, rain, groundwater (boreholes), and municipal 
sources (tap water). Unfortunately, water quantity, quality and seasonal availability 
are not guaranteed in most tropical environments. A good water should be free from 
pests (such as pathogenic bacteria, fungi, weeds and pesticide contamination) and 
high concentrations of dissolved salts and toxic ions (heavy metals) [27]. As a result, a 
thorough biological and chemical analysis of water for greenhouse tomato production 

Figure 8. 
Tomato plants planted in rows at a recommended spacing.

Figure 7. 
Dry heat from a flame used for the sterilization of growing media.
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is required as this can affect plant health, growth and development. The chemical 
property, for instance, is useful for the formulation of nutrient solutions.

In the tropics, the manual irrigation system is the cheapest but does not give preci-
sion in terms of the quantity of water and nutrients applied. Gravitational fertigation 
in combination with drip irrigation is the commonly adopted method. The water tank 
is elevated (Figure 9) to allow water and nutrients to flow naturally [37]. Water and 
nutrients can be reused by using a recirculation system [11]. Water recirculation, on 
the other hand, increases the risk of spreading soil-borne diseases, necessitating the 
use of a disinfection unit (UV or heat treatment) [38] which can be costly. Another 
means of supplying water and nutrients is using a computerized system with sensors 
and a pre-programmed fertigation regime (Figure 10). This system, however, is reli-
ant on a constant supply of electricity, which is a major challenge in the tropics [21].

2.6 Pruning, topping and training/trellising

Tomato cultivars are divided into two categories based on their growth habits: 
determinate and indeterminate. Determinate tomatoes grow in a bush-like manner, 

Figure 9. 
Water tanks are elevated above the level of the field to allow for the natural flow of water and nutrients.

Figure 10. 
Water and nutrients are applied using a computerized system with sensors and a pre-programmed fertigation regime.
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reaching a fixed mature size characterized by synchronized flower formation and 
fruit production. On the other hand, indeterminate tomatoes grow in a vine-like 
manner, continuing to grow throughout the growing season and thus, having con-
tinuous flower and fruit formation [39]. The indeterminate tomato cultivars are used 
in greenhouse tomato cultivation [11]. Tomato vines are pruned by removing the 
stem suckers (Figure 11). These are stem branches or side shoots that emerge from 
the leaf axils which are the junctions between the main stem and the true leaf. If not 
pruned, these suckers will grow into full shoots with leaves, flowers, and fruits, and 
even regenerate new suckers. When suckers are young and small, they can be pinched 
or cut using pruners such as knives, scissors and secateurs. In any of these pruning 
approaches, it is better to ensure decontamination either by using an alcohol-based 
sanitizer or washing with soap to prevent the spread of pathogens [40]. Pruning can 
be done on weekly basis to improve or ensure efficient air circulation/aeration [41]. 
In addition, pruning helps to prevent the diversion of assimilates from the developing 
fruits thereby, improving tomato fruit quality [40, 42].

Another important greenhouse technique is topping (Figure 12), which involves 
cutting or pinching off the terminal bud to break the apical dominance [43]. This 
technique is critical because tomato cultivars for greenhouse cultivation are indeter-
minate types characterized by indefinite growth. Topping has been shown to improve 
fruit quality and yield by causing assimilates to be redistributed to developing fruits 
[44, 45]. In the Solanaceae family, topping improved yield and yield components in 
eggplant [46], pepper [47] and tomato [36]. According to Nkansah et al. [36], tomato 
yields were increased by topping at truss 2.

The main stem of tomato plants is positioned upright immediately after trans-
planting to keep the leaves and fruits from touching the ground [48], facilitate 
pollination, maximize light interception of the younger leaves, and increase labor 
efficiency in pruning and harvesting [11]. This method known as stem training/trel-
lising (Figure 13) is necessary for indeterminate tomato cultivars. It entails securing 
the main stem with a twine/rope suspended from a horizontal wire about 2.5–3.2 m 
above the ground [11, 49]. Non-slip loops or clips are used to secure the twine’s tip 

Figure 11. 
Pruning of tomato vines by removing the stem suckers.
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to the stem’s base. The twine is then neatly wound in two or three spirals around the 
stem for each truss without damaging the stem [11].

2.7 Hormone application and pollination

Heat stress is a major problem hampering tomato production in the tropics [50]. 
Poor fruit set occurs in greenhouse systems where the microenvironment is not 
fully controlled or automated. Tomato is an extremely sensitive crop to heat stress, 
which can lead to total yield loss. The optimal day and night temperatures for tomato 
production are 21–29.5°C and 18.5–21°C, respectively. However, a slight increase in 
night temperature especially can decrease pollen viability and female fertility thereby 
impairing fruit set and consequently yield reduction [19]. Pollination and fertilization 
must both be completed before the fruit set can occur (Figure 14) [51]. Under heat 
stress, however, these processes are disrupted, resulting in flower abortion and flower 
drop [50]. Unfortunately, the molecular mechanisms underlying tomato fruit set are 
unknown, despite the fact that exogenous application of auxin and gibberellin to the 

Figure 12. 
Topping tomato plants by cutting or pinching off the terminal bud.

Figure 13. 
Trellising or training of tomato plants by securing the main stem with a twine/rope suspended above the ground.
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tomato stigma improved tomato fruit set. Bypassing pollination and fertilization, auxin 
or gibberellin can stimulate tomato fruit development (cell division and expansion) 
[51]. As a result, using these hormones can help increase greenhouse tomato production 
by increasing fruit set and yield [52]. The coordinated mechanism of auxin, gibberellin, 
and cytokinin has been investigated for the development of parthenocarpic tomato 
fruits [53], which improves fruit quality. Although this may be labor intensive, the high 
returns from increased productivity and improved fruit quality can compensate for this.

2.8 Greenhouse pest and disease management

One of the reasons for the rise in greenhouse tomato production in the tropics is 
the benefit of reducing pest and disease outbreaks, which can affect plant growth 
and development, resulting in lower yields and poor fruit quality. To control pest 
or disease outbreaks, an integrated pest management approach including cultural, 
biological and chemical measures (Figure 15) is used. Because prevention is the 
best approach, ensuring good environmental practices is an important first step 
[54]. Regular cleaning and washing of the greenhouse and its equipment with 
disinfectant (such as bleach) and fumigation prior to the start of the production 
cycle are examples of best practices. Another strategy is to keep a close eye on the 
crops in the greenhouse in case of a pest or disease outbreak [55]. Pheromone traps 

Figure 14. 
Pollination and fertilization of tomato flowers before fruit set.
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and sticky cards (Figure 16), for example, are used to trap, detect, and determine 
pest population thresholds of pests such as leaf miners, whiteflies aphids and thrips 
[8, 55]. A comprehensive pest management guide for tomato production is available 
[8]. Pruning, trellising, and proper plant density and spacing ensure good aeration. 
Avoidance of wet floors by preventing irrigation water spillage helps to reduce the 
creation of a microclimate that promotes disease outbreaks [55].

2.9 Harvesting and postharvest handling

Harvesting of greenhouse tomatoes is usually done at the breaker of color or when 
the fruit is orange-red, by handpicking. Thus, greenhouse tomatoes are typically 

Figure 15. 
Chemical application for the management of pest and disease in greenhouse vegetable production.

Figure 16. 
Pheromone traps (A) and sticky cards (B) are used to trap, detect, and determine pest population thresholds in 
greenhouses.
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harvested riper than fresh market field-grown fruit, making them more susceptible to 
mechanical injuries due to their softer nature and shorter shelf life than mature-green 
fruit. Greenhouse-grown fruit harvesting is done twice or three times per week as 
it reaches the appropriate stage of fruit development [11]. Prior to temporary stor-
age, tomato fruits are sorted and graded. Grading allows a grower to serve different 
qualities at different prices to different markets, such as a supermarket and a wet 
market. As such, good packaging is required to reduce losses during transportation 
[21]. Harvested tomato fruits are chilling sensitive. Breaker fruits can be stored at 
10–12.5°C for a week whiles orange-red at 7–10°C for 3–5 days [11]. Even though 
greenhouse tomatoes are more expensive than field-grown fruits, they are primarily 
produced for local consumption in the tropics. On the other hand, Northern African 
countries (such as Egypt and Morocco) and South Africa, produce greenhouse 
tomatoes for export to Europe [21].

3.  Prospects and challenges of greenhouse tomato production in the 
tropics

3.1 Prospects

In the tropics, greenhouse tomato production has the potential to create attractive 
jobs for youth and women in particular [56]. Greenhouse training programs have 
been introduced in West Africa, particularly in Ghana, to target entrepreneurs and 
young graduates to learn how to grow vegetables in greenhouses [57].

The increased demand for greenhouse tomatoes, owing to their superior fruit 
quality, benefits growers by earning appreciable income to improve their livelihoods 
[58]. People in urban and peri-urban cities have gradually accepted and are willing 
to pay more for greenhouse tomatoes, despite the fact they are more expensive than 
those grown in the field [59].

Greenhouse tomato production supplements local tomato production, which is 
primarily a field-grown system that is affected by biotic and abiotic factors. Thus, the 
introduction of greenhouses in the topics has helped to ensure year-round tomato 
production and supply of high-quality fruits, ensuring sustainable food and nutri-
tion security [60]. Also, there will be a constant supply of tomatoes to the processing 
industries for various industrial activities.

In addition, the greenhouse tomato production system contributes to the economic 
maximization of limited land and other resources [61]. This system, for example, 
ensures efficient water and nutrient supply to the plants while reducing losses such as 
leaching, which is common in field-grown systems. Also, unproductive lands, roof-
tops and concreted areas can be utilized for greenhouse tomato cultivation [62].

Another advantage of greenhouse tomato production is the complete control over 
indiscriminate agrochemical (pesticides, fungicides and weedicides) application. 
Strict adherence to greenhouse agronomic practices and integrated pest management 
systems eliminates traces of these agrochemicals on tomato fruits, which are harmful 
to human health [58]. This could promote the use of traceability systems to encourage 
the export of greenhouse tomato fruits in order to generate foreign exchange to boost 
tropical economies [63].

The introduction of greenhouses has opened up new areas in the tropics for aca-
demic and research work. To improve greenhouse tomato cultivation in the tropics, 
researchers should look into areas such as greenhouse agronomic practices, breeding 
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for tropics-adapted greenhouse tomatoes, commercial adoption of grafting tech-
niques for soil-based greenhouse cultivation, development of tropical soilless media 
and nutrient solutions, assessment and availability of raw materials for greenhouse 
constructions and so on.

3.2 Challenges

The initial cost of constructing a greenhouse is high which deters average income 
entrepreneurs to venture into greenhouse tomato production [64]. In addition to 
this, accessibility to credit facilities is difficult [65]. Lack of greenhouse technical 
know-how has also hindered the adoption of greenhouse tomato production in most 
tropical countries. In some areas, there are no greenhouse training centers for hands-
on training to fully equip trainees in greenhouse design, construction, repair and 
maintenance and cultivation [66].

The unavailability of adaptable greenhouse tomato cultivation possess a major 
challenge. There is a high influx of imported tomato hybrids into various countries, 
however, some of these tomato hybrids are not adequately evaluated or screened 
to identify the promising candidates for further evaluations and official release. In 
addition, the available tomato hybrids are generally expensive for the local grow-
ers and may have fruit quality characteristics which are not preferred by the local 
market [45].

There is also a lack of greenhouse cultivation inputs and important resources. For 
instance, poor water quality and quantity prevent seasonal and year-round green-
house tomato cultivation. Also, the unavailability of quality soilless substrates is a 
major challenge [58].

4. Conclusions

In conclusion, greenhouse tomato production is a promising technology that can 
ensure sustainable food and nutrition security in Africa. The selection of the proper 
greenhouse structure and system as well as the adoption of the appropriate agro-
nomic practices and postharvest handling techniques would ensure enhanced tomato 
production under greenhouse condition in the tropics. Our research findings point to 
tomato cuttings as a viable source for raising planting material for tomato cultivation 
in the developing countries. The yields and fruit quality obtained from the use of 
seedlings versus stem cuttings were comparable.

It is therefore essential to encourage scientific research about greenhouse produc-
tion in Africa to foster its adoption. Greenhouse tomato production has the potential 
of creating jobs and increasing income generation thereby improving the livelihood 
of the people in the greenhouse tomato value chain.
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Chapter 4

Principles for the Production of 
Tomatoes in the Greenhouse
Olatunji Olabisi and Akeem Nofiu

Abstract

Greenhouse technology is the technique of regulating the environmental factors for 
the benefit of the plant (tomato) under protective cultivation. Production of tomatoes 
in the greenhouse involves two stages: nursery and greenhouse. In the nursery, the 
plants are seeded in small cavities of the nursery tray and arranged in the nursery cham-
ber or a small-sized tunnel where they are given maximum care. At 3–4 weeks after 
seeding, when they must have developed four true leaves and a well-developed root 
system, the seedlings are transplanted into the bigger tunnel. The transplants are given 
water through drip irrigation. The nutrients are supplied through fertigation in the 
required quantity and concentration. Pest control is done by integrated pest manage-
ment system (a combination of physical, biological, and sometimes chemical control).

Keywords: tomato, greenhouse, fertigation, integrated pest management, 
environmental factors

1. Introduction

Tomato is widely cultivated for its fleshy fruits that have special nutritive value. It 
is the world’s second-largest vegetable crop following potato, and it is the most canned 
vegetable. Tomato is one of the most important vegetable crops produced by farmers 
in Nigeria with a demand gap of 2.3 million tons [1, 2]. Tomatoes can be eaten raw or 
processed. It could be processed into paste, tomato ketchup, soup, juice, diced, sauce, 
puree, etc. It is rich in nutrients, dietary fiber, and antioxidants such as lycopene and 
beta-carotene that prevent cells from cancer. It has high levels of vitamin A and C and 
some minerals such as iron and phosphorus [3].

Tomato production in Nigeria requires serious attention as the demand for domes-
tic and industrial use has brought about peak rates in recent times. Tomato being one 
of the essential staple foods rich in minerals, carbohydrates, and vitamins is an impor-
tant vegetable with premium and high processing values as well as a venture with 
production capacity to generate employment. In an attempt to achieve food-secured 
status as a nation, it is therefore pertinent to improve the production of tomatoes in 
Nigeria. However, generally, agriculture in Sub-Saharan Africa is rainfall-dependent, 
which is one of the factors debilitating the production output of agricultural produce. 
This dependence on climate/natural environment predisposes the crop plants to 
lots of dangers, such as pest and disease infestation and environmental stress due to 
various weather extremes, resulting in poor-quality fruits and ultimately low yield. 
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Kaduna and Kano states, which produce 43% of national production, have a yield of 
7–10 tons and sometimes 15 tons per ha [2]. So now it is imperative to emphasize the 
adoption and use of a protected farming system, such as screen houses and green-
houses for the production of especially high-valued or premium vegetables or crops 
like tomatoes. This chapter, therefore, elucidates on basic principles of greenhouse 
tomato production.

Greenhouse production is more expensive than producing the same crop in the 
open field [4]. The most important factors determining costs are depreciation of the 
structure and equipment, labor, energy, and variable costs such as planting material, 
substrate, and fertilizer.

As the term implies, principle refers to a basic idea or rule that explains or controls 
how something happens or works.

1.1 Advantages of greenhouse tomato production

i. The controlled environment allows for growing exotic fruits such as beefsteak for 
export.

ii. It offers all-year-round production and quality produce.

iii. Production in the greenhouse is more efficient than in the open field, which 
results in higher yield.

iv. It is an intensive system that maximizes limited space and water.

v. Efficient utilization of agrochemicals to control pests and diseases.

1.2 Disadvantages of greenhouse tomato production

i. It is capital intensive

ii. The energy requirement is high

iii. Requires technical skills

2. Greenhouse structures

Tomatoes can be grown in every type of greenhouse, provided it is sufficiently 
high to manage and train the plants vertically. Generally, greenhouses can be classi-
fied into three based on structure: wooden (which could also be bamboo) framed, 
pipe framed, and truss framed. The cover could be glass, plastic film, or rigid panel. 
The cover must have high light transmission, and importantly photosynthetically 
active radiation (PAR) that falls within the range of 400–700 nanometers. In the 
central- and north-European countries, the Venlo-type glasshouses are mostly used. 
They typically have 3.2, 4, 6.4, 8, 9.6, 12, 12.8, and 16 m standard spans and 5–7 m 
gutter height to allow high wire planting systems [5–7]. There are variations in the 
dimensions, structures, and coverings used in the construction of greenhouses from 
one country to the other. For instance, most of the greenhouse facilities used in China 
are unheated [8].
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3. Substrates and substrate systems

There is relatively little commercial tomato production done directly in the soil, 
except for organic growers. In large greenhouse complexes in developed countries, 
95% of greenhouse tomatoes are grown on inert artificial substrates, a system usually 
referred to as soilless culture. The term “hydroponic” can refer to soilless culture or to 
systems such as the nutrient film technique (NFT), in which no solid substrate is used 
and water flows almost constantly down troughs holding plant roots [9–11].

There are many types of growing systems for greenhouse tomatoes, which include 
NFT (nutrient film technique), PVC pipes, sand, ground culture (in the soil), troughs, 
rock wool slabs, and various types of aggregate media. The various aggregate media 
include peat moss and peat–lite mixes, perlite, rock wool aggregate, glass wool, pine 
bark, and so on. In a trial of growing media at the University of Arizona [8], there were 
no significant differences in the yield of greenhouse tomatoes between five different 
media (coconut coir, perlite, peat–vermiculite mixes, coir/perlite, and rock wool).

4. Selection of variety

The first step in carrying out a successful crop production is the choice of good 
variety. Growing a variety that is not the best choice, or using seeds that are not of 
the best quality, reduces your potential for success at the outset. It is smart to start 
with the greatest potential rather than limiting yourself by using inferior seeds, 
even if it saves some money. Numerous tomato varieties are being pushed into the 
market, but only a few are suitable for greenhouse production. For greenhouse 
tomato growers, indeterminate tomato varieties are recommended. In indetermi-
nate tomatoes, the growth of the stem is continuous and this allows for continual 
fruit production.

The selection of the best indeterminate seed to buy should be based on the following 
criteria:

i. size of fruit desired.

ii. disease resistance.

iii. Lack of physiological problems, that is, cracking, cat-facing, blossom-end rot.

iv. uniformity of fruit size.

v. market demand.

5. Nursery

The success of a production cycle starts with acquiring healthy seedlings. Good 
healthy seedlings can be purchased from a commercial nursery. Also, the farmer 
can grow his seedling. Most greenhouse operators grow their seedlings. This is very 
desirable because it reduces the possibility of importing new diseases and insects [12]. 
Notwithstanding, in many other countries, seedlings are being raised successfully by 
special nursery farms that sell economical and high-quality seedlings to local growers 
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with the aid of modern technology. Transplant raising is a crucial stage in greenhouse 
vegetable production. The performance of a crop depends largely on the attention 
paid to the care given to it when it was in the nursery.

Quality seedlings are plants free from pests and diseases, quickly grown with no 
suppression of yield due to poor quality roots. Transplant production takes about 
3 weeks, depending on temperature and light conditions. Tomato seed germinates 
best at 25°C, while seedling growth is optimal at 18°C night-time minimum and 27°C 
daily maximum. Germination rates are at least 95% and so only one seed needs to be 
planted per cavity. The ideal transplant size is when the seedling has four true leaves 
(Figure 1). A good seedling is as wide as it is tall and has not started flowering.

5.1 Step-wise procedure for raising a nursery

The following are the tools and materials needed for a successful nursery produc-
tion: nursery tables, nursing trays, knapsack sprayer, substrate (peat moss, cocopeat, 
sawdust, or sterilized soil), indeterminate tomato seeds, and clean water.

Figure 1. 
A typical tomato seedling ready for transplanting.
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5.1.1 Procedure

1. The clean trays are arranged on the nursery table.

2. The substrate is collected in a clean bowl. Moisten the substrate by spraying with 
water while turning.

3. The growing cavities of the trays are filled with substrates.

4. Make a depression in the cavities which are already filled with substrates.

5. Place the seeds in the depression made at one per cavity.

6. Spray with water.

7. Cover the seeds with the substrate.

8. Spray with water again and place in a dark room.

9. At the sight of the emergence of the first plumule, remove all the trays from the 
dark room and place them in the nursery.

10. Spray with water two or three times daily depending on the weather. Just ensure 
it does not go dry.

11. At about 1 week after germination, you may supplement with fertigation 
depending on the type of substrate used.

12. A typical fertigation program for the nursery involves dissolving 10 g water-soluble 
poly feed fertilizer with micronutrients in 15 l water. The fertigation water is 
alternated with clean water every 2 days.

13. The seedlings are ready for transplanting when they have four true leaves and 
a well-developed root system. Typically, this is at 2–3 weeks for tomatoes and 
3–5 weeks for peppers after seeding.

6. Transplanting

Transplanting of tomato seedlings into the greenhouse is often carried out 
when they have reached the height of 7.5 cm to 10 cm [13]. The media or substrate 
of any type chosen requires to be thoroughly wet with water or diluted nutrient 
solution several hours prior to planting. The plants should be checked for any 
individual that fails to establish after planting. They will have to be changed. To 
keep the substrate moist, plants will require irrigation with diluted fertilizer solu-
tion as often as necessary. A good general rule of thumb is to maintain moisture 
at a level where only a few drops of water are needed to compact the soil into a 
clump [14].
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6.1 Plant population

It is important to use the proper planting density when growing greenhouse 
tomatoes. Using a higher planting density will cause the yield per plant to decrease. 
This is basically due to plants shading each other. The costs and the amount of labor 
required also increase with more plants. Likewise, crowding plants tends to encour-
age disease proliferation because sprays cannot easily penetrate the thick foliage 
and foliage does not dry as readily. Plants should be arranged in double rows, about 
4 feet apart in the center. Within a row, plants will average 14–16 inches between 
stems [15].

6.2 Step-wise procedure for establishing plants in the greenhouse

Tools and materials needed are grow bags, plastic mulch, twine, soil, sterilizing 
pan, cooling pan, binding wire, spade, manure, wheelbarrow, firewood, lighter, NPK 
15:15:15 fertilizer, iron rod, tape rule, hammer, and drip irrigation kit.

6.2.1 Procedure

1. Layout: four iron rods are used to mark a rectangle inside the tunnel. The begin-
ning is marked at 1 m away from the front and back nets each and 0.5 m away 
from the right and left nets each. Along the width of the rectangle, the iron rod is 
used to mark the beds (0.75 m) and the furrows (0.5 m). This is done at the front 
and back of the tunnel. A twine is tied to the rod at the front and back, respec-
tively, to make a straight line.

2. The beds are made along the line of the twine. As such an 8 × 24 m tunnel will 
contain six beds and each bed will contain two rows of tomatoes.

3. The iron rods are removed and drilled closer to each other to divide the width of 
the bed into three. This is done for each of the beds.

4. The plastic mulch is laid on the bed. The edges of the mulch are buried with soil.

5. Sterilization: soil sterilization is essential due to the prevalence of bacteria wilt 
and nematodes in the soil. The manure is first turned into the frying pan and 
continuously stirred. It is allowed to fry but not burnt after which the soil is 
turned in. The soil is mixed with the manure 2:1 ratio. The mix is continually 
turned now and then for about 30–60 mins depending on the intensity of the 
fire, and the soil will be taken out when 100°C is attained with the aid of a  
thermometer.

6. Thereafter, the soil is transferred into the cooling pan where it is allowed to cool 
before sharing into the grow bags at 20 kg each. The bagged soils are arranged on 
the beds in the tunnel at 80 bags per bed.

7. Base application of NPK 15:15:15 is applied and mixed thoroughly with the soil.

8. The drip lines are installed, and the soil is continually watered for about 2 weeks 
to mineralize the fertilizer before transplanting.
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9. Transplanting should be done in the evening when the weather is cool.

10. The soil is watered and holes are drilled at the spot where the water drips.

11. The nursery is watered before transplanting to ease removal from the cavities.

12. At transplanting, the plantlets are carefully placed in the drilled holes and 
 covered with the soil to the plant collar. The soil is pressed lightly to hold the 
plant root in place.

13. Water is supplied for about 5 mins. Care should be taken to ensure all the 
 emitters are dripping and the plantlets are all receiving water.

14. At 2–3 weeks after transplanting, the binding wire is tied to the rod at the front 
and the corresponding one at the back along with the beg.

7. Growth and development

Growth and development continue in the greenhouse after transplanting 
(Figure 2). The management techniques include: Irrigation, fertigation, desucker-
ing, staking and trellising, application of fruit-setting solution, defoliation, clean-
ing of filters, and flushing of driplines.

7.1 Irrigation

Large amounts of high-quality water are needed for plant transpiration, which 
serves both to cool the leaves and to trigger the transport of nutrients from roots to 
leaves and fruits. For instance, the amount of water needed by the greenhouse in the 
Netherlands is about 0.9 m3/m2/year [16]. Therefore, before building a greenhouse, it 
is essential to ascertain that there is adequate, quality water available all year round. 
EC should be <0.5 dS/m, pH from 5.4 to 6.3 and alkalinity <2 meq/l [9].

In the greenhouse, water supply is by drip irrigation (surface or sub-surface). This 
allows for efficient uptake of water and nutrients when mixed with fertilizer [17]. The 
water and nutrients are delivered to the active root zone thereby reducing nutrient 
loss by leaching or soil fixation. Also, the vegetative part of the plant does not come in 
contact with water, which reduces the growth of infection.

The frequency of irrigation varies with substrate rooting volume and its water-
holding capacity. The water requirements of plants also depend on the growth stage of 
the plant and the season. The quantity of water required could vary from 1 to 14 l/m2/
day (0.4–5.6 l/plant/day) [4, 18, 19]. Generally, water consumption increases with the 
growth of the plant. The water is either gravity-fed or pumped with a mini pumping 
machine.

7.2 Fertilizer application

Nutrient supply to the greenhouse plants is done by nutrigation or fertigation. 
Nutrigation is an acronym for the two words “nutrient” and “irrigation” just as fertiga-
tion is a blend of “fertilizer” and “irrigation,” hence the application of water-soluble 
fertilizer with the irrigation water. This allows for precision and frequency in nutrient 
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Figure 2. 
Tomato plants grown directly on the soil at 2 weeks after transplanting.
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supply, especially when the water is delivered with drip lines. Also, the nutrient is 
delivered to the plant even when the plant is inaccessible. The fertilizer to be applied at 
a particular time depends on the developmental stage of the plant and the soil test result 
[20], which consequently inform the design of the fertigation program. For instance, 
more nitrogen is supplied at the vegetative stage of the plant, while potassium is sup-
plied during flowering and fruiting. A typical fertigation program supplies 500 g poly-
feed with micronutrients (e.g., Haifa Bonus) per 1000 L water for the first 2–3 weeks 
after transplanting. Potassium-nitrate (e.g., Maxi K) is supplied at 2 kg/1000 L water at 
pH 5.6–6.5 and E.C 1.2–1.6 from week 4 after transplanting onwards, and 2 kg calcium-
nitrate (e.g., Haifa CalNit) at about 4 weeks after transplanting onwards. Pavani et al. 
[21] recommend supplying WSF 19% each of NPK at 3.75 G/M two times in a week 
from 21 days after transplanting, 3 g/l micro nutrient 2–3 times from 60 days after 
transplanting once in 30 days, and calcium nitrate 2–3 times once in 15 days.

The fertilizer is dissolved in a bucket of water before being added to the 1000 L 
tank full of water or supplied through a venturi system. In a venturi set-up, the 
fertilizer is mixed in a separate, smaller tank and a venturi injector is used to connect 
the fertilizer tank to the pure water pipe that goes into the greenhouse. The venturi 
injector operates on the principle that pressure drops accelerate the change of velocity 
of the water as it passes through the constriction [22].

7.2.1 Fertilizer compatibility

Two or more soluble fertilizers can be mixed in the same water and supplied to the 
plant provided they are compatible (Figure 3). For example, calcium fertilizer reacts 
with phosphate fertilizer to form a precipitate which blocks the emitters of the drip 
lines. This prevents the plants from getting water. Also, there should be no physical 
segregation of the components. As such it is always advisable to have two tanks in 
each tunnel: one aptly labeled for fertilizers that contain calcium or magnesium, and 
the other for those fertilizers that contain phosphorus or sulfur [24].

Where two tanks are not available, there should be a standing rule that fertilizers 
should not be mixed except the agronomist is present. Water-soluble fertilizers are 
mixed with the irrigation water depending on the fertigation program adopted.

7.3 Pruning

In greenhouse tomato production, the quality of the fruit is as important as the 
quantity of the yield gotten. That is, the greenhouse market prefers big, clean, and 
sweet fruits with higher Brix. As such, instead of allowing the growth of several 
branches that produces more flowers and consequently more fruits, the plant is 
pruned early giving fewer but bigger fruits. The tomato plants are pruned to a single 
stem for best production by removing all lateral shoots commonly referred to as 
“suckers.” Suckers are the buds that emanate from the node. Usually, one sucker will 
form at the inner angle of the point where the leaf petiole attaches to the main stem. 
If the suckers are not removed, they will grow into new stems, and produce more 
flowers and consequently fruits. The fruits, though plenty, will be small in size and 
poor in quality which is not desirable for the greenhouse market. Preferably, desuck-
ering (which is the process of removing the suckers) is carried out to maintain one 
main stem. The fruits, though fewer in number, will be larger, of higher quality, and 
command premium prices in the market. The practice of desuckering is usually done 
once per week, continuously, throughout the life cycle of the plant. In the process of 
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removing the suckers, one or two top-most suckers at the shoot tip are left temporar-
ily. One of them will be retained to continue the plant growth if the terminal of the 
main stem breaks.

7.4 Cluster thinning and fruit pruning

The purpose of fruit pruning is to increase fruit size and fruit quality and to balance 
fruit load. It also helps to maintain uniformity in fruit size. Distorted or undersized 
fruits at the end of each cluster are removed early because they are not desirable for 
the market and will reduce the size of the other good fruits in the cluster. Sometimes 
the clusters are generally pruned to the four proximal fruits. The decision to prune the 
clusters depends on the cultivar, that is, what is the expected fruit size and the number 
of fruits usually formed on a cluster of the variety. Also growing conditions and the 
market size preference are other factors that determine if to prune the cluster or not.

7.5 Staking and trellising

Staking is done 2–3 weeks after transplanting. For a distance of 2.5 m between 
the top and bottom binding wires, the twines should be cut into lengths of 3 m 
each. The twine is tied to the top and bottom binding wires and wound around the 
stem to keep the plant standing. The twine is made taut by tying it into a loop in the 
middle. As the plant grows taller, the loop is adjusted and wound around the newly 
grown shoot.

7.6 Application of fruit-setting solution

Pollination of the female flower part must occur before the fruit will set. Whatever 
prevents effective pollination reduces the number of fruit set per plant. Poor pollina-
tion could result in deformed fruit, smaller fruit, and fruit that is rough along the tops. 
Several factors, such as extreme temperatures, high humidity, drought, toxicities, 
nutrient deficiencies, and lack of pollen transfer, can cause poor pollination [25]. 
Pollination in greenhouse tomatoes is enhanced by the use of a fruit-setting solution. 
This operation starts when the plant starts flowering. The solution is diluted with 
water at 2 ml/L inside a spray bottle and sprayed directly into the flowers one by one. 
This is done twice weekly.

7.7 Defoliation

Defoliation is the removal of old and lower leaves. Usually, the old lower leaves are 
unproductive. Removing them reduces the number of sinks and allows more nutrients 
to be channeled to the fruits making them bigger and more qualitative. After every 
harvest, all the leaves below the last fruit at the lower part of the plant are cut. The 
lower leaves are detached up to the first fruit ground-up. A fungicide spray (copper or 
mancozeb preferably) should always follow every defoliation.

7.8 Cleaning of irrigation filter

The filter attached to the tank helps to sieve dirt from the irrigation water before 
it gets to the drip line. It is important to clean the filter frequently so that dirt will not 
accumulate in the drip lines.
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7.9 Flushing

Occasionally, the emitters on the drip lines get blocked due to the dirt that passes 
through the filter. So, the end cap of the drip lines is removed and water is released to 
flush out the dirt every 2 weeks.

8. Environmental control

Computers are used to control environmental factors, such as temperature, relative 
humidity, light intensity, and CO2 concentrations due to their capacity for automation 
and ease of use. They provide records of the history of the crop and its environment 
over time and alert operators to malfunctions in the greenhouse (greenhouse tomato 
production). Computers can control many mechanical devices within a greenhouse 
(vents, heaters, fans, evaporative pads, CO2 burners, irrigation valves, fertilizer 
injectors, shade cloths, and energy-saving curtains) based on preset criteria, such as 
temperature, irradiance, humidity, wind, and CO2 levels. Also, they can collect data 
from different sensors and process it. This capacity of the computer is called artificial 
intelligence. The computer uses the result to regulate the inner temperature or humidity 
of the greenhouse. The use of a computer to control the environmental factors makes it 
easier to balance plant growth [26–28]. Control of irrigation and fertilizer application 
regimes based on environmental conditions can also be computerized.

8.1 Relative humidity

In the greenhouse, humidity is a result of a precarious balance among the follow-
ing: crop transpiration, soil evaporation, condensation on the greenhouse cover, and 
vapor escape due to ventilation. Vapor pressure deficit (VPD) affects transpiration and 
relative humidity. It changes as the ambient temperature changes. That is when there is 
low humidity and high temperature, the VPD increases resulting in increased stomatal 
resistance and consequently transpiration. Likewise, low VPD causes a reduction in plant 
transpiration that eventually results into dehydration, wilting, and necrosis [29, 30].

When the relative humidity is low, water is supplied by irrigation. However, high 
humidity encourages the proliferation of diseases. Generally, high relative humidity 
supports growth and enhances fruit setting, but if not managed, can cause water to 
condense on the leaf surface and lead to disease development [31].

There are limitations to the effectiveness of computers in controlling relative 
humidity. For example, humidity levels changes as vents are opened and closed to 
control temperature [32]. If the humidity goes higher than recommended and the 
temperatures remain at the normal level, the heating and ventilation systems should 
be adjusted to maintain acceptable levels of humidity and temperature. In glasshouses 
that have vents, the heating system should be turned on and the vents opened. In 
houses with fans, the fans should be turned on for a few minutes, and then the heater 
turned on to maintain air temperature. Venting for humidity control is most effective 
when the outside air is significantly cooler and drier than that inside the greenhouse. 
As the cool, dry air heats up in the tunnel, it absorbs the atmospheric moisture, which 
results in lower humidity. When the outside air is humid, venting can still be used to 
effectively control the relative humidity so far, the outside air is cooler than the inner 
air. However, practically, the cost of ventilation is justified only when the air outside is 
cooler and drier than the air inside.
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8.2 Temperature control

The ambient temperature in the greenhouse is the primary environmental factor 
that affects plant vegetative growth, flower cluster development, fruit setting, fruit 
development, fruit ripening, and fruit quality. The average temperatures both day and 
night influence the growth of the crop. Higher temperature encourages faster growth 
[12]. Cuong and Munehiro [33] established that higher cumulative temperatures 
flowers bloom faster. Although maximum growth is known to occur at a day and night 
temperature of approximately 25°C, maximum fruit production is achieved with a 
night temperature of 18°C and a day temperature of 20°C (see Table 1). Hence, the 
recommended temperatures in Table 1 are a compromise and are developed to sustain 
high fruit productivity while maintaining a modest crop growth all through the sea-
son. The use of a shade net is advised (where sophisticated means are not affordable) 
to reduce the direct impact of sunlight and heat in hot areas.

8.2.1 Maintaining optimal temperatures

Optimal day and night temperatures for different crop developmental stages are 
important. As temperatures increase within the range of 10–20°C, there is a direct 
linear relationship between increased growth and development. If daytime tempera-
tures are warm, night-time temperatures can be allowed to fall to conserve energy as 
long as the mean temperature remains in the optimal range.

8.3 Light

Light is a prerequisite for plant growth. Photosynthesis, which produces plant 
matter, can only take in the presence of light. The chlorophyll present in the green 
parts of the plant, especially leaves, uses light energy to fix atmospheric carbon 
dioxide with water to produce carbohydrates. Generally, the rate of photosynthesis 
is related to light intensity [35]. The value of light in tomato production is seen when 
it is not adequate. At low light intensities, flower bud development is inhibited and 
flowers fail to set into fruits. This is because the plant is unable to produce adequate 
sugar and carbohydrates needed for bud, flower, and fruit formation from the low 
levels of radiant energy. Not only do the poor light conditions limit photosynthetic 
productivity but the limited carbohydrates produced during the day are expended 
by the respiring plant so that it can survive through the long nights [36]. Generally, 

Germination Plant raising Transplanting harvesting Full harvest

Temperature (°)

Day 25 19–21 24 19 20–22

Night 25 19–21 24 19 17–19

EC (dS/m) 0.0–0.1 2.5–3.0 2.5–3.0 2.7–3.5 2.7–4.0

pH 5.8 5.8 5.8 5.8 5.8

Volume of 
feed (1/day)

— 0.2–0.3 0.2–0.3 0.5–1.5 0.5–2.5

Table 1. 
Growing recommendations for tomato cropping [34].
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increased natural light intensity benefits the tomato plants, especially when adequate 
water, nutrients, and carbon dioxide are made available to the plant and the air 
temperature is prevented from becoming too high.

8.4 Carbon dioxide

As ventilation is not needed during cold weather, a carbon dioxide concentra-
tion of 1000 ppm is recommended during the day. During summer, however, when 
ventilation is essential, supplementing with 400 ppm carbon dioxide is economically 
useful in other countries [37]. Regions with a moderate (sea) climate are more likely 
to benefit from carbon dioxide applied in the summer, while the procedure is uneco-
nomical in regions that have continental climates [38].

8.5 Air movement

Horizontal air movement is beneficial for several reasons. Approximately 1 m/s 
airspeed, which causes leaves to move slightly, is beneficial [39]. It helps to minimize 
the air temperature gradients across the greenhouse by blowing the moisture under 
the foliage and distributing it to the other parts of the greenhouse. The motion also 
brings down the carbon dioxide from the top of the greenhouse into the leaf canopy 
where it is utilized for photosynthesis and may assist in pollination [40]. Air move-
ment improves the uniformity of the greenhouse environment and this enhances crop 
productivity and energy conservation.

9. Pest and disease management

Pest and disease incidence is generally low in a greenhouse farm. The ones to 
watch out for are bacteria wilt, nematode, Tuta absoluta, thrips, mites, blossom end 
rot (BER), and early and late blight. Control is by integrated pest management.

The soil is sterilized to reduce the spread of soil-borne diseases (bacteria wilt and 
nematode), while it is eliminated in soil-less culture. The most damaging tomato dis-
ease is bacteria wilt (Rastolnia solanacearum). When tomatoes are grown in the soil, a 
combination of chemical soil treatment, soil solarization, and use of tolerant varieties 
are used to manage the bacteria wilt [41].

Insects such as Tuta absoluta, locusts, and crickets are absent in glasshouses and 
screened out in tunnels that are covered on the sides with a net. Sticky papers are also 
hung in the tunnel to trap insects. IPM program is desired for pest control.

BER is a physiological disorder that results from inadequate calcium at the blos-
som-end of the tomato fruit. Calcium as an immobile element in the phloem needs to 
be managed before the deficiency symptom becomes evident [42].

10. Harvest and storage of tomato fruits

Generally, the harvesting starts about 75 days after transplanting. There are three 
stages of fruit ripening (Table 2). The market patronizing greenhouse tomatoes pre-
fers fruits harvested at the breaker stage or pink. The fruits are carefully plucked from 
the plant and placed in the basket. The baskets are taken to the sorting room where 
they are graded according to their colors. The pink fruits are labeled Grade A, while 
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the red ones are categorized as Grade B. Cracked tomatoes are removed and labeled 
Grade C after which they are all taken to the cold room where they are stored.

11. Conclusions

Tomato is a perishable vegetable fruit, which makes it difficult to preserve. Also, 
it is difficult to grow tomatoes in the rainy season due to the proliferation of diseases. 
Hence, the reason for the high market demand. Through the provision of ideal 
climatic conditions needed for optimal growth and possible output of any tomato 
variety planted, greenhouses offer a dependable alternative to growing high-quality 
tomatoes both in and out of season. The chapter makes it easier for a tomato farmer, 
an individual, or an entrepreneur who is interested in starting or expanding a tomato 
production firm to understand the fundamentals of greenhouse tomato production.
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Stage Description

Breaker Red stains appear on fruit skin

Pink Tomato turns pink, not yet ready for consumption

Red The tomato is red and completely ripe for consumption

Table 2. 
Stages of fruit ripening [43].
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Chapter 5

Leaf Curl Disease a Significant
Constraint in the Production of
Tomato: Impact, Challenges, and
Management
Indhravathi Chintapalli and Usha Rayalcheruvu

Abstract

Insect-borne plant viruses cause huge yield loss in the world’s most important
crops. Understanding viral transmission mechanisms involves defining plant virus
receptors inside their insect vectors. Tomato leaf curl virus (ToLCV) is the most
devastating virus for worldwide tomato production. Understanding the biology of
ToLCV and devising management techniques are critical in combating this global
threat. Researchers are looking into using advanced technologies to detect plant
viruses quickly and handle them properly for long-term agriculture. This review’s
main goal is to highlight management solutions for effectively combating ToLCV
outbreaks and worldwide spread. Resistance genes for plant viruses in agriculture
have been identified using morphological, biochemical, and molecular markers from
the ancient to the present era. Such techniques are extremely basic. Traditional virus
identification methodologies should be integrated with current and advanced tools for
efficient virus improvement in crops. This review’s main goal is to highlight manage-
ment solutions for effectively combating ToLCV outbreaks and worldwide spread. For
this aim, we focus on the impact of ToLCV on the world’s agriculture and the signif-
icance of recent advances in our comprehension of its interactions with its host and
vector. Another important topic is the role of mutations and recombination in shaping
the ToLCV genome’s evolution and regional distribution.

Keywords: plant viruses, crop, yield, significant impact, challenges, molecular
techniques

1. Introduction

In both tropics and subtropics of the world, tomato cultivation
[Solanum lycopersicon L.] is significant and widespread. Tomato production has
received greater attention recently because it is not only regarded as a dietary supply
of the vitamins C, potassium, folate, and K, but also as a source of revenue and a
significant factor in ensuring food security. China, India, the United States, Italy,
Turkey, and Egypt are the world’s top tomato-producing nations. The total area under
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tomato cultivation worldwide is 4.582 Mha, with a yield of 150.51 mt. India is expected
to have produced 21 million metric tons of tomatoes for the fiscal year 2021. India,
which is second on the list of countries producing tomatoes during the measured
period, accounts for 10.51 percent of the world’s total tomato production cultivated
781,000 hectares or more. Production: 243,367 hg/ha. It is the second most significant
vegetable. The major states in India are Andhra Pradesh, Karnataka, Orissa, Maha-
rashtra, West Bengal, Bihar, Gujarat, Chhattisgarh, Tamil Nadu, and Jharkhand. The
highest tomato producer in India is Andhra Pradesh, which produces 5962.21 thou-
sand tons of tomatoes annually (from FY 2015 to FY 2020). In comparison to the prior
fiscal year, the cultivated area increased. Tomato production has received greater
attention recently, and tomatoes are often regarded as protective foods due to their
high lycopene content, which aids in the prevention of various cancers. However,
there are numerous obstacles to the production of tomatoes.

Plant viruses are considered to be predominantly damaging to their cultivated crop
hosts’ lives. In the majority of instances analyzed, virus-cultivated agricultural plant
interactions have a detrimental impact on host morphology and physiology, resulting
in disease [1, 2]. Viral diseases impact a lot of vegetable crops. The world’s food supply
is seriously threatened by crop diseases brought on by pathogenic microbes. Viruses,
viroids, phytoplasma, bacteria, fungi, and nematodes are some of the pathogens that
cause infectious plant diseases. Viral diseases pose a serious threat to sustainable and
productive agriculture globally, causing annual economic losses. Plant pathogen
infections are one of the main factors limiting crop productivity globally, and any
destructive issues are caused by the wide range of viral isolates with highly variable
degrees of virulence. They are immovable and often pass from one plant to another
via a live thing called a vector or carrier. Since they have piercing-sucking mouthparts
that enable them to reach and feed on the contents of plant cells, aphids, whiteflies,
thrips, and leafhoppers are the most frequent carriers of plant viruses. Viruses can also
be spread by other insects, mites, nematodes, fungi, contaminated seeds, pollen,
vegetative propagation material, plant-to-plant contact, and other pests [3]. Emerging
diseases, which are characterized by a rapid rise in disease incidence, geographic
scope, and/or pathogenicity, have the most impact. Although the source of plant
viruses is unknown, various suggestions have been put forth that suggest a possible
insect vector as a possible explanation for the similarities between some plant and
animal viruses. Plant viruses are challenging to control because they are widespread
throughout the world and are effectively transmitted to their host plants by vectors.
Although the length and specificity of the interactions between viruses and vectors
vary, some recurring motifs in vector transmission have emerged: Plant viruses bind
to specific sites in or on vectors and are retained there until they are transmitted to
their plant hosts; viruses bind to specific sites in or on vectors and are retained there
until transmission to their plant hosts; and viruses determine the virion’s structural
proteins, which are essential for transmission, as well as additional nonstructural
helper proteins in some cases [4]. Entry, encapsulation, translation, replication,
cell-to-cell movement, encapsidation, vascular transport, and plant-to-plant
transmission—which can be horizontal through vectors or mechanical wounds, or
vertical through seeds and pollen—are the basic steps in the successful infection of a
plant by a virus. Viruses must combat host defenses such as RNA silencing and
protein-mediated general and targeted immunity [5]. The majority of plant patho-
genic viruses have an essential component to their infection cycle: acquisition and
dissemination by an insect vector. Sap-sucking insects spread the virus in two ways:
persistent transmission and nonpersistent transmission, which refer to how long it
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takes an insect to acquire and transmit the virus, and circulative transmission; in some
cases, it then involves virus replication in the cells of the insect host. Plant viruses can
interact with their insect host in a variety of ways. Replicating viruses can also cause
the insect host to mount general and targeted defenses. A recurring character is a need
for specific molecular interactions between the virus and host, frequently via proteins,
for the virus to interact with its insect host or carrier. By preventing virus absorption
and transmission, plant protection strategies can be supported by knowledge of the
interactions between plant viruses and the insects that serve as their hosts. Here, we
offer a perspective centered on identifying existing and novel strategies with research
directions to facilitate control of plant viruses by better understanding and focusing
on virus-insect molecular interactions with these interactions in insect vectors of plant
viruses, and we consider technical advancements for their control that may be more
broadly applicable to plant virus vectors [6].

The increase of publications published on the topic during the past 15 years dem-
onstrates the resurgence of interest in plant virus evolution. In the past 5 years, several
new viruses have been described, some of which have novel genetic characteristics
that have prompted the suggestion of the formation of new genera and the revision of
the virus taxonomy status. There is a need for work aimed at understanding the
processes involved in plant viral evolution, because contemporary plant virus evolu-
tion research has been regarded from a molecular, rather than populational, approach.
Plant viruses create a significant amount of genetic variation that is present both
within and between species using a variety of ways. Plant RNA viruses and
pararetroviruses most likely have replication processes that are very error-prone,
leading to a lot of mutations and a quasispecies nature. Although the origin of the
diversity in the plant DNA viruses is not entirely apparent, it does exist. Recombina-
tion and reassortment are commonly used by plant viruses as evolutionary forces, as
are occasionally other methods including gene duplication and hyperinflation [7].

Even though there is no proof of variation in the mutation rate, the amount of
variety detected in different species of plant viruses is extremely varied. Plant viruses
are thought to result in significant annual losses across the globe. Recent climate
change events may have made this problem worse, and climate change will likely have
an impact on how diseases spread in the future, which may affect how plant viruses
spread. Increases in temperature, atmospheric carbon dioxide concentration, water
availability, and the frequency of extreme weather events will all have a direct and
indirect impact on plant viruses by affecting their hosts and vectors. Climate change
may have an impact on plant viruses’ virulence and pathogenicity, which will increase
the frequency and scope of disease outbreaks. The natural defensive process of plants,
known as autophagy, has become crucial in the interactions between plants and
pathogens. In plants, it serves as an antiviral defense mechanism [8]. The virus
alteration demonstrates how plant viruses can control, subvert, or even employ the
autophagy system for pathogenicity. However, accumulating evidence from virus
modification shows that: (1) high mutation rates are not necessarily adaptive, as a
significant portion of the mutations is deleterious or lethal; (2) despite having a high
potential for genetic variation, populations of plant viruses are not highly variable,
and genetic stability is the norm rather than the exception; and (3) the degree of
genetic variation constriction in virus-encoded proteins is comparable to that in their
eukaryotic hosts and vectors [9].

Although it is difficult to trace the evolutionary history of viruses and practically
impossible to regulate virus disease over the long term, their propensity for fast
adaptation makes them a great model system for research on the broad mechanisms
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underlying molecular evolution. More exemplary research was done in the second half
of the twentieth century, demonstrating the infectiousness of RNA alone, (ii) the
resolution of RNA-protein interactions in the structure determined by X-ray fiber
diffraction, (iii) the existence of a distinct region on the virus for the start of
encapsidation, (iv) the definition of the virus sequence and open reading frames
(ORFs); (v) open reading frames and the definition of the viral sequence (ORFs); and
(vi) cDNA clone that is biologically active [10]. This substantially contributed to our
comprehension of reproduction and transmission, resulting in a new understanding of
viruses among scientists in a subsequent generation. In addition to improving our
knowledge of the local ecology and fitness of mechanically transmitted viruses, this
upcoming research must expand our understanding of virus structure and trans-
porters of small molecules. The process of developing effective host-virus interac-
tions, including how different species move through a vector in different ways. The
top nine virus list is shown in Table 1, in descending order [19].

1.1 Viruses, crops affected, and damage caused

Hence, there is an urgent need to improve its productivity with the help of modern
technological implementation to shield the tomato plants against various biotic and
abiotic factors.

One of the main biotic limitations is virus-associated. One of the most significant
factors restricting its cultivation and productivity is tomato leaf curl disease (ToLCD).
It frequently suffers from a range of infections, which causes significant yield losses.
Infections caused by fungi, bacteria, and phytoplasma are only a few of the many viral
diseases that affect it. The most significant and damaging viral pathogen in many
regions of the world is the tomato leaf curl virus (ToLCV), a geminivirus, which is
responsible for all documented viral diseases in tomatoes [20–27]. Based on the
genome organization, host range, phylogenetic relationships, and insect vectors,
geminiviruses have been classified into nine genera: Becurtovirus (two species),
Begomovirus (>320 species), Curtovirus (three species), Mastrevirus (>30 species),
Eragrovirus (one species), Topocuvirus (one species), and Turncurtovirus (one spe-
cies). Begomovirus is the largest genus in the Geminiviridae family, and it contains
multiple notable species, including ToLCV, which infects tomato cultures in Asia and
Australia. ToLCV is the name given to a group of vector-transmitted geminivirus
genus [28]. Geminiviruses are made up of one or two circular ssDNA genomic com-
ponents of 2500–3000 nucleotides encapsulated in paired icosahedra or geminate
particles (called geminiviruses), as we know them now. Inside the host cell, their
ssDNA genome is converted into a dsDNA intermediate and rapidly replicated
(Figure 1). The introduction of high-yielding tomato varieties has been accompanied
by ToLCV infection [29–31]. In India, in Andhra Pradesh, the disease is widespread in
tomatoes during the summer season in southern parts and autumn in northern parts
and causes yield losses ranging from 27 to 100% [32–34].

1.2 Genome organization

Plant viruses belonging to the Geminiviridae family have circular genomes made
of single-stranded (ss) DNA, which encodes their genetic material. The genomes of all
geminiviruses are identical, as is DNA-A, the section of bipartite begomoviruses that
encodes the proteins necessary for replication, control of gene expression, getting past
host defenses, encapsidation, and insect transmission. Two proteins that enable
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intracellular and intercellular movement in host plants are encoded by the second
component, DNA-B. The unknown is the origin of the DNA-B component. This work
aimed to investigate the relationship between the bipartite begomovirus DNA-A and
DNA-B components to unravel their evolutionary histories and gain insight into the
potential origins of the DNA-B component [35].

One of the genomes recognized are begomovirus species, and they have all Old
World origins (OW). Monopartite viruses have only one molecule of nucleic acid
[36]. The majority of dsDNA viruses exist in monopartite forms. It has been demon-
strated that monopartite begomoviruses interact with betasatellites, which are ssDNA
satellites. In contrast to monopartite begomoviruses, which are phloem confined and
only cause stunting and leaf curl symptoms, several bipartite begomoviruses infect
both phloem and other tissues, causing leaf curling, crumpling, and mosaic/mottling
symptoms, and are sap transmissible [37–40].

1.2.1 Gene functions

The six ORFs that make up DNA-genome A’s are used to encode the signals for the
six most significant viral proteins, which range in size from 11 to 40 kDa. Both viruses
detect ORF. Monopartite begomoviruses have complementary-sense ORFs (C1–C4)
and virion-sense ORFs (V1 and V2), respectively. Together with the V2 protein, the
virion-sense coat protein (CP) promotes viral mobility in plants and is responsible for
insect transmission. The sole viral protein necessary for viral DNA replication is the
geminiviral replication-associated protein (Rep). The ToLCV intergenic region has a
120-bp segment that Rep particularly binds to. Two significant movement proteins,
BV1 and BC1, are encoded by DNA-B and are in charge of long-distance mobility
between cells. Globally, both economically significant and weed crops suffer enor-
mous economic losses due to begomoviruses and their satellites. Monopartite
begomoviruses typically develop a virus/satellite complex with a betasatellite and
cause severe leaf curl in tomatoes Betasatellites linked with geminivirus play a variety
of roles in pathogenesis [41]. In India, the papaya leaf curl virus (PaLCuV) associated
with aster betasatellite yellow vein disease was found. In Pakistan, PeLCV infection of
Pedilanthus tithymaloides plants was connected to the betasatellite for tobacco leaf
curl [42, 43]. Recently, the alphasatellite, a 1.4-kb additional satellite DNA, has been

Figure 1.
Å structure of a plant geminivirus—Nanoviruses have T = 1 icosahedral capsids of �18nm in diameter.
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connected to the tomato leaf curl virus (TYLCV). Although they multiply autono-
mously inside their hosts, they depend on the helper virus for encapsulation, move-
ment inside the plant, and vector transmission. They can multiply independently
within their hosts, but they, like betasatellites, depend on the helper virus for encap-
sulation, mobility inside the plant, and vector transmission. The earliest satellites
discovered in relationship with the ToLCV were deltasatellites, an Australian example
(ToLCV). Previously known as ToLCV-Sat, is currently called tomato leaf curl
deltasatellite (ToLCD). The ToLCD (682 nt long) and the helper virus have no
significant sequence similarities other than the origin of replication [44].

1.2.2 Geminiviruses replication

Geminiviruses employ their insect vectors to transfer their encapsidated DNA to
plants. Due to the lack of a model system for eukaryotic replication, details of
geminivirus replication remain unknown. Other research indicates that the replication
initiator protein (Rep) is the viral protein most crucial to viral DNA replication.
Yellow mungbean mosaic mutations in CR, Rep, AC5, and other replication-related
components and viral proteins, as well as a lack of host factors, inhibited the replica-
tion of the India virus. When injected into protoplasts, DNA-A can replicate itself and
contain the genes required for viral replication [45]. In mature plant cells,
geminiviruses promote the expansion of the DNA replication apparatus to create a
favorable environment for replication. On the other hand, a lot is still unknown about
the process of C4-induced cell division. The physiological advantage of promoting cell
division might produce a situation where DNA viruses can multiply easily. There is
proof that ToLCV can be replicated within the vector, that is, whiteflies. A fivefold
increase in viral accumulation was observed in the early stages of the insect’s life cycle,
followed by a decline in the later stages, according to the first study to demonstrate
this phenomenon, which was published in 2015.

V1, V2, and C3 displayed increased expression after nonviruliferous flies fed on
TYLCV-infected tomato plants for 1 to 3 days. The midgut epithelial cells were also
found to have complementary viral DNA, a sign of viruses that replicate [5, 46]. This
suggests that these cells served as viral replication hubs. Another study found that
insects that consumed diseased tomato plants accumulated 10 times more viral gene
transcripts. In the later stages of the investigation, the reduction in virus titers was
also attributed to autophagy [47]. Contrarily, experimental evidence supports the
notion that TYLCV cannot replicate within its vector. The quantity of viral transcripts
increases only during the acquisition phase and thereafter remains constant, according
to other research, indicating that replication is not occurring [48, 49].

Many DNA viruses depend on their hosts’ transcription and replication systems.
Geminiviruses only employ a small number of proteins, and they rely on host enzymes to
carry out their functions. These genes are transcribed by begomoviruses using their
bidirectional promoters. It produces several overlapping RNA species, some of which are
polycistronic. The TATAbox initiates transcription, and the RNAproduced by the virus is
polyadenylated, showing that the host transcription machinery aids in the geminivirus’
transcription. One complementary-sense transcript (BC1) is produced for DNA-B.

1.3 Tomato leaf curl virus

The Food and Agriculture Organization of the United Nations estimates that the
tomato is the most widely grown tomato crop in the world, producing about 180
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million tons annually [50]. Growing for the processing industry accounts for
one-fourth of the 160 million tons. The annual processing capacity of factories
operated by significant food corporations is about 39 million tons of tomatoes. In all
tropical locations of the world, ToLCV is one of the most virulent viruses that can
cause catastrophic illnesses in vegetable crops [51]. Since ToLCV was originally iden-
tified in solanaceous crops, numerous instances of harm to other crops have surfaced
all across the world (Table 2). It has a devastating impact on the development and
production of several plant groups with significant agricultural economic importance.
In 1948, Vasudeva and Samraj reported the first ToLCV case in India. ToLCNDV has
expanded to other vegetable and fiber crops, according to several studies from the last
10 years [52]. Tomato leaf curl New Delhi virus with mosaic and leaf curl disease has
just been discovered in chrysanthemum. This virus is attributed to diseases in a wide
variety of plant species, including fruit crops and ornamental plants [53].
These begomoviruses may act as reservoirs for crops that are crucial to the economy
[2, 11, 50]. Because it causes one of the most prevalent and economically significant
tomato diseases in the world, ToLCNDV significantly hinders tomato output in gen-
eral [54]. As it has spread across the Indian subcontinent, ToLCNDV’s host range has
significantly increased. India and Pakistan have reported cases of ToLCV linked to
cotton leaf curl disease between 2013 and 2015 [55, 56]. The insects harm the plant
directly by sucking phloem sap (Figure 2), which stunts growth, causes early wilting,
prematures defoliation, and ultimately results in yield loss. They also damage the plant
indirectly by excreting honeydew, which promotes the growth of fungi on the sur-
faces of leaves and fruit. When a peach plant was infected with the leaf curl virus, the
leaves had very little chlorophyll and performed little or no photosynthesis. Previous
research has suggested that ToLCV causes increased reactive oxygen species (ROS)
production in tomato leaves infected with it [57].

1.4 Occurrence and yield loss

According to geographic distribution, the ToLCD is expanding quickly. It affects
tomatoes and significantly reduces agricultural yields in the Southeast United States
and around the world [58]. If infected, susceptible tomato types could lose up to 100%
of their production (142,251). The tobacco leaf curl virus on tomato first appeared
naturally in India in 1942 according to Pruthi and Samuel, who were followed by
Vasudeva and Samraj in 1948. Later, Andhra Pradesh, Hyderabad [59, 60], and Tamil
Nadu [61] first reported the detailed characterization of ToLCV from Karnataka by
Govindu and his coworkers in 1964. The prevalence of ToLCD in South India rapidly
increases from 27 to 90 percent in susceptible cultivars, leading to yield losses of up to
90 percent [62]. The virus’s extreme invasiveness and a dearth of efficient control
methods allowed it to spread globally and cause a serious pandemic. Nine different
ToLCV isolates have been found in India [11]. In the United States, the TYLCV-like
ToLCV has been identified [63, 64]. The tomato leaf curl viral illness, which has a
significantly high disease incidence in both the Rabi and Summer seasons, 96.80
percent and 98.43 percent, respectively, according to Khandare et al. [65], produces
severe leaf curl disease. However, the first reports of tomato yellow leaf curd disease
and the connection between radish leaf curl virus (RaLCV) isolates and a tobacco
disease were both made in 2012 by Singh and his colleagues [66]. The majority of
Indian isolates of ToLCVs are caused by a monopartite tomato leaf curl Joydebpur
virus (ToLCJoV) that causes severe leaf curl. Numerous plants, including natural fibers
and chillies, have been discovered to be infected by monopartite ToLCJoVs [67].
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S. No. Name of
country

Name of the crop

1 Algeria Tomato leaf curl New Delhi virus infecting cucurbit

2 Antigua and
Barbuda

Tomato yellow leaf curl virus (TYLCV)

3 Argentina Tomato rugose yellow leaf curl virus (TRYLCV)

4 Australia Tomato leaf curl virus (TLCV)

5 Australia Tomato yellow leaf curl virus (TYLCV)

6 France Tomato leaf curl New Delhi virus infected in Cucurbita pepo (field pumpkin)

7 Azerbaijan Tomato yellow leaf curl virus

8 Bangladesh Tomato leaf curl New Delhi virus

9 Barbados Tomato yellow leaf curl virus

10 Belize Tomato mosaic leaf curl virus in pepper, red kidney bean, squash, string bean,
and tomato

11 Benin Tomato yellow leaf curl virus

12 Bolivia Whitefly (tomato leaf curl virus vector) was detected

13 Brazil Tomato mottle leaf curl virus

14 Burkina Faso Tomato leaf curl disease

15 Burma Tomato yellow leaf curl virus

16 Burundi Tomato yellow leaf curl virus (TYLCV) and tomato leaf curl virus (ToLCV)

17 Cambodia Tomato yellow leaf curl Kanchanaburi virus

18 Cameroon Tomato leaf curl Cameroon virus (ToLCCMV)

19 Guatemala Tomato yellow leaf curl virus infecting tomato, tomatillo, and peppers

20 Chad Cotton leaf curl Gezira virus (CLCuGV)

21 Chile Tomato yellow leaf curl disease (TYLCD)

22 China Tomato yellow leaf curl virus

23 Colombia Begomovirus identified

24 Comoros
Archipelago

Tobacco leaf curl Zimbabwe virus

25 Costa Rica Tomato yellow leaf curl virus in Tomato

26 Cote d’Ivoire Okra leaf curl disease (OLCD)
Cotton leaf curl Gezira virus (CLCuGeV)

27 Cuba Tomato yellow leaf curl virus infecting pepper plants

28 Cyprus Tomato yellow leaf curl virus (TYLCV)

29 Dominican Tomato yellow leaf curl virus

30 Ecuador Cabbage leaf curl virus infecting common bean, cowpea, pigeon pea, and
Mucuna pruriens

31 Egypt Squash leaf curl virus to Squash (Cucurbita pepo)

32 El Salvador Tomato dwarf leaf curl virus
Tomato saver leaf curl virus
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S. No. Name of
country

Name of the crop

33 Estonia Tomato leaf curl New Delhi virus (Begomovirus, ToLCNDV—EPPO Alert List)

34 Ethiopia Tomato yellow leaf curl virus

35 France Tomato leaf curl New Delhi virus

36 Georgia Cabbage leaf curl virus

37 Ghana Tomato leaf curl Ghana virus

38 Greece Tomato leaf curl New Delhi virus

39 Grenada Tomato yellow leaf curl virus

40 Guatemala Tomato yellow leaf curl virus infecting tomato, tomatillo, and peppers

41 Haiti TYLCV-Is was unintentionally identified

42 Hawaii Tomato yellow leaf curl virus

43 India Tomato leaf curl virus

44 Indonesia Pepper yellow leaf curl Indonesia virus

45 Iran Alfalfa leaf curl virus from alfalfa

46 Iraq Tomato yellow leaf curl virus (TYLCV)

47 Israel Tomato yellow leaf curl virus

48 Italy Tomato yellow leaf curl virus

49 Jamaica Tomato dwarf leaf curl virus

50 Japan Tobacco leaf curl Japan virus

51 Jordan Alfalfa leaf curl virus affecting alfalfa (Medicago sativa) in Jordan, Lebanon,
Syria, and Tunisia

52 Yugoslavia Pelargonium leaf curl virus

53 Korea Papaya leaf curl virus

54 Kuwait Tomato yellow leaf curl virus

55 Laos Tomato yellow leaf curl Kanchanaburi virus infecting eggplant

56 Lebanon First report of squash leaf curl virus in cucurbits

57 Libya Tomato yellow leaf curl virus

58 Malaysia Pepper vein yellows virus and pepper yellow leaf curl virus infecting chilli
pepper (Capsicum annuum)

59 Mali Tomato leaf curl Mali virus and tomato yellow leaf crumple virus

60 Mauritius Tomato yellow leaf curl virus in tomato

61 Mauritania Tomato yellow leaf curl virus

62 México Tomato yellow leaf curl virus

63 Mongolia Tomato yellow leaf curl virus

64 Morocco Tomato yellow leaf curl virus

65 Mozambique Tomato curly stunt virus, a new begomovirus of tomato within the tomato
yellow leaf curl virus

66 Namibia Tomato leaf curl Kunene virus
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Tomato leaf curl Palampur virus (ToLCPalV) strains/variants’ importance is an
increasing hazard to cucurbit output in India. Because of the recombination breakpoint
of the viral genome, these valuable crops are now being destroyed and impacted by
ToLCV. ToLCV has emerged as a major limiting factor and problem for farmers and
scientists alike, with a special focus on management initiatives for preventing the
spread of ToLCD. Because of the economic importance of LCV, efforts have been made
to understand LCV pathophysiology and generate tolerant plants using breeding and
transgenic techniques [61].

S. No. Name of
country

Name of the crop

67 Nepal Tomato leaf curl betasatellite infecting Carica papaya

68 Netherlands Tomato yellow leaf curl virus in tomato

69 Nicaragua Tomato severe leaf curl virus from Nicaragua

70 Nigeria Tomato leaf curl disease

71 Oman Tomato leaf curl Albatinah virus

72 Pakistan Tomato leaf curl Palampur virus on Bitter Gourd

73 Panama Tomato leaf curl Sinaloa virus infecting tomato crops

74 Philippines Whitefly-transmissible geminiviruses-bgomovirus DNA fragments were
detected

75 Piedmont-
Sardinia

Tomato yellow leaf curl Sardinia virus

76 Portugal Tomato yellow leaf curl virus

77 Saudi-Arabia Tomato yellow leaf curl virus (TYLCV)

78 Senegal Tomato yellow leaf curl

79 Seychelles Tomato leaf curl virus

80 Somalia Tomato leaf curl

81 South Africa Tomato yellow leaf curl virus

82 Sudan Tomato leaf curl Sudan virus

83 Spain Tomato yellow leaf curl virus

84 Sri Lanka Tomato yellow leaf curl virus

85 Syria Alfalfa leaf curl virus affecting alfalfa (Medicago sativa)

86 Tanzania Tomato yellow leaf curl Tanzania virus

87 Uganda Sweet potato leaf curl Uganda virus (SPLCUV)

88 Saudi Arabia Tomato yellow leaf curl virus [TYLCV]

89 Venezuela Tomato yellow leaf curl virus

90 Vietnam Corchorus yellow vein Vietnam virus (CoYVV)

91 Yemen Tomato leaf curl Sudan virus

92 Zambia Tobacco with leaf curling symptoms

93 Zimbabwe Tobacco leaf curl Zimbabwe virus

Table 2.
There were reports of huge crop devastation all across the world due to ToLCV.
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1.5 Geographical distribution

Cucumber mosaic virus (CMV), tomato spotted wilt virus (TSWV), tomato
aspermy virus (TAV), tobacco mosaic virus (TMV), tomato bushy stunt virus (TBSV),
potato Y virus (PVY), and ToLCV are among the viruses that infect tomatoes [68–70].
Additionally, mixed infections frequently contain these viruses [71]. In the southern
region of India, a monopartite ToLCV is the most prevalent of the various ToLCVs
[72]. There are several species of begomoviruses, viz. bipartite tomato leaf curl
Palampur virus (ToLCPalV) and tomato leaf curl New Delhi virus (ToLCNDV),
monopartite tomato leaf curl Kerala virus (ToLCKeV), tomato leaf curl Patna virus
(ToLCPaV), tomato leaf curl Ranchi virus (ToLCRnV), tomato leaf curl Rajasthan
virus (ToLCRaV), tomato leaf curl Pune virus (ToLCPV), tomato leaf curl Bangalore
virus (ToLCBaV), tomato leaf curl Lucknow virus (ToLCLuV), tomato leaf curl Kar-
nataka virus (ToLCKaV), tomato leaf curl Gujarat virus (ToLCGuV), and tomato leaf
curl Joydebpur virus (ToLCJoV). The begomovirus, ToLCGuV, that exists in both
mono and bipartite forms has been reported from Varanasi [73]. Both of these catego-
ries are common in India [74, 75]. ToLCNDV is a rare Old World bipartite
begomovirus. It is ubiquitous on the Indian subcontinent but found elsewhere in the
Far East, Middle East, North Africa, and Europe [76, 77]. According to Sahu et al., the
occurrence of Guar leaf curl alphasatellite (GLCuA) could be attributed to whitefly
migration from Pakistan [78, 79]. ToLCV has been linked to infections in a variety of
hosts between 2000 and 2010 [80]. Only the DNA-A component appears to be present
in the monopartite genomes of the tomato leaf curl Bangalore virus from Bangalore

Figure 2.
Schematic representation of Bemisia tabaci [insect vector]-mediated transmission of plant viruses in leaf—Spreads
begomoviruses by sucking the sap from the phloem of leaf curl virus-infected plants (red geminate particles). As a
result of the infection, the plants show characteristic begomovirus symptoms such as vein yellowing, foliar yellow
mosaics, and leaf curling.
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[81, 82] and tomato leaf curl Karnataka virus from Karnataka [83]. The PaLCuV has
been found in many different crops across the globe [84]. Numerous begomoviruses
may pick papaya plants to survive in a variety of uncertain environments. The pres-
ence of chili leaf curl virus and its related tomato leaf curl betasatellite in the Cucurbita
maxima host reveals the virus’s potential harm to this crop [85]. There is a chance that
this virus complex could speed up the spread to other crops. There is a risk that the
virus could spread to other countries via air, sea, and possibly through borders, partic-
ularly among countries that share borders. It is critical to avoid any chance of the virus
spreading to new hosts in other nations by enacting effective quarantine legislation.

1.6 Virus-vector interaction

There are often two components to a vector-transmitted pathogen: host-pathogen
interaction and vector-virus contact (Figure 3). In the past, research on plant-virus
interactions has focused on viral mobility, replication, symptom development, and the
plant’s reaction to infection. Vector-virus interaction, on the other hand, has been an
insufficient investigation.

One of the most invasive creatures is the Bemisiatabaci [Hemiptera: Aleyrodidae],
often known as the whitefly as a vector for ToLCV. It has been ranked among the top
100 worst invasive alien species in the world. It is a cryptic species that includes at
least 39 Hemiptera species and is found naturally throughout the world’s tropical and
subtropical regions [86]. In the last 20 years, B. tabaci has spread around the globe,
likely as a result of the transportation of agricultural products [87]. It has become one
of the most destructive agricultural pests. The bug damages the plant directly by
sucking phloem sap, which results in stunted development, early wilting, premature
defoliation, and ultimately a loss of production, as well as indirectly by excreting

Figure 3.
The infection cycle starts when the vector comes into contact with the virus in the plant and acquires it. The virus
must then survive long enough in or on the vector to be transmitted to a new host and released into the plant cell.
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honeydew, which encourages fungal growth on the surfaces of leaves and fruits [88].
Over 600 plant species are targeted by Bemisiatabaci, and viruliferous whiteflies
creating a feeding site directly contributes to leaf curl virus transmission to plant hosts
[89]. Alfalfa leaf curl virus (ALCV), which is spread by Aphids craccivora [90], is one
of two Capulavirus species that are spread by aphids. Aphid transmission was only
found in 2015, even though the Aphididae family contains most species described as
plant virus vectors [91, 92]. An unclassified geminivirus from the genus Capulavirus
can spread ALCV [93]. Being polyphagous explains B. tobaci wide host range and
ability to spread a lot of viruses to more than 300 plant species from 63 families [94].
Forty-nine begomovirus species have been related to ToLCD, while 17 have been
linked to TYLCD [95, 96]. The two primary tomato geminiviruses that infect tomatoes
and significantly reduce output are ToLCV and TYLCV [97].

The key features of ToLCV acquisition, retention, and egestion by the vector have
been the focus of investigations into how viruses interact with their host’s machinery
fluids. The maxillary stylet is made up of three stylets: a mandibular stylet and the
salivary canal. Individual whiteflies may acquire varying amounts of viral particles in
their exoskeletons even when fed on the same tissue for the same significant period. In
insects, the precibarium and cibarium taste organs control whether virus particles
move through circulatory or noncirculatory channels. Circulating persistent viruses
circulate and stay in the body of the insect for the majority of its life, whereas
noncirculative viruses never breach the gut barrier [77]. Any alteration to the protein
that supports virus retention and transmission (CP) interferes with both processes
[98]. ToLCV uses endosymbionts from whiteflies that release proteins to stop damage
in the open circulatory system. ToLCV’s CP interacts with GroEL, a molecular chap-
erone, and is shielded from deterioration. It has been demonstrated that Hsp70 inter-
acts with CP and blocks transmission. The continuous cycle between the host and
vector due to their circulative pathway affects prospective agricultural output all over
the world. ToLCV particles enter the salivary glands of viruliferous flies while they
feed on phloem sap and are then discharged into plants [99].

1.7 Plant-virus interaction

Geminiviruses are intracellular parasites that must successfully influence plant cell
activities to multiply, block antiviral defenses, and spread throughout the plant
[44, 100]. They inject viral DNA into the host cell during infection, disrupting the
host gene silencing system. During viral infection, the production of ROS in the host
cells is raised to prevent systemic virus migration up to specific cells [63]. To coun-
teract the self-damage produced by ROS, the host creates glutathione peroxidases
(GPXs), which lower ROS levels in the cells. The competence of a virus to co-opt and
alter processes in a particular host plant will influence how the virus-plant relationship
turns out. To hijack the molecular machinery of the host cell, geminiviruses produce a
small number (between 4 and 8) of tiny, rapid evolving, multifunctional proteins,
encoded by bidirectional and partially overlapping ORFs [101]. ToLCV is a whitefly-
transmitted vector-borne disease (Figure 4), and this is the first time ToLCNDV has
been identified as a seed-transmissible virus in zucchini squash plants in Italy. The leaf
curl virus was found in early seedlings sprouted organically from fallen fruits [18].
After being injected into the host, virus particles multiply and travel to other areas of
the body, causing symptoms [102]. Geminiviruses manipulate E2F transcription fac-
tor activity to produce an S-phase environment [103]. Beet curly top virus (BCTV)
infection causes cell expansion (hypertrophy) and division (hyperplasia) [104].
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DNA virus replication in differentiated plant cells requires the induction of cell
division. To achieve efficient replication, DNA viruses encode the C4 protein, which
encourages cell proliferation. The viral protein may interact with yeast and alter its
growth and development, since the expression of BCTV C4 caused a 100-fold
decrease in transformation efficiency [105, 106]. The glycogen synthesis kinase-3
(GSK3) homolog in N. benthamiana, NbSK, is hijacked by the C4 protein of the
tomato leaf curl Yunnan virus (TLCYnV). According to Mei and his coworkers in 2018
[107], SK is a target of geminivirus C4, and activation of cell division is necessary for
DNA virus replication in differentiated plant cells. According to Chandan et al.,
infected tomato plants exhibited increased expression of LeCTR1, one of the ethylene
signaling pathway’s negative regulators. LeCTr1 gene silencing caused by the tobacco
rattle virus (TRV) increased ToLCJoV infection tolerance [101].

1.8 ToLCV recombination, mutation, and evolution

Begomovirus disease complexes are quickly developing to increase their host range
and overcome resistance sources through recombination, component capture, and
mutations.

1.8.1 Mutation

Genetic variation in the tomato yellow leaf curl Sardinia virus [TYLCSV] is a result
of interspecific recombination as well as mutation, natural selection, and genetic drift
[108]. RNA viruses have a high mutation rate as a result of error-prone replication
mediated by viral RNA-dependent RNA polymerases (RDRP). Recombination that
occurs during mixed infections and mutations is what drives viral evolution. DNA
viruses like TYLCV, whose replication is facilitated by plant DNA polymerases, should
have modest mutation rates as a result of proofreading activity [109]. However,

Figure 4.
Plant-pathogen interactions-global environmental change, study the environmental parameters (biotic and
abiotic) influencing the biology of plant viruses and their transmission by vectors.
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studies disagree with these assumptions, and considerable variability has been
reported. Serious outbreaks have been triggered by recombinant TYLCVs with
resistance-breaking capabilities [110, 111].

1.8.2 Recombination and evolution

Mixed infections and high viral replication levels are two conditions that may
promote recombination [103]. As recombination hotspots, the IR, V1, V2, and C1
regions of the genome have been identified [112–118]. Studies from the Punjab regions
of Pakistan and India recently suggest that CLCuMuV has reemerged in the Indian
subcontinent, which is consistent with observations from earlier studies. Its domi-
nance and frequent emergence in North Indian regions have been demonstrated by
recent studies [55]. Researchers examined and studied recombination events in the
viruses to see if they had any consequence on viral transmission due to the high
diversity of begomoviruses in North India. Geminiviruses have evolved and appeared
as a result of recombination. The Cotton Leaf Curl Multan betasatellite [CLCuMBC1]'s
satellite conserved region (SCR) and A-rich portions were particularly prone to
recombination [67]. Additionally, recombination was found in the Rep and A-rich
regions of the GLCuA, supporting earlier findings that suggested these sites were
recombination hotspots [11]. As shown by DNA-A components of ToLCNDV isolates
[119], recombinations involving genomic sequences from other begomoviruses or
sequences of unknown origin are frequent in this genus.

Recombination happened in 458 occurrences among begomoviruses related to
cotton leaf curl disease during 459 mixed infections [120]. If these viruses travel to
other locations, 460, where they are common, new viruses may emerge [4]. The
Recombination Detection Program version 4 [RDP4] was used to identify possible
recombination events in sequences [121]. SeqMan and GenBankBLASTn were used to
put together sequence reads (Table 3). MEGA7 was used to perform pairwise nucle-
otide sequence analysis and build phylogenetic trees [139]. This sequence analysis is
useful to determine the threshold level at 91 percent sequence identified demarcation
for begomovirus classification that has been set [140].

2. Plant viruses management and detection

Human activity is creating conditions that encourage the spread of begomoviruses.
To avoid ToLCV outbreaks and agricultural losses, administrative, legal, and techno-
logical procedures should be implemented. Insect vector biological management may
also be explored to minimize insect vector infestation and disease dissemination. We
discuss recent developments in the identification, characterization, and detection of
plant viruses and virus-like compounds using nano-coupled molecular method
approaches in this review article [141]. The objective of this essay was to accurately
identify the most significant plant viruses as reported by Molecular Techniques con-
tributors. We are well aware that between disciplines and regions, importance and
priority might differ locally (Table 4). In the past, biological assays were a crucial tool
for determining a plant’s health condition as well as for the identification and charac-
terization of a specific virus. The labor- and time-intensive biological indexing has few
practical uses nowadays, though it is still important for plant virus research. Instead,
molecular diagnostics is the primary method used for the precise and sensitive detec-
tion of the majority of viruses and virus-like diseases [151]. Some recent developments
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Viruses Material
DNA/
RNA

Method of
detection

Advantages Limitations References

Asparagus
viruses

DNA cDNA
macroarray

Detect multiple
viruses

High cost and the
large number of
probe

[27, 142]

Potato viruses RNA Generic
methods

Potential to test for a
large number of
targets in a single
assay

Cannot use casts or
instance of with
parameterized types

[18]

Viruses with
non-
polyadenylated
genomes

RNA rRNA-selective
depression
method

To detect a broad
range of viruses

High-throughput
and cost-effective
method

[143]

Tomato yellow
leaf curl virus
(TYLCV)

DNA LAMP-coupled
CRISPR-Cas12

Rapid and sensitive
detection

May be not yet [144]

Any viruses Both
DNA and
RNA

Oxford
Nanopore
Technologies
(ONT)
sequencing

Nucleotide
sequences in real
time without the
need for prior
amplification.

It tends to be error-
prone

[145]

Citrus tristeza
virus

RNA High-
throughput
sequencing
(HTS)

More comprehensive
and standard
operating
procedures

Short-read
technology is that
short read must be
mapped to genome
that is not always
available

[146]

Potyviruses DNA/
RNA

‘Direct RT-RPA Target virus directly
from plant leaf
extracts.
The minimal sample
preparation
requirements and
the possibility of
storing RPA reagents
without cold chain
storage

Detection with CDV
RNA extracted from
strains

[147]

Latent viruses RNA RT-qPCR assays Amplifying the
target from positive
controls without
showing any
detectable
amplification in
negative and
nontarget controls
and revealed high
sensitivity by
reliably detecting

It requires separate
priming reactions
for each target. It is
also wasteful if only
limited amounts of
RNA are available

[148]

Grapevine
viruses

RNA A multiplex RT-
PCR

Simultaneous
detection of nine
viruses at once

(1) The self-
inhibition among
different sets of
primers; (2) low
amplification

[149]
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in point-of-care (POC) nucleic acid extraction technology are summarized in this
study. Emerging bacterial, viral, fungal, and other pathogen-caused human and plant
diseases present a persistent threat to global health and food security [152]. Although
there are numerous pipelines for finding plant viruses, they all have a similar struc-
ture. In POC diagnostics, plant samples are examined right away at the sampling site
for disease screening. Rapid point-of-care (POC) molecular diagnostics of plant dis-
eases is becoming increasingly important for disease control and agricultural protec-
tion. The identification of the disease-causing pathogens and their pathogenesis is
revealed at the genomic level by nucleic acid-based molecular diagnostics. One of the
most important and efficient steps in creating control strategies for plant viral infec-
tions is still the development of reliable and early detection technologies [117].

2.1 Conventional measures before, during, and after vegetation

The virus itself is frequently not the main problem, but rather the vector that it
travels on. To reduce the population of B. tabaci, insecticides including imidacloprid,
acetamiprid, dinotefuran, and thiamethoxam are frequently applied. Whitefly infes-
tation in nurseries may be avoided by using netting. Eretmocerus eremicus and other
biocontrol agents could be very effective control agents. One of the main challenges in
managing pathogens is keeping a pathogen alive in many hosts. Alternate hosts serve
as a repository for inoculum both during the growing season and during periods when
there is no crop. Recent research indicates that the effectiveness of using chitosan as a
biocontrol agent against ToLCV has increased when combined with pseudomonas.
Because begomoviruses are so common, breeders should take them into account when
making selections for resistance.

2.2 Biotechnological approaches for viral disease diagnosis

The family Geminiviridae (genus Begomovirus) has more than 100 different
viruses. Because of improvements in cloning and low-cost sequencing, the number of

Viruses Material
DNA/
RNA

Method of
detection

Advantages Limitations References

efficiency; and (3)
no identical
efficiency on
different templates

Both DNA/
RNA virus

DNA/
RNA

Dot-
immunobinding
assay

Economical to screen
more than 1000
samples against 15
known plant viruses
in a very short time

The biotinylation
process may alter the
structure and
properties of the
proteins of interest

[150]

Cucurbit-
Infecting
Viruses

DNA/
RNA

Fluorescent
microsphere-
based assay

Simplicity,
speediness, and
sensitiveness

Not yet [16]

Table 4.
For the identification of plant viruses and virus-like pathogens, nanotechnology integrated molecular method
techniques.
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accessible genome sequences has significantly increased. Tomatoes have a small DNA
genome that is simple to clone. Numerous tomato viruses can be identified, as well as
new or emerging viruses and viroids, using general virus detection technologies like
enzyme-linked immunosorbent assay (ELISA) or polymerase chain reaction (PCR).
For the accurate identification of well-known and novel viruses and viroids, a bioin-
formatics pipeline based on the alignment and assembly of sRNA or DNA sequences is
necessary. Key viral genes called ToLCNDV miRs affect the fundamental processes
involved in virus emergence. RNAi-based viral gene silencing and sense/antisense
technology have been used to create transgenic resistance. The use of next-generation
sequencing [NGS] technology to quickly, precisely, and affordably detect miRs has
become commonplace. The generation of markers for marker-assisted selection
(MAS) of resistant genotypes may now be done swiftly because to the development of
NGS technology and high-throughput genotyping platforms [153]. The use of trans-
genic methods to control viral infections is extremely successful. The public hostility
to genetically modified organisms (GMOs) in developing countries like India has
inhibited their implementation. Infection is reduced by 75% in transgenic tomato
plants that produce dsRNA-containing sequences from the IR, V1, and V2 regions of
TYLCV-Oman. The identification of VSR may lead to the development of disease
resistance strategies and other biotechnological applications. RNA silencing some-
times referred to as RNA interference or RNAi shields plants from viroids and invad-
ing viruses [111]. The AC4/C4 protein is a pathogenicity protein that impacts plant
development and can be used as a useful tool for research into cell cycle regulation,
hormone signaling, cell differentiation, and plant development. It has been demon-
strated that transgenic lines of AC4 viruses led to abnormal phenotypes and develop-
mental patterns in several different host plants. Disease-resistant tomato varieties can
assist with gene-pivoting and resistance-breeding [154].

Elite tomato breeding lines were chosen using a mix of phenotypic and molecular
screening techniques for ToLCD, late blight, and RKN. To develop fresh market
tomato lines that are begomovirus-resistant, AVRDC, The World Vegetable Center,
initiated a campaign. A lipid transfer protein, nucleotide-binding site, and leucine-
rich repeat (NBS-LRR) proteins, posttranscriptional gene silencing machinery and
other defense genes are expressed specifically in the host in response to ToLCNDV
infection. To build resistance against various ToLCV strains, six resistance loci have
been employed in tomato plants. Of the six resistance/tolerance loci, Ty-1, Ty-2, and
Ty-3 are the ones that are used most frequently. These results suggest that these Ty
loci increase host defense via a different mechanism from the R gene-mediated
hypersensitive response (HR). Increased expression of genes associated with the lig-
nin and SA biosynthesis pathways has been related to improved plant virus defense,
according to reports. A global miR profiling study has shown that a large number of
miRs were differently changed in ToLCV-ND-infected Pusa Ruby tomato leaf tissue.
The study also identified miRs that demonstrated differential expression between the
sensitive and tolerant cultivars. ToLCD resistance is conferred by the expression of
artificial microRNA targeting the ATP-binding region of AC1 in transgenic tomatoes
without affecting tomato output. The antisera’s usefulness in begomovirus identifica-
tion in field samples and reservoir hosts is demonstrated by polyclonal antibodies
generated using purified intact virus and rCP of tomato leaf curl Bangalore virus [155].
From tomato and N. benthamiana leaves that had been treated with the virus,
ToLCBV was successfully purified. Different Indian isolates of the begomovirus in
plant and weed species might be recognized using monoclonal antibodies. ToLCBVC
viral infections were caused by biologist Devaraja in tomato samples as well as other
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crop and weed plant types. Total viral resistance is provided by transgenic plants that
produce Cas9 and dual gRNAs that target different regions of the cotton leaf curl
Multan virus (CLCuMuV) single-stranded DNA genome, offering a special method
for developing geminivirus resistance. Clustered, regularly interspaced short palin-
dromic repeats/CRISPR-associated proteins are the foundation of the genome-editing
technique CRISPR/Cas. It originated from the bacterial and archaeal adaptive immune
systems that resist viruses [156, 157].

2.3 Nanotechnology-based nucleic acid/viral particle detection

High-throughput sequencing (HTS) has enabled virologists to identify an unprec-
edented number of viruses, advancing our understanding of the variety of viruses in
nature and, in particular, revealing the virome of many crops. The gaps in our knowl-
edge of virus biology have, however, frequently become wider as a result of these new
virus discoveries. Enzyme-linked immunosorbent assays (ELISA) and direct tissue
blot immunoassays are two immunological methods now utilized to detect infections
in plants (DTBIA). For the identification and detection of pathogens, DNA-based
techniques such as polymerase chain reaction (PCR), real-time PCR (RTPCR), and
dot blot hybridization have also been proposed [158].

The sensitivity and specificity of virus nucleic acid sequence identity are predicted
to be improved by using nanotechnology-based techniques, which are thought to be
more effective, safer, and target-specific. Compounds made of nanoparticles (NPs)
can simulate ligand and receptor binding to particular target-specific plant diseases,
such as the interaction between an antigen and an antibody. The gold standard for
plant disease diagnostics uses molecular assays based on nucleic acids and antibodies.
Being one of the most fascinating and dynamic fields of research, nanotechnology has
a significant impact on a wide range of fields, including science, engineering, medi-
cine, and agriculture. Nanomaterials, whose diameters typically vary from 1 to
100 nm, can offer enhanced surface-to-volume ratios as well as special chemical,
optical, and electrical properties, making them excellent candidates for the analysis of
plant diseases. For the quick detection of a variety of human and plant illnesses, lateral
flow assays (LFA) and electrochemical sensors have been used as some nano-based
approaches (Table 5). Fast identification of plant diseases is now possible because of
portable imaging equipment (such as cellphones) backed by nanostructures. Due to
the extraordinary biosecurity of designed molecular recognitions at the nanoscale,
which has seen exceptional development in the past decade, nanoscale materials are
promising possibilities for plant disease detection. Overall, thanks to recent advance-
ments in rapid plant DNA extraction technology made possible by microneedles, tiny
DNA sequencing chips, and smartphone-based volatile organic (VOC) sensors, many
traditional laboratory tests, like nucleic acid amplification, sequencing, and volatile
organic compound (VOC) analysis, may now be performed directly in the crop field
in a much faster and more affordable manner [163].

2.3.1 Challenges in nanotechnology

The environmental impact and toxicity of engineered nanomaterials, the quickness
of data sharing and disease forecasting, and long-term sensor stability in extreme
conditions like extreme cold or heat, prolonged sun exposure, and heavy wear are the
three main challenges that currently exist for plant diagnostic tools. The first issue is
that safety issues must be resolved before any nanosensors can be commercialized and
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used in the field because some nanoparticles, like QDs, may be hazardous. More
thorough toxicity testing and regulation are required for nanosensors that will be used
on living plants or consumable agriculture and food items, because dangerous

Virus Plant Nano-based
device

Advantages Limitations References

Orchid
viruses

Cattleya,
Cymbidium,
Dendrobium,
Odontoglossum
hybrids, and
Phalaenopsis

Gold nanorods
(AuNRs)
Fiber optic particle
plasmon resonance
(FOPPR)

Faster analysis,
better
reproducibility,
and lower
detection limit
than ELISA

Conventional UV–
vis spectroscopy is
constrained by
weak resolution
and a low signal-
to-noise ratio,
which may not be
enough to detect
proteins at low
quantities. The
LSPR optical fiber
biosensor, which is
based on
wavelengths,
might experience
the same
restriction.

[159]

Citrus
tristeza
virus (CTV)

Citrus trees Gold nanoparticles
(AuNPs) to
develop a specific
and sensitive
fluorescence
resonance energy
transfer (FRET)-
based
nanobiosensor for
detecting

Rapid, sensitive,
specific, and
efficient in
detecting viruses

Mass transfer
limitation.
Process at low
frequencies

[6]

Cauliflower
mosaic
virus 35 s
(CaMV35S)

Brassicaceae
and Solanaceae
species

Forster resonance
energy transfer

Applied to
identify the real
sample. Most
utility and
reliable for
quantification of
GMOs in food.

Low signal-to-
noise ratio

[83, 160]

Citrus
tristezavirus

Rutaceae Amplification
(RPA) detection on
gold nanoparticle-
modified electrodes

In-field
diagnostic
application and
effective
replacement to
polymerase
chain reaction
(PCR)

Heat sources are
needed for getting
detectable signals,
which represents
an important
practical limitation

[161]

Citrus
tristeza
virus

Citrus Solid-phase
isothermal
recombinase
polymerase

Sensitive,
specific, rapid,
and efficient in
detecting viruses

Not yet [162]

Table 5.
Only a few methods use nanotechnology-based electrochemical nucleic acid sensing in disease diagnosis.
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nanomaterial residues may infiltrate the food chain and be consumed by end users.
Regarding the second issue, the new generation of nanosensors is anticipated to be
more wirelessly connected and capable of providing measurement in close to real time
as the primary requirement for disease diagnosis is consistently the timely report and
forecast of infection events on-site. Finally, before any sensors can be deployed to the
actual yield, more resilient and robust sensors that can endure a wide range of envi-
ronmental factors (such as temperature, humidity, air pollution, etc.) in the agricul-
tural yield are predicted [164].

2.4 Need to resolve

2.4.1 Several outstanding questions and future directions are highlighted

• Luan et al. show that TYLCV infection can trigger whitefly immune responses,
potentially leading to viral particle destruction within the body of viruliferous
whiteflies. These findings suggest that TYLCV infection causes physiological
changes and immunological responses in whiteflies, which is harmful. However,
the precise mechanisms driving the whitefly’s immunological responses to
begomoviruses remain unknown [49].

• Ashish Prasad et al. [102].

◦ What role in the pathophysiology of TYLCV do endogenous noncoding
RNAs, such as sRNAs and lncRNAs, play?

◦ Is there another way to safeguard against the virus? It is imperative to hunt
for new sources of resistance given the virus’s quick global spread.

◦ Investigations focusing on this area may help to fix the problem, because
there is still debate on whether TYLCV can reproduce inside the whitefly.

◦ The effect of suppressor TYLCV proteins in dampening the host RNA-
silencing machinery has been investigated extensively. It is yet unclear if
they can inhibit proteins involved in other processes, such as the ubiquitin-
proteasome system or autophagy.

• Zaidi et al. [77].

◦ By pyramiding various poisons, can we develop broadspectrum resistance
against chewing and sap-sucking insects?

◦ Tma12 kills B. tabaci in two ways.

◦ Will phloem-specific promoters improve the performance of dsRNA and
Tam12?

◦ Will the poisons cause B. tabaci to become resistant?

◦ Can the simultaneous expression of many toxins and/or dsRNAs prevent
resistance breaking?
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◦ Will these strategies work against other begomoviruses including those that
cause cassava mosaic viruses (CMVs) and tomato yellow leaf curl virus
(TYLCV)?

◦ Adapted from a drawing of B. tabaci sucking phloem sap.

• Rolling circle replication (RCR)-dependent geminivirus replication requires the
viral replication initiator protein (Rep) and the conserved common region (CR),
but the precise mechanisms of geminivirus replication are still unknown due to
the lack of a eukaryotic model system [97].

• One of the viral symptom determinants that have the potential to lead to
abnormal cell division is the C4 protein expressed by the geminivirus [107]. On
the other hand, it is unclear what chemical process C4 uses to promote cell
division.

• GAs are a defensive measure, geminiviruses encode viral proteins that lower viral
DNA methylation and transcriptional gene repression (TGS). However, it is still
uncertain how viral proteins contribute to TGS suppression at the molecular
level.

• According to DNA-A components of ToLCNDV isolates, recombinations in this
genus frequently involve genomic sequences from other begomoviruses or
sequences of unknown origin. The taxonomic status of these recombinants is
determined by their relatedness to the original virus(es) and putatively altered
biological characteristics [77].

• The dsDNA intermediates used by geminiviruses to replicate their genome in the
nucleus may be a target for methylation-mediated TGS [98]. Cytosine DNA
methylation is an efficient defense strategy against geminiviruses in plants,
because methylation of the viral genome results in transcriptional gene repression
(TGS). Geminiviruses produce viral proteins that, as a defense mechanism,
reduce viral DNA methylation and TGS. On the other hand, it is yet unclear how
viral proteins contribute to TGS suppression at the molecular level.

• The insect vector Bemisiatabaci does not appear to be the site of tomato yellow
leaf curl virus replication [81]. Due to the characteristic of an extended host
range, controlling and reducing losses brought on by mixed begomoviral
infection is challenging. To lessen agricultural losses brought on by
begomoviruses, a long-term disease management strategy must be devised while
the effects of begomovirus infection on commercially farmed crops like papaya
must be continuously monitored [73].

3. Concluding remarks

One of the most widely investigated plants viral diseases is the ToLCV. On the
Indian subcontinent, ToLCV is the most hazardous bipartite begomovirus, and it has
quickly spread to other regions of the world. The implementation of innovative
management techniques is dependent on the availability of information regarding
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ToLCV-associated viruses and their epidemics, which is lacking. ToLCNDV has an
incredibly diverse population, with mutations that have different host ranges and
some that are better adapted to infecting particular host plants. The invention of novel
techniques to defend plants from infection will be facilitated by an understanding of
the fundamental mechanisms behind such host adaptation. GM techniques based on
gene silencing have presented exceptionally significant options for plant viral resis-
tance tactics, and their long-term promise should not be overlooked. Conventional
control procedures alone are insufficient for ToLCV control. However, combining
many of these approaches following suggestions based on an understanding of the
disease’s epidemiology may make managing ToLCNDV outbreaks easier. As a result, it
is suggested that integrated management techniques integrating numerous control
practices be used. However, more research about the epidemiology and ecology of this
multifaceted disease is needed to develop efficient management strategies. Because
this virus does seem to have a quicker response time than available controls, we should
be able to predict the nature and diversity of ToLCV outbreaks in a more dynamic
environment, which will have drastic effects on virus vectors. The discovery of more
potent and long-lasting strategies to prevent epidemics also depends on a detailed
awareness of ToLCV polymorphism and the factors that influence the growth of its
inhabitants.
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Abstract

Several pathogens and pests damage tomato plants, and only one and/or more 
pathogens and pests can coexist in the same plant at the same time. As several numer-
ous pathogens are found in the same plant, the damage to the tomato plants is higher. 
Pathogens such as nematodes, viruses, viroids, bacteria, and insects adversely affect 
the growth and development of tomato plants. They may infect roots or upper part of 
the plant and can cause not only slow down the growth of plants, but also crop losses 
and their death. Damaging of plant caused by pathogens and pests reduces the market 
value of plant products. Those pathogens and pests are also called biotic stress agents. 
The damage, mode of infection, and the mechanism of infection in each tomato plant 
and pathogens might be different. This situation is crucially important to understand 
plant pathogen relationship in detail in terms of controlling pests and pathogen. The 
effect of each pest/pathogen on tomato plants during the cultivation, the type of 
damage, and new developments and perspectives on morphological and molecular 
aspects in tomato-pathogen interactions will be discussed in this chapter.

Keywords: nematode, viroid, bacteria, virus, insects, pathogens, resistance, pest, biotic 
stress

1. Introduction

Tomato (Solanum lycopersicum L.), member of the family Solanaceae, is a cultivated 
plant with a very large cultivation area in the world. According to 2021 FAO data, the 
amount of tomatoes produced in the worldwide is 187 million tonnes. The highest 
production amount is in China, followed by Turkey in the third place [1]. Tomato (S. 
lycopersicum L., family Solanaceae) is one of the most produced crops worldwide, and 
Turkey is placed in top five countries in terms of the production of Solanaceae family 
[2, 3]. At least 12% of the world’s agricultural products are lost every year due to plant 
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diseases caused by some pathogenic microorganisms and 20% due to some insect 
pests. Disease factors, pest organisms, and weeds in agricultural products can cause 
significant economic losses and damage. If the necessary controls against these factors 
are not made, crop losses can reach from 35% to 100%. The 60–75% of the diseases 
observed in plants are caused by fungal and bacterial diseases, 10–15% by viral 
disease (virus and viroids), and 10% by other pathogens and some environmental 
stress factors [4].

Viruses are commonly encountered in the living ecosystem. Since it does not have 
a complete cellular structure, it interacts with prokaryotic and eukaryotic organisms 
and maintains its own existence [5, 6]. In recent years, plant viruses and their mecha-
nisms of action have been widely studied due to the loss of agricultural products and 
their effects on fruit-vegetable quality. Plant viruses have either single-stranded RNA 
(ssRNA) or double-stranded RNA or DNA nucleotides [7].

Nematodes are one of the most abundant multicellular organisms on the earth. 
They may live as plant and animal parasites and/or free living. Parasitic nematodes 
may infect humans, plants, and animals [8]. Among nematodes, about 4100 nema-
tode species have been identified as plant-parasitic nematodes [8]. They cause signifi-
cant crop losses on tomato plants.

Bacterial, viroid diseases, and insect pests give also significant crop losses affect-
ing tomato production in many regions in the world.

In this chapter, the effect of each pest/pathogen (virus, nematode, viroid, bacte-
ria, and pests) on tomato plants during the cultivation, the type of damage, and new 
developments and perspectives on morphological and molecular aspects in tomato-
pathogen interactions are given.

2. Viruses disease

Tomato viruses are transmitted by vector insects, plant material, and seeds [9]. 
Transmission of tomato viruses is important to determine the plant material used in 
the diagnosis, to choose the method of diagnosis, to prevent the spread of the virus, 
and to develop a method of struggle against the virus. In this part, we examine under 
two subtitles that some viral diseases, the main host of which is tomato, are transmit-
ted only by plant materials including seeds and are transmitted by vector insects 
and/or plant material together. In addition, in this section, the general information 
and classification of viruses, their genetic characteristics, symptoms and damage in 
tomato plants, and preventing against the viruses have been briefly explained.

2.1 Tomato viruses transmitted by plant parts including seeds

2.1.1 Tomato brown rugose fruit virus

Tomato brown rugose fruit virus (ToBRFV) was first reported in tomato in Jordan 
[10]. ToBRFV belongs the family Virgaviridae and genus Tobamovirus, has rod-shaped 
particles with encapsidating a positive-sense single-stranded RNA (ssRNA) [11, 12]. 
ToBRFV is basically transmitted by mechanical ways as plant-plant contact, workers, 
tools, equipment, and irrigation water. The virus is also effectively transmitted by 
seeds [10]. In addition, bumblebees transmit the virus on tomatoes [13]. The virus has 
severe symptoms as mosaic blotch, narrowing on leaves and brown rugose, yellowing 
spots on fruits. Moreover, the virus reduces the quality of the fruit and causes the 
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fruit to be unmarketable [14]. ToBRFV is detected by enzyme-linked immunosorbent 
analysis (ELISA), polymerase chain reaction (PCR)-based analysis by specific prim-
ers, and genome sequencing, NGS (next-generation sequencing) [10, 14–16].

2.1.2 Pepino mosaic virus

Pepino mosaic virus (PepMV) was originally identified in pepino (Solanum murica-
tum) in Peru, in 1974 [17]. Following pepino, the virus was firstly detected in tomato, in 
Netherlands [18]. PepMV belongs to the family Flexiviridae and genus Potexvirus, has a 
positive-sense ssRNA genome with non-enveloped, flexible, rod-shaped particles [17]. 
Although PepMV isolates show a high genomic similarity, they differ from the original 
source isolate that causes disease in tomato [9]. Observing leaf symptoms are yellow 
and mosaic spots, scorching, and deformations [9]. The common transmission way of 
PepMV is mechanical basis such as plant sap, contaminated tools, and surfaces [9]. The 
virus has been also transmitted by recirculating hydroponic system, bumblebees, and 
the root-infecting fungus Olpidium virulentus between tomato plants [19–21]. In addi-
tion, conventional polymerase chain reaction (PCR), quantitative PCR (qPCR) methods 
as TaqMan assays and restriction fragment length polymorphism (RFLP) are also have 
been used for detection of virus and identification of different genotypes [19, 22].

2.1.3 Tobacco mosaic virus

Tobacco mosaic virus (TMV) was the first virus detected [23], belongs the family 
Virgaviridae and genus Tobamovirus [24, 25]. TMV has rod-shaped and encapsulat-
ing particles with a single-stranded RNA (ssRNA) [26–28]. The first viral protein 
structure sequenced belongs to TMV [29, 30]. TMV is transmitted by mechanically 
including workers, tools, and propagating materials [31]. Because the virus has oldest 
genomic information, it has widespread host plants including tomato [32]. TMV 
has characteristic symptoms on the leaves such as light and dark green spots and 
malformation. Moreover, TMV infections have also caused necrotic rings, browning, 
and number and size reducing on fruits [33]. In addition to the serological analysis 
method for TMV, numerous molecular detection methods and diagnostic studies have 
been carried out [34]. In general, virus-free seeds, plantlets, and hygienic measures 
have to be used to prevent from virus like other tobamoviruses.

2.1.4 Tomato mosaic virus

Tomato mosaic virus (ToMV) belongs the family Virgaviridae and genus 
Tobamovirus [12, 35]. The particles of virus are rod-shaped and encapsulating with a 
genome single-stranded RNA (ssRNA) [26]. ToMV has high rate of infectivity, effec-
tive seed transmission, and mechanic transmission easily by working hands, tools, 
soil, and plants parts [12, 36]. Like as other tobamoviruses, ToMV causes malforma-
tion, spotting and clearing on tomato leaves, and malformation on fruit and reducing 
the yields [36]. As with other tobamoviruses, virus-free seeds, plantlets, and hygiene 
measures should generally be used to prevent the virus.

2.1.5 Tomato mottle mosaic virus

Tomato mottle mosaic virus (ToMMV) was firstly identified in Mexico in 2013, 
belongs the family Virgaviridae and genus Tobamovirus, has four open reading frames 
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(ORFs) including the movement protein (MP) and coat protein (CP) in genome [37]. 
As other tobamoviruses, ToMMV is inclined to mechanical transmission including 
contacts, hands, tools, the greenhouse structure, and bumblebees. Moreover, seed 
transmission is also possible with infected seeds [12]. ToMMV causes the mosaic 
symptoms, chlorosis, and leaf deformation on tomato plants [38]. The virus can be 
detected by using polymerase chain reaction (PCR) basis methods [39]. Management 
of the ToMMV is possible by using virus-free seeds and plantlets and using hygienic 
measures [40].

3. Plant-parasitic nematodes

Plant-parasitic nematodes are significant pests and cause crop losses, with an esti-
mated yearly loss of USD 173 billion [41]. It is likely that 10% of world crop production 
is lost as a result of plant-parasitic nematode damage [42]. Most of the plant-parasitic 
nematodes feed on roots and decrease the uptake of water and nutrients [43]. Stylets 
of the plant-parasitic nematodes are important apparatus used to puncture plant cells 
and uptaking nutrient contents. The main signs shown by plants affected by nema-
todes are stunted development, wilting, and susceptibility to contamination by other 
plant pathogens [44]. Although there are many plant-parasitic nematodes, the most 
vital plant-parasitic nematodes in the USA are Heterodera glycines, Meloidogyne fallax, 
Meloidogyne chitwoodi Globodera pallida, Ditylenchus dipsaci, Litylenchus crenatae, 
Globodera rostochiensis, Meloidogyne enterolobii, Pratylenchus fallax and Bursaphelenchus 
xylophilus [45]. Similarly, Meloidogyne spp., Aphelenchoides besseyi, Nacobbus aber-
rans, Pratylenchus spp., B. xylophilus, Heterodera and Globodera spp, Xiphinema 
index, Radopholus similis, D. dipsaci, and Rotylenchulus reniformis are most important 
nematodes in terms of plant pathology [46]. Root-knot nematodes: The nematodes 
belonging to the Meloidogyne genus termed root-knot nematodes are polyphagous 
plant pathogens [47]. They may be found worldwide and parasitize the species of 
higher plants [47]. Root-knot nematodes, Meloidogyne genus, which are obligate plant 
parasites, are economically important and damage plants. They are found in many 
parts of the world and have the ability to parasitize any high plants [47]. They disrupt 
plant physiology and decrease crop quality and yield [9, 48]. Root-knot nematodes 
have 106 species [47]. M. hapla, M. incognita, M. arenaria, and M. javanica are major 
species; however, M. fallax, M. minor, M. chitwoodi, M. exigua, M. paranaensi, and 
M. enterolobii (=M. mayaguensis) are minor root-knot nematode species [41].

The genus of Meloidogyne compromises more than 100 species in the world [46]. 
Root-knot nematodes are named because of their characteristic features, as they 
typically cause root galls. While young plants may not survive high infection by a 
nematode, mature plants often show low yield and growth retardation. Among the 
root-knot nematodes, M. graminicola may cause damage to cereals in South Africa, the 
USA, Australia, and Mexico [44]. M. arenaria, M. incognita, and M. javanica are good 
hosts of some cereal cultivars such as rye, barley, oat, and wheat under greenhouse 
conditions [49]. M. hapla is distributed in temperate regions, and yield losses caused 
by some root-knot nematode species are valued at approximately $10 billion [50]. 
Root-knot nematodes cause damage and induce a unique feeding site structure termed 
giant cells within the plant roots. Cell wall molecular architecture of nematode feed-
ing site is changed [51]. M. javanica, M. arenaria, M. graminicola, M. incognita, and 
M. hapla are some of the most damaging species; some species cause more damage 
to their host than other species. For instance, M. graminicola is one of the main 
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problems in rice fields that develop special hook-like knots on the roots of rice plant 
roots [52]. Root-knot nematodes induce feeding cells and become sedentary within 
approximately 48 hours after nematode infection [53]. The second stage juveniles of 
root-knot nematodes can infect the plant roots. More than one species of root-knot 
nematodes in the same plant tissues can be found. The nematode causes galls in the 
root system (Figure 1), disrupts the vascular tissues, and restricts the exchange of 
water and nutrients. Growth slows down, wilting, stunting, and yellowing of leaves 
are seen. During a severe infection, the plant may completely dry out. The secondary 
damage of root-knot nematodes is that soil-borne pathogens may enter nematode-
induced wounds in plants [54].

4. Tomato pests and their control

4.1 Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae)

Tuta absoluta is the main pest in open field and greenhouse tomato cultivation. 
Adult butterflies are active at night. They lay their eggs, usually under the leaves, in 
the lower part of the sepals of buds and immature fruits. Its larvae damage all parts 
of the tomato plant except the root and in each period. The larva feeds by opening 

Figure 1. 
The root-knot nematode, M. incognita, induced root galls in tomato plants (left) and control-uninfected healthy 
tomato plant roots (right). The nematode cause galls in tomato roots (right).
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galleries between the two epidermes on the leaves of the tomato. The plant may dry 
out completely due to the galleries opened in the green part of the plant. The pest 
enters under the sepals of immature tomato fruits. The damaged fruit loses its market 
value, and rots occur when secondary microorganisms settle in the galleries opened 
in the fruit [55]. As a biotechnical method, pheromone + water trap or pheromone 
+ light + water trap can be used in greenhouse tomato cultivation for mass trapping 
against tomato moth [55].

4.2  Bemisia tabaci (Genn.) and Trialeurodes vaporariorum (Westw.) (Hemiptera: 
Aleyrodidae)

The damage of these pests is important in tomatoes, cucumbers, peppers, beans, 
and eggplant [56]. Whitefly adults use the underside of leaves for feeding, laying 
eggs and resting. Larvae and adults feed by sucking plant sap. As a result of suction, 
yellowing occurs in the form of spots on the leaf. In addition, the pest secretes a sweet 
substance during feeding, with the development of fumagine fungi on this substance, 
a black layer forms on the leaves, and these parts cannot assimilate. For this reason, 
the plant weakens, plant growth is adversely affected, yield and quality decrease. 
Whiteflies give an average of 9–10 offspring per year, depending on the temperature, 
and a female lays an average of 200-300 eggs. Whitefly adults also play an important 
role in the transmission of some viral diseases. Especially Tomato yellow leaf curl virus 
(TYLCV) is carried by Tobacco whitefly [55].

4.3  Liriomyza trifolii (Burgess), L. bryoniae (Kalt.), L. huidobrensis (Blanchard) 
(Dip.: Agromyzidae)]

Especially tomato, cucumber, and beans are among the important hosts of leaf 
fly, which is a polyphagous pest. Adults and larvae of the pest cause damage to 
the plant. Adults lay their eggs between the two epidermes of the leaf [55]. Larvae 
emerging from the egg feed on the parenchyma tissue between the two epidermes 
in the leaf, and as a result, galleries are formed. In the following periods, these areas 
turn yellow, dry, and fall off. It indirectly causes loss of product and value by delaying 
development in young seedlings and plants [55]. A female can lay about 400 eggs in 
her lifetime at 30°C. It can give about 10 offspring under greenhouse conditions. In 
order to obtain healthy plants in the cultural struggle, precautions should be taken 
against pests, especially during the seedling period, For this purpose, ventilation 
openings must be covered with gauze. Weeds around and inside the greenhouse 
must be destroyed. Contaminated plant residues must be destroyed. The soil must be 
kept moist and the pupae must rot from moisture by mulching, and larvae should be 
prevented from becoming pupae by passing into the soil. Entry-exit and ventilation 
openings in greenhouses should be covered with gauze or fine-hole wire to prevent 
the entry of adults. Yellow sticky traps are used in biotechnical control since planting 
seedlings. One of the most important parasitoids is Diglyphus isaea Walker (Hym.: 
Eulophidae). In case of 10 larvae per leaf in tomato, chemical control is decided [55].

4.4  Aphids [Myzus persicae (Sulz.), Aphis gossypii Glov., A. fabae Scop., 
Macrosiphum euphorbiae (Thomas) (Hem.: Aphididae)]

Aphids are particularly damaging to tomatoes, peppers, eggplants, cucumbers, 
and zucchini. Aphids cause damage by sucking plant sap. Due to the suction, the 
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leaves take a shrivelled, curled appearance. As a result of this suction, the plant 
weakens, development stops, the yield and quality of the product deteriorate. The 
sweet substances they secrete cover the plant surface by causing fumagine, and 
damage occurs as a result of the plant’s obstruction to assimilation and respiration. 
It is also the vector of viral diseases. It is known that only M. persicae is the vector of 
50 different viruses [55]. Contaminated plants and weeds should be cleaned from 
inside the greenhouse. Among the predators, especially the species belonging to the 
Coccinellidae, Chrysopidae, and Syrphidae families and the parasitoids Aphidius 
species are very important in terms of biological control. For chemical control against 
Aphids in tomato, it is decided to apply if 20 individuals are seen per leaf [55].

4.5 Tetranychus urticae Koch. (Acarina: Tetranychidae)

As a polyphagous pest, T. urticae is particularly damaging to tomatoes, beans, 
cucumbers, eggplant, peppers, and zucchini [83]. The females lay their eggs on 
the underside of the leaves, between the webs they weave along the leaf veins. The 
larva that emerges from the egg becomes adult by passing the protonymph and 
deutonymph stages. Larvae change three shirts until they reach adulthood [55]. A 
female can lay 100–200 eggs. Depending on the climatic conditions and the host, it 
can produce 10–12 offspring per year in greenhouses [56]. As a cultural precaution 
in the fight against spider mites, plant residues contaminated with the pest should be 
removed from the environment. Soil cultivation should be done, and weeds should be 
combated. In its biological control, especially Phytoseids, Coccinellids, and preda-
tory thrips are the first preferred natural enemies. If five nymphs + adults per leaf 
are determined in chemical control against spider mites in tomato, the application is 
decided [55].

4.6  Thrips [Thrips tabaci Lind., Frankliniella occidentalis Pergande. (Thys.: 
Thripidae)]

Thrips particularly give damage to tomatoes, cucumbers, peppers, eggplants, 
and beans. Adults and larvae injure the epidermis layer of leaves, stems, and fruits 
of plants and feed by absorbing the sap. The cells in the area where the thripsin is fed 
die and white silvery spots appear. As a result, the assimilation capacity of the leaves 
decreases and the leaf edges curl. As a result of feeding on fruit or capsules, silvery 
spots appear, and deformities occur. T. tabaci lay 70–100 eggs during their lifetime. It 
completes one offspring in an average of 14–30 days. It gives 3–10 offspring per year. 
F. occidentalis lays 150–300 eggs during its lifetime. It gives a maximum of 15 offspring 
per year. As a cultural precaution, plant residues contaminated with pest should be 
destroyed. Of the natural enemies, especially Orius spp., it is important for biological 
control. In the chemical control of thrips, if 20 nymphs per leaf or three nymphs + 
adults (adults-larvae) are determined per flower, the application is decided [55].

5. Tomato bacterial diseases

5.1 Bacterial canker Clavibacter michiganensis subsp. michiganensis (Smith)

Clavibacter michiganensis subsp. michiganensis (CMM) is a xylem-inhabiting bacte-
ria [57]. Optimal growth conditions are at 24–38°C and 7 and 8 P. But it found to grow 



Tomato - From Cultivation to Processing Technology

134

in plant xylem at pH 5 [57, 58]. The disease is seed-borne, and bacteria may survive in 
or on the seed coat. Contaminated soil equipment and other materials serve as inocu-
lum sources for short periods. Infected plant materials and soils with infected plant 
debris are important inoculum sources by providing long life periods of bacteria. 
After the plant is infected, bacteria invade xylem vessels, and it moves systemically 
throughout a plant. Disease causes weak and stunted plants. Infected seedlings may 
be quickly collapsed. Bacterial canker caused vascular (systemic) and parenchymal 
(superficial) symptoms. The early symptoms are wilting, curling browning, and wilt-
ing of the leaves, especially along one side of the plant. Wilting of the lower leaves can 
be seen toward the flowering stage. The wilting may progress upward of the plant. 
The wilted parts can dry out in a short time. As a result of the superficial infections, 
necrotic or slightly raised spots may appear on the surfaces of leaves, on the stems, 
and on petioles. In infected plant, cream-yellow to brown coloring of the vascular 
tissues can be seen (Figure 2).

5.2 Bacterial pith necrosis

Bacterial pith necrosis disease is caused by several pathogenic bacteria, 
Pseudomonas corrugata (Scarlett et al.) Roberts and Scarlett, P. cichorii (Swingle) 
Stapp, P. mediterranea Catara et al., P. viridiflava (Burkholder) Dowson, P. fluorescens, 
Pseudomonas marginalis Brown (Stewens), Dickeya chrysanthemi, Pectobacterium 
carotovorum subsp. carotovorum [59–61]. The disease affects tomato plants (S. lycoper-
sicum), especially in greenhouse production. The disease was first described in Britain 
in 1970 by Scarlett et al. [62]. Disease-causing agents are generally opportunistic 
bacteria to cause disease when the plant is under stressful conditions. High humid-
ity, high N fertilizer, and low night temperatures encourage rapid plant growth, and 
the formation of the juicy structure is a disease favorable condition [63]. The major 
entry place for bacteria is the wounds caused after secondary sprout removal, which 
is a common practice in staked tomato fields. Disease agents generally survived in 
seeds, soil, and infected plant debris for 6–8 months [64]. The disease may occur in 

Figure 2. 
Vascular color change of tomato plant by Clavibacter michiganensis subsp. michiganensis (CMM). The bacteria 
inhabit in the xylem. The color of the plant vascular tissues is cream-yellow to brown.
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the field and covered greenhouse crops, especially during winter in greenhouse crops. 
The symptoms are similar to the infections caused by the pathogens P. viridiflava, 
P. corrugata, P. mediterranea, P. carotovorum, or Pectobacterium atrosepticum [65–67]. 
Typical symptoms of pith necrosis on tomato plants consisted of general plant wilt-
ing, yellowing, and brown to black spots or lesions developing on the stem, petiole, 
and fruit stalk (Figure 3). Internally, pith tissues developed water-soaking, brown 
discoloration, hollowing, and soft rotting. In some cases, browning also occurs in the 
vascular tissues (Figure 3).

5.3  Bacterial speck disease Pseudomonas syringae pv. tomato (Okabe) Young, Dye, 
Wilkie

Bacterial speck of tomato is a serious problem in many greenhouse and field 
production areas. Disease can occur at every growing stage of tomato, but it causes 
severe infections at cool, moist conditions. The optimal growth temperature of the 
bacteria is 24–30°C Disease development stops in hot weather conditions. The disease 
is ubiquitous [68], Bacteria can survive epiphytically on weed hosts [69]. Bacteria can 
maintain the viability for 1–2 years as saprophytically on diseased plant residues in 
the soil [70].

The disease is seed-borne. Infection may begin with soil with contaminated seeds 
or plant debris. Secondary contamination occurs from wounds or natural open-
ings. Water droplets play an important role in the spread of the disease. During the 
seedling period, brown-black spots sometimes surrounded by chlorotic margin are 
seen on the leaves and stems of the seedlings, and sometimes these spots spread and 
cause drying of the seedling. The spots on the leaves are small, round, dark in color, 
and unlimited. A yellow halo is usually seen around these spots, which are 1–3 mm 
in diameter. The spots coalesce over time and form large necrotic areas that lead to 
deformation and drying of the leaf. Superficial large brown spots are seen on the main 
stem and branches, leaves, and flower stalks (Figure 4) [71].

Figure 3. 
Bacterial pith necrosis: general wilting and stem necrosis by tomato pith necrosis and stem necrosis and vascular 
coloring of tomato plants caused by tomato pith necrosis. The brown discoloration is seen.
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5.4  Bacterial spot of tomato Xanthomonas vesicatoria Vauterin et al., Xanthomonas 
euvesicatoria (Jones et al.); Xanthomonas perforans (Jones et al.).

Bacterial spot of tomato is a worldwide disease. X. vesicatoria Vauterin et al., 
X. euvesicatoria X. perforans have been identified to cause bacterial spot disease on 
tomato. The disease was firstly discovered in South Africa in 1914 [72]. High relative 
humidity and overhead irrigation are optimal conditions for disease development. 
The optimum growth temperature of these bacteria is 29°C. 20–35°C temperature 
conditions promote disease development, while night temperatures lower than 16°C 
suppress disease development. Infected seeds may serve as a major inoculum source. 
The agent can survive on or in the seed for a year or more. Xanthomonads may also 
survive epiphytically in the tomato phyllosphere. Under favorable conditions, epi-
phytic populations can cause severe infections or outbreaks, especially in transplants 
[73]. Tomato bacterial spot caused necrotic lesions on the leaves, stems, petals, and 
flowers, and fruit [74]. Circular water-soaked lesions appear on seedlings (Figure 5).  
They later dry and turn dark brown to black [75]. Sometimes, halos are present 
around the spots. Primary lesions coalesce, resulting in extensive necrosis and a 
blighted appearance (Figure 5).

5.5 Bacterial wilt of tomato Ralstonia solanacearum

Bacterial wilt (BW) is the most important disease affecting tomato production 
in many regions [76]. It causes severe wilting of economically important crops such 
as tomato, potato, eggplant, chili, and non-solanaceous crops such as banana and 
groundnut. R. solanacearum is an aerobic obligate organism. It was classified as four 
races and five biovars. Race 1 has a very wide host range mainly flowering crops. Race 
2 attacks bananas, race 3 has worldwide effects on tomatoes, potatoes, and other 
Solanaceae plants, and race 4 infects ginger [77]. R. solanacearum can survive on 
weeds and alternative non-host plants epiphytically. Infected soil and crop residues 
may serve as important inoculum sources [78]. The pathogen is carried in tomato 
seeds [79].

Initial symptom of bacteria in tomato is wilting of upper leaves (Figure 6). 
Complete wilting of the plants is observed in a short time. Brown discoloration of the 
infected vascular tissues and visible white or yellowish bacterial ooze can be seen [80].

Figure 4. 
The symptoms of bacterial speck disease P. syringae pv. Tomato (Pst). Large spots on tomato stems (left), flower 
spots (middle), spots on fruit stalks and fruits (right) by Pst.
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6. Tomato viroids

Some viroids are pathogenic, some can continue to multiply asymptomatically 
in susceptible plant species. Viroids are classified in two families, Avsunviroidae 

Figure 5. 
The symptoms of bacterial spot of tomato Xanthomonas spp. Water-soaked lesions of the disease on seedlings 
(left), leaf spots of X. euvesicatoria in greenhouse grown tomatoes (right).N. YILDIZ.

Figure 6. 
The symptoms of BW of tomato R. solanacearum. Wilting caused by R. solanacearum is seen on the leaves of 
tomato plant.



Tomato - From Cultivation to Processing Technology

138

and Pospiviroidae. It has been reported that there are eight species in the family 
Pospiviroidae, which cause symptoms to occur intensely in tomatoes, especially in the 
Solanaceae family [81].

Common symptoms of viroid infection depending on viroid species and variant 
(species and strain), variety, temperature, and light conditions include chlorosis, tan-
ning, leaf deformation, reduced plant growth, severe yield loss, and non-marketable 
fruit symptoms in tomato plants [82].

6.1 Potato spindle tuber viroid

The genus Pospiviroid of the family Pospiviroidae; Potato gothic virus, Potato spindle 
tuber pospiviroid (PSTVd), Potato spindle tuber virus, Tomato bunchy top viroid has 
been named under different names. The PSTVd   factor is included in the EPPO A2 list. 
PSTVd was the first to be identified as a new viroid and is quite different from bac-
teria and viruses [83]. PSTVd   is located in the family Pospiviroidae of the Pospiviroid 
genus [84]. While the main host is potato (Solanum tuberosum and other Solanum 
spp.), tomato (S. lycopersicum), pepper (Capsicum spp.), and other vegetables and 
ornamental plants and weeds from the Solanaceae family also constitute the host 
series. Infections in ornamental plants and weeds are generally asymptomatic. It has 
been determined that many species in the Solanaceae family and a few species in 
other families can be transmitted experimentally [85].

The type and severity of PSTVd   symptoms vary depending on the viroid strain, 
host species and variety, and environmental conditions. PSTVd   infections can be 
asymptomatic or produce symptoms ranging from mild to severe. PSTVd   may cause 
more severe symptoms at higher temperatures [86]. In tomato, early in infection, 
infected plants show slow growth and chlorosis in the upper part of the plant, while in 
advanced stages the growth reduction may become more severe and leaves may turn 
red and/or purple and become more fragile (Figure 7). At this stage, flowering and 
fruiting may stop. In advanced stages, plants may die or partially recover.

6.2  Citrus exocortis viroid (Citrus exocortis pospiviroid) (Indian tomato bunchy 
top viroid)

The disease agent was observed for the first time with the symptom of bark scaling 
on the three-leaf rootstock of citrus fruits, and it was revealed that it was transmitted 

Figure 7. 
Potato spindle tuber pospiviroid (PSTVd) induced plant symptoms on tomato plants. PSTVd symptoms of tomato 
plant (Money maker cv. (left) and H5656 cv. Standard cultivar (right)). Control plant represents the uninfected 
plants.
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by the bud [87]. In 1972, this factor was determined to be a viroid [88]. The agent is 
classified as a Citrus exocortis viroid (CEVd) species in the Pospiviroid genus of the 
family Pospiviroidae. CEVd is one of the best characterized viroids today. Exocortis 
disease is called citrus dwarfing viroid disease in our country. CEVd can cause scaling 
in the bark tissue of citrus trees, peeling and general stunting of the plant [89, 90]. 
Decreased growth, stunting may occur, chlorosis in leaves may become more severe, 
turning into reddening, bruising, and/or necrosis (Figures 8 and 9).

6.3 Columnea latent viroid

Columnea latent viroid (CLVd) agent was first detected in the Columnea eryth-
rophaea plant in the US state of Maryland in 1989, and it was stated that the agent 
was present asymptomatically in this plant [91] but it was later determined that it 

Figure 8. 
The symptoms of CEVd (Citrus exocortis pospiviroid) (Indian tomato bunchy top viroid). CEVd symptoms of 
Gynura aurantiaca indicator plant and tomato plant (H5656 cv. Standart cultivar). Control plant represents the 
uninfected plants.

Figure 9. 
The symptoms of PSTVd (A) and CEVd (B) in S. lycopersicum L. (Hünkar cv.) and C. annuum L. (Sunam F1 
cv.) plants.
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produced PSTVd-like symptoms in potatoes and tomatoes [92]. The agent is Brunfelsia 
spp., Columnea spp., Gloxina spp. and Nematanthus species are generally asymp-
tomatic (latent) in ornamental plants [93, 94]. Both PSTVd   and MPVd were found 
naturally in wild Solanum species [95]. In tomatoes, CLVd can cause general stunt-
ing, deterioration of leaf structure, formation of thin-stemmed plants, tanning of 
leaves, chlorosis and leaf epinasticity, as well as necrosis of leaves, stems, and petioles 
(Figure 10A).

6.4 Mexican papita viroid

The MPVd agent was first identified in 1996 in the plant Solanum cardiophyllum, 
a wild solanum species in Mexico [95]. The symptom caused by MPVd in plants is 
observed as a general stunting and the formation of chlorotic and purplish spots on 
the leaves (Figure 10B). Depending on the severity of the infection, the fruit size 
decreases and/or no fruit is formed. There are uncertainties about how the agent 
is transported. The sequence of MPVd was determined to be very similar to that of 
TPMVd (93%) and PSTVd [95].

6.5 Tomato apical stunt

Tomato apical stunt (TASVd) causes severe symptoms in tomato plants shortening 
of the internodes, leaf deformation and yellowing, shrinkage, and less coloration 
of fruits (Figure 11A). TASVd has been reported in the Ivory Coast, Tunisia [96], 
Senegal [97]. TASVd has also been detected asymptomatically in some ornamental 
plants (e.g., Brugmansia, Cestrum, Solanum jasminoides, S. rantonetii, Streptosolen 
jamesonii). TASVd is transported by seed, by plant sap during mechanical processes 
(during pruning, etc.). While it is not carried by pests such as M. persicae and B. 
tabaci, it is carried with pollen with the help of bumblebees during pollination. There 
is insufficient data on the geographical distribution, host range and epidemiology of 
TASVd, and control of viroids is difficult in practice [98].

Figure 10. 
The symptoms of CLVd in pepper plants. CLVd (A) and Mexican papita viroid (MPVd) (B) symptoms of S. 
lycopersicum L. (Hünkar cv.) and C. annuum L. (Sunam F1 cv.) plant.
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6.6 Tomato chlorotic dwarf viroid

Tomato chlorotic dwarf viroid (TCDVd) agent was first detected in 1996 in a tomato 
greenhouse in Manitoba, Canada [99]. As the hosts of the agent; Brugmansia spp. and 
hybrids, Petunia spp., Solanum melongena, Verbena spp., and Vinca minor plants have 
been reported. The agent has been found in Arizona and Hawaii [100, 101], India [102], 
Slovenia [103]. It has caused disease in tomatoes grown in greenhouses in [104]. General 
stunting, curling of leaves, chlorosis that may turn bronze or purple in later periods 
(Figure 11B), necrosis in petioles and veins, leaf epinasticity, apical bunching, small It 
causes losses in total yield with the appearance of cracked fruit formations [105].

6.7 Tomato planta macho viroid

Tomato planta macho viroid (TPMVd) agent was first detected in the tomato 
state of Morelos, Mexico, in 1982 [106]. Seven species in the Solanaceae family have 
been reported as natural hosts of TPMVd to date. Since the fruits of the infected plants 
are in the size of balls and they are completely unmarketable, great commercial losses 
have been experienced. Although this factor was initially thought to be a viral disease, it 
was later determined to have a viroid etiology [107–109]. In infected tomato plants, the 
first symptoms begin 10–15 days after the infection as growth cessation. Chlorosis, 
epinasty, wrinkling, wrinkling are seen on the leaves and the leaves become brittle. 
Later, the leaves shrink and turn yellow and stand upright. Although excessive and early 
fruit formation is seen, the fruits remain small. No seeds are formed in the fruit or fruits 
with very few seeds are formed. In general, severe stunting is observed in the plant and 
the fruits may lose their market value. The main symptom occurring within the cells 
is necrosis caused by the collapse of the phloem [106]. TPMVd affects plant growth 
(Figure 12). It has been reported that the agent can be transmitted mechanically and by 
the vector M. persicae, but there is no conclusive evidence of seed transmission [110].

Figure 11. 
The symptoms of TASVd in plants. TASVd (A) and ToCDVd (B) symptoms of S. lycopersicum L. (Hünkar cv.) 
and C. annuum L. (Sunam F1 cv.) plant.
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7. Plant resistance to pathogens

Many devastating diseases widely distribute throughout the world in tomato-
growing areas and tomato hosts more than 200 species of pests and pathogens [111]. 
Bacterial canker caused by seed-borne organism Clavibacter michiganensis subsp. 
michiganensis (CMM) is a destructive disease in both field and protected cultivation 
of tomato crops. S. hirsutum, S. peruvianum, S. pimpinellifolium, and S. chilense are the 
wild relatives to improve resistance source of S. lycopersicum [112–115]. Inheritance 
of the resistance was controlled by four-gene model [116]. Inheritance of the CMM 
resistance in wild relatives has been explained by at least four genes [117] and quan-
titative trait loci (QTL) associated with resistance in interspecific cross [118]. Two 
major loci Rcm 2.0 and Rcm 5.1 introgressed from LA407 (S. hirsutum) have been 
identified on second and fifth chromosome and explained epistatically 68% of the 
variation [119].

Whitefly transmitted tomato yellow leaf curl virus (TYLCV Genus Begomovirus, 
Family Geminiviridae) has been threatened to tomato production throughout the 
temperate regions of the world since 1930s [120]. TYLCV and/or TYLCV-like viruses 
have many strains and genomic recombinants causing similar symptoms [121]. 
TYLCV-resistant tomato breeding program was initiated in Israel where first symp-
toms were observed in the world [122]. TY-20 has been improved as the first hybrid 
variety resistant to TYLCV from S. peruvianum (line M-60) and S. lycopersicum (line 
10) [123]. Cucumber mosaic virus (CMV) has been divided into subgroups (I and II) 
and generates stunting, filiform leaves, and necrosis. A single dominant resistance 
gene Cmr derived from chromosome 12 of S. chilense accession (LA458) contributes 
complete or partial resistance to cultivars [124]. Potato virus Y (PVY) and tobacco 
etch virus (TEV) are two of main viruses belonging potyviridae transmitted by many 
species of aphids infect to tomato plants. The recessive gene pot-1 sourced from PI 
247087 contributes resistance by single recessive genes both TEV and PVY [125, 126]. 
ToMV and TMV are named synonymously vice versa. Three dominant resistance 
genes Tm-1, Tm2, and Tm22 are used to improve resistant varieties derived from PI 
235673 (S. lycopersicum) [127], PI 126926 (S. peruvianum) [128], and PI 128650 (S. 
peruvianum) [129], respectively. S. peruvianum is the wild relative used as genetic 
resource for resistance to Meloidogyne spp. Resistance is conferred by a single eight 

Figure 12. 
The effect of TPMVd on plants. TPMVd (A (60 days), B (21 days)) symptoms of S. lycopersicum L. (Hünkar cv.) 
and C. annuum L. (Sunam F1 cv.) plant.



143

Host-Pathogen and Pest Interactions: Virus, Nematode, Viroid, Bacteria, and Pests in Tomato…
DOI: http://dx.doi.org/10.5772/intechopen.106064

Mi-1 to Mi-8 dominant gene located on chromosome 6 and 12, controls M. incog-
nita, M. arenaria, and M. javanica [130]. Resistance sources to Meloidogyne spp. 
are PI128657 (Mi or Mi-1), PI270435-2R2 (Mi-2) PI126443-1MH (Mi-3), LA1708-1 
(Mi-4) PI126443-1MH (Mi-5), PI270435-3MH (Mi-6 and Mi-7) PI270435-2R2 
(Mi-8). Mi-3, Mi-7 and Mi-8 genes confer resistance to virulent strain M. incognita 
557R. Nematode resistance is heat-sensitive in tomato. Mi-4, Mi-5, and Mi-6 genes 
contribute resistance over 30°C. LA2884 (S. chilense) line has heat stable resistance 
[131]. Potato spindle tuber viroid (PSTVd), tomato chlorotic dwarf viroid, citrus 
exocortis viroid, Columnea latent viroid, TASVd, tomato planta macho viroid (includ-
ing Mexican papita viroid), and pepper chat fruit viroid have been identified as causal 
agents of pospiviroids in tomato. Ther is no commercial variety resisting to pospi-
viroids [132]. Potato spindle tuber viroid (PSTVd) causes yield loss, plant stunting, 
leaf chlorosis, smaller fruits. It is one of the most prevalent viroid species attacked 
to tomato plants. Four accessions belonging S. chilense and S. habrochaites have 
been reported less than 50% of PSTVd infection [133]. S. pimpinellifolium (LA0373, 
LA0411) and S. chmielewskii (LA1028) plants reported highly tolerant to PSTVd [134].

8. Conclusions

Plant-pathogens and pests are significantly important and cause an immense 
amount of crop losses worldwide. Plant-parasitic nematodes, insects, bacteria, viroid, 
and viruses damage crops at a high rate. Some groups of those diseases and pests 
parasitize the specific host plant, while others are polyphagous. Identification of 
plant-parasitic nematodes, insects, bacteria, viroid, and viruses and determination of 
the parasitism mode of action are important in terms of controlling pests and disease. 
Plant pathogens and pests show very different symptoms in plants, for example, root 
knot nematodes cause galls, bacteria cause color changes in plant stems and roots, 
viruses and viroids cause color changes and deformities in plants. The species of some 
insects that cause not only their own damage, but also secondary damages due to the 
fact that some of them carry viruses (for instance M. persicae is the vector of numer-
ous viruses). Therefore, in order to grow disease-free plants, it has to be protected 
of healthy plants from plan-pathogens and pests. In controlling diseases and pests, 
it is important to have a deep understanding of the host-parasite interactions using 
cutting-edge technology and techniques. It is also crucially significant for future 
studies to fully understand host parasite interactions at morphological, molecular, 
and genetics level.
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Chapter 7

Viral Diseases of Tomato – Origins, 
Impact, and Future Prospects with 
a Focus on Tomato Spotted Wilt 
Virus and Tomato Yellow Leaf Curl 
Virus
Stephen F. Hanson

Abstract

Tomatoes are affected by a number of viruses, with tomato spotted wilt virus 
(TSWV) and tomato yellow leaf curl virus (TYLCV) being two of the most damag-
ing. TSWV and TYLCV have severely impacted tomato production worldwide for the 
past several decades at levels that led to both of these viruses being included in the list 
of top ten most important plant viruses. While they were first described in the early 
1900s, both of these viruses emerged in the 1980s to become the severe and persistent 
problems they are today. The emergence of both viruses was facilitated in part by the 
emergence and expansion of more efficient insect vectors. Natural sources of resis-
tance, especially from wild relatives of tomato, have provided some measure of control 
for both viruses to date. This chapter summarizes the origins, emergence, and impacts 
of these viruses, along with current approaches and future prospects for control, 
including both natural and engineered resistance.

Keywords: tomato spotted wilt virus, TSWV, tomato yellow leaf curl virus, TYLCV, 
RNAi, SIGS, spray-induced gene silencing, RNA interference

1. Introduction

Tomato (Solanum lycopersicum) is a member of the Solanacea family of plants that 
also includes potato, chili and bell peppers, and eggplant. Tomato is a ubiquitous crop 
produced worldwide for a variety of uses ranging from high value fresh fruit to use 
in a variety of processed products including ketchup, pastes, soups and stews, and 
canned pasta sauces. Tomatoes are grown under a variety of conditions including 
open fields, plastic or green houses, screenhouses, and indoor growth rooms.

Tomatoes are one of the most important vegetable crops in the world, valued for 
both their flavor and nutritional qualities including being rich in vitamins A and 
C as well as minerals like calcium, potassium, and phosphorus. According to FAO 
statistics, tomatoes are the most widely produced vegetable, with production levels 
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of ~170 million tons annually and accounting for ~16% of all vegetable production 
worldwide [1] coming from ~5 million cultivated hectares. Tomato production has 
been steadily increasing over recent decades, with China, the US, and India being the 
largest producers.

Tomato was likely domesticated by indigenous peoples in Mexico and became 
an important vegetable crop in Central America prior to the arrival of Europeans. 
Tomatoes were first introduced to Europe by conquistadors returning from the 
Americas then spread across Europe and the Spanish empire. Tomatoes spread quickly 
around the globe and even reached China during the 16th century [2].

Tomatoes are affected by many diseases, like all domesticated crops that have 
been extensively bred and grown in high-density monoculture. Diseases affecting 
tomato include those caused by bacteria, fungi, viruses, and nematodes. Viruses cause 
some of the most consistent and severe losses of tomato crops (reviewed in [3–5]). 
This chapter will focus on two viruses that have caused serious problems in tomato 
production for several decades, tomato spotted wilt virus (TSWV) and tomato yellow 
leaf curl (TYLCV). Both of these viruses were included in the top ten most damaging 
plant viruses, with TSWV and TYLCV occupying the second and third spots on the 
list, respectively [6].

TSWV and TYLCV provide interesting contrasts on a number of levels includ-
ing genome structure (RNA for TSWV and DNA for TYLCV), the origin of TSWV 
appearing to have been disseminated around the globe along with tomatoes and/
or peppers, while TYLCV has emerged more recently and its spread has been partly 
facilitated by humans; TSWV has an extremely broad host range that includes plants 
and animals, while the host range of TYLCV is much more limited. These two viruses 
also share some common themes including the role of insect transmission in their 
emergence as leading pathogens, the strong potential for natural resistance to play a 
role in controlling damage, and the potential for biotech/genetic engineering solu-
tions to reduce damage caused by these viruses. This chapter will examine some of 
the commonalities and differences between TSWV and TYLCV as well as current and 
potential future prospects for control of these highly damaging pathogens.

2. Tomato spotted wilt virus background

TSWV causes severe losses in tomato and many other crops worldwide. Symptoms 
of TSWV in tomato include spotting, often ring spots, and uneven ripening that 
renders the fruit unmarketable, along with bronzing and wilting of vegetative tissue 
(Figure 1). The first known report of spotted wilt disease on tomatoes was in 1915 
in Australia [7]. This spotted wilt disease was shown to be thrips transmitted in 1927 
[8] and attributed to a virus in 1930 [9]. TSWV was subsequently reported in various 
regions around the glove, including Hawaii and Europe, where it appeared sporadi-
cally for several decades until emerging as a more regular and profound problem 
in the 1980s. Since that time, TSWV has become one of the most damaging plant 
viruses in the world, being cited for regularly causing over $1 billion in annual crop 
losses worldwide since the mid-1990s [10] and being recognized as the second most 
damaging plant virus in the world [6].

TSWV is a member of the Tospovirus genus within the family Bunyaviridae. 
TSWV virions are pleomorphic pseudo-spherical, with a diameter ranging from ~70 
to 120 nm, and are enveloped in a host-derived membrane [11]. The RNA genome 
segments inside the envelope are encapsidated in N protein [12]. The virions also 
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contain the L protein, which is the viral RNA-dependent polymerase [13]. TSWV is 
mechanically transmissible to most plant species it infects, and plants can be infected 
with either virions or membrane-free ribonucleoprotein complexes that contain the N 
protein-encapsidated genome segments [14].

Tospoviruses have a tripartite negative sense (or ambi-sense) genome (Figure 2). 
The three genomic RNAs are designated by size as large (L), medium (M), and small 
(S) RNAs. The L RNA have an entirely negative sense, while the M and S RNAs have 
ambi-sense and encode genes in both the viral genome sense and viral complement 
senses [15]. The TSWV genome codes for five proteins overall [16]. The L protein is 
coded on the viral or negative sense on the L RNA and is the viral RNA-dependent 
polymerase [13, 17]. The M RNA has ambi-sense and codes for the NSm protein in 
the genome sense and the polyprotein that is processed into the two structural glyco-
proteins in the genome complement sense. The non-structural protein NSm has been 
shown to promote cell to cell and long-distance movement during infection [16, 18]. 
The glycoproteins were formerly referred to as G1 and G2 but are now denoted as Gn 
and Gc, indicating their N- or C-terminal location in the precursor polyprotein. The 
glycoproteins decorate the surface of the virions and are required for thrips transmis-
sion [19, 20]. The ambi-sense S RNA codes for the nonstructural protein NSs in the 
genome sense and the N protein in the genome complement sense. The NSs protein 
promotes thrips transmission and also functions as a suppressor of RNA silencing 

Figure 1. 
Tomato spotted wilt on tomato and chili pepper fruit. Typical symptoms of TSWV, including uneven ripening 
and spotting of fruit on tomato (left) and chili pepper (right).

Figure 2. 
Genome structure of TSWV. Cartoon representation of the tripartite TSWV genome showing the L, M, and S 
RNAs approximately to scale. Yellow boxes show positions of open reading frames in the genomic (L, NSm, NSs) 
and genome complement (glycoprotein precursor and N) senses.
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[21, 22], while the N protein is the nucleocapsid that encapsidates viral RNA to 
form RNPs [23]. The N protein is also required for local spread, suggesting that 
RNPs may be the functional viral unit involved in local spread [24].

Reverse genetic systems have been a valuable tool that enabled in vitro infection 
from cloned cDNA and DNA copies of plant virus genomes, mutational analysis of 
virus genes, evaluation of chimeric viruses, and more. Unfortunately, reverse genet-
ics systems have been unavailable or difficult to develop for viruses with negative or 
ambi-sense genomes, including TSWV. The recently reported rescue of TSWV from 
cloned cDNAs is an exciting step forward that will enable reverse genetic analysis of 
TSWV to TSWV researchers [25].

TSWV has an extremely broad host range and is a rare case of a virus that infects 
hosts in two different kingdoms as it replicates in both plants and its thrips vector 
[26]. This observation led to the speculation that TSWV may be a thrips-infecting 
virus that evolved to also infect plants, which may partially explain its severity as a 
plant virus. For plants, the host range of TSWV includes over 1000 different plant 
species in 82 botanical families encompassing both monocotyledonous and dicoty-
ledonous plants [27]. This extremely broad host range likely contributes to TSWV 
disease persistence since there is a high likelihood that alternate hosts will be present 
even when susceptible crops are not being grown.

TSWV is transmitted by at least 10 different species of thrips with Frankliniella 
occidentalis, commonly known as the wester flower thrips, being the most efficient 
vector species [28, 29]. Transmission is circulative and propagative [30, 31]. While 
adult thrips can acquire TSWV, they are unable to transmit it, and transmission 
only occurs when thrips acquire TSWV as first- or second-stage larva [29, 32, 33]. 
While adult thrips can acquire TSWV, they are unable to transmit; thus, the acqui-
sition of TSWV by adult thrips is a dead end for TSWV. Thrips larvae can acquire 
TSWV with acquisition access periods as short as 15 min although transmission 
efficiency increases with longer acquisition access periods, and an acquisition 
period of 4 days was reported to result in 74% of emerging adult thrips being 
competent for TSWV transmission [34]. Thrips that acquire TSWV remain infected 
and able to transmit TSWV for life due to the circulative propagative nature of 
transmission.

TSWV is thought to be acquired by thrips via an animal virus-like receptor-medi-
ated interaction that is rare among plant viruses. The demonstration that a truncated 
soluble form of the TSWV glycoprotein Gn interferes with thrips transmission of 
TSWV, presumably by blocking TSWV receptors in the thrips midgut, suggests that the 
glycoproteins are the viral proteins that mediate virion acquisition [35]. Identification 
of thrips receptors for TSWV has been an area of interest since it may lead to strategies 
for blocking thrips transmission of TSWV. While early reports of thrips proteins that 
interact with TSWV [36] generated some excitement, these initial leads appear to have 
been dead ends (S. Hanson, unpublished). More recent work has identified different 
thrips proteins that interact with TSWV virions or glycoproteins and are therefore 
promising candidates for receptors that mediate TSWV acquisition in thrips [37].

TSWV was described as occurring in many different parts of the world going 
back to the mid-1900s. This worldwide distribution as a minor pathogen before 
emergence as one of the most damaging agricultural viruses suggests that TSWV 
may have spread around the world with host plants like tomato and pepper as they 
were brought back from meso-America and subsequently spread around the globe. 
Molecular phylogeny studies that have shown that TSWV often exists as a stable 
populations in geographically isolated regions and may have spread around the world 
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with tomatoes and/or peppers when these plants were introduced to Europe and 
beyond by Spanish explorers returning from the Americas [38]. The emergence of 
TSWV as a more widespread and damaging disease started in the 1980s, likely due 
to the spread of the more efficient western flower thrips vector into areas that were 
already infested with TSWV.

3. TYLCV background

Serious outbreaks of tomato yellow leaf curl disease were reported in the late 1920s 
in the Jordan Valley [39]. Typical symptoms of TYLCD include mosaic chlorosis and 
stunting of affected plants (Figure 3). Since then, numerous outbreaks of TYLCD 
happened around the Mediterranean in the 1960s. From there, it spread throughout 
the Middle East to Central Asia, Africa, and the Americas. TYLCV is now considered 
to be ubiquitous across tropical, subtropical, and temperate regions [40]. During 
the 1980s, outbreaks of TYLCV became more common and widespread, with some 
being noted as causing up to 100% loss in affected areas of Italy and the Dominican 
Republic [41, 42]. All of this led to TYLCV being recognized as one of the most severe 
viral pathogens of tomato worldwide [43, 44] and to TYLCV being ranked the third 
most important plant virus in the world [6].

TYLCV is a member of the geminiviridae family, characterized as having single 
stranded genomes that replicate via a rolling circle type of mechanism and unique 
twinned icosahedral capsids (reviewed in [45]). There are nine recognized genera 
within the geminiviridae, and TYLCV is part of the begomovirus genus, which is 
characterized as being transmitted by whiteflies and infecting dicot plants [46]. The 
large number of individual viruses within the begomovirus genus has led to several 
revisions for how groupings are determined and individual viruses are named within 
this group [47, 48]. The begomovirus genus contains numerous distinct tomato-
infecting members, with the TYLCV subgroup being recognized as one of the most 
damaging to agriculture [47]. With so many closely related members, the TYLCV 
subgroup is often treated as a complex of closely related strains that are individually 
identified by including the location where the strain was recognized in the name, 
such as for tomato yellow leaf curl sardinia virus denoted as TYLCSV (recent list-
ing in table 1 of [47]). In addition to the large number of strains identified to date, 
mixed infections that produce recombinant/chimeric variants are believed to happen 
frequently [49].

Figure 3. 
TYLCV symptoms. Typical symptoms of TYLCV on tomato, including stunted plants (left) and mosaic chlorosis 
(right).
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TYLCV was the first member of the begomovirus genus with a monopartite 
genome, with most begomoviruses having bipartite genomes (Figure 4). The genome 
of TYLCV is ~2.7 Kb and codes for genes in both the viral and complementary senses 
[50]. The relatively small and simple nature of geminivirus genomes has facilitated 
extensive reverse genetic analysis via infectious DNA clones that have been obtained 
for many geminiviruses including TYLCV.

The viral sense codes for two open reading frames (ORFs), with V1 encoding the 
capsid protein and V2 coding for a multifunctional protein that functions to both 
facilitate movement and suppress RNA silencing [51, 52]. The genome complemen-
tary sense strand encodes four overlapping ORFs that have broad functions in viral 
replication, transcription, and host interactions. The C1 ORF encodes the replication-
associated protein that contains ATPase and DNA nicking domains [53]. The C1 pro-
tein promotes rolling circle replication directly by initiating and terminating rolling 
circle replication via DNA nicking and ligase activities and indirectly by recruiting 
host factors involved in viral DNA replication. The C2 ORF codes for a transcriptional 
activator protein (TrAP) that regulates early and late gene expression. The C3 ORF 
codes for a replication enhancer protein (Ren). The C4 ORF is involved in symptom 
development and movement [54]. Like all geminviruses, TYLCV contains a large 
intergenic region that facilitates bidirectional transcription and contains the origin of 
replication, including a requisite stem-loop sequence, where rolling circle replication 
begins and ends.

TYLCV, like all begomoviruses, is transmitted by whiteflies (Bemisia tabaci) 
in a circulative manner (reviewed in [55]). Acquisition and inoculation can both 

Figure 4. 
TYLCV genome. Cartoon representation of the circular ssDNA genome of TYLCV. Open reading frames are 
shown in yellow. The large intergenic region containing the origin of replication and bidirectional promoters is 
shown in red.
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be as quick as 15 minutes. While several B. tabaci biotypes are able to transmit 
geminiviruses, the emergence and spread of the B biotype that is highly efficient at 
transmitting geminiviruses played a key role in increasing the spread and severity of 
geminivirus diseases, including TYLCV, that started in the 1980s.

4. Management of TSWV and TYLCV

In spite of many differences in virus biology, the factors that lead to the emer-
gence of these viruses and measures for control share a lot of commonalities. A great 
deal of work has gone into reducing losses caused by TSWV and TYLCV over the past 
few decades, with some promising advances, although much remains to be done as 
both viruses still cause extensive losses in tomatoes at present. Standard IPM-based 
practices, especially those that limit insect vectors, are widely used for controlling 
both TSWV and TYLCV [56–58]. Although these IPM-based approaches can produce 
modest reductions in disease, they are not able to prevent all diseases. Breeding for 
disease resistance has shown some success for both TSWV and TYLCV, and thus, 
resistance breeding programs are likely to continue as a focus into the future. While 
not broadly adopted at present, genetic engineering (GE) has shown great poten-
tial for controlling both TSWV and TYLCV. The high cost of developing GE lines, 
extensive regulatory requirements, and concerns about consumer acceptance of GE 
crops have severely limited the adoption of these approaches for control of diseases 
in agricultural crops (reviewed in [59]). Thus, GE-based approaches hold great 
promise for controlling diseases if GE crops become more widely accepted for use in 
agriculture.

Since the emergence and expansion of more efficient vector species was a major 
driver in increasing damage caused by these viruses, a number of approaches, 
especially integrated disease management approaches, have focused on reducing 
populations of insect vectors or managing production aspects like time of planting to 
reduce exposure of plants to viruliferous insect populations [58, 60]. Strategies based 
on insect vector control remain challenging for several reasons, including the lack of 
effective insecticides, the rapid evolution of insecticide resistance, the fact that both 
thrips and whiteflies are successful on a number of alternate hosts, and very quick 
transmission when viruliferous insects enter agricultural fields.

5. Genetic resistance

Natural resistance has been a highly successful and long-relied-upon strategy for 
controlling many plant pathogens. Often, wild relatives are found to contain sources 
of resistance that can be introgressed back into domesticated lines where resistance 
has been lost.

Several resistance genes have been described for TSWV. These include the single 
dominant R genes like the Tsw gene from Capsicum chinense and the Sw-5 from 
Lycopersicon peruvianum that have provided commercially useful resistance to TSWV 
resistance in tomato [61–63]. Both of these genes confer a typical hypersensitive 
response (HR)-based resistance that usually prevents systemic infection by stopping 
pathogens at the site of inoculation [64]. Molecular studies on TSWV strains with 
re-assorted genomes were used to determine that the NSm gene is the avirulence 
determinant recognized by the Sw-5 gene [65].
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Natural resistance genes have also been described for several geminiviruses, with 
many of the resistance genes coming from non-domesticated relatives (reviewed in 
[66]). This is especially true for TYLCV [66]. The tomato relative Solanum chilense is 
noted as the most common source of TYLCV resistance genes identified to date [66]. 
At least twelve different sources of resistance to TYLCV were described as of 2020 
(summarized in [67]). The Ty-2 gene appears to be a canonical R gene with typical 
nucleotide binding (NB) and leucine-rich repeat (LRR) regions [68], while others 
are clearly not classical R genes, but are rather genes involved in RNA metabolism, 
basic metabolism, cell status sensing, or signaling. The Ty-1 and Ty-3 resistance 
genes appear to be alleles of a gene [69] that encodes for RNA-dependent polymerase 
and cause increased cytosine methylation in replicated genomes [70]. Members of 
the WRKY group III transcription factors have been shown to play a role in TYLCV 
defense signaling [71]. Still other genes involve in hexose transport or other metabolic 
processes [72].

Unfortunately, single dominant R genes tend to have limited durability and are 
often overcome as pathogens evolve to escape the resistance. This is the case for 
many of the resistance genes described above. Resistance breaking strains of 
TSWV that overcome the Sw-5 genes have emerged several times independently 
in different areas including Europe, the US, and Australia [73–75]. Multiple 
independent cases of resistance breaking TSWV variants have also been reported 
for the Tsw genes [61, 76]. Resistance breaking has also been observed for several 
of the described TYLCV genes. Ty-2 mediated resistance was reported to be 
overcome by TYLCV-Sardinia [77] and an isolate of the mild strain of TYLCV [78]. 
The Ty-1 gene has been shown to be overcome occasionally under high disease 
pressure [79].

The generation of resistance breaking strains does not mean that R genes are 
not useful for control of TSWV and TYLCV. On the contrary, genetic resistance has 
proven to be one of the most effective tools for limiting TSWV and TYLCV losses to 
date. And the generation of resistance breaking strains is both typical and expected 
for any single dominant R gene against any evolving pathogen. For R genes to provide 
long-term utility, they need to be cycled through, with tomorrow’s R genes being 
discovered while today’s are in use. Fortunately, wild relatives of tomato appear to 
be a robust source for the discovery of new R genes that may be able to supply novel 
sources of genetic resistance to these viruses well into the future. This is evidenced 
by one recent study that has evaluated ~700 accessions derived from 13 wild tomato 
species, where ~140 of the lines were symptom free after inoculation with TYLCV 
[66]. Based on this, it is likely that wild species will continue to be a robust source of 
natural resistance genes that will help in reducing TSWV- and TYLCV-caused losses 
for the foreseeable future.

It should also be noted that while R genes are the most common form of resistance 
gene found historically, single dominant R genes are not the only type of genetic resis-
tance to pathogens. There are several examples of multigenic resistance and tolerance 
that provide long-term stable reductions in pathogen losses. One current example is a 
multigenic field resistance that appears to be providing long-term durable control of 
TSWV in peanuts [80]. Sequence-level population analysis of multiple TSWV genes 
did not detect any resistance-related selection in TSWV populations, indicating that 
this multigenic resistance is likely to be durable. While this resistance appears to be 
based on high-level tolerance, it provides commercially useful control of TSWV in 
peanuts, a crop that suffered serious losses from TSWV prior to deployment of this 
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resistance. Future work using marker-assisted breeding and similar approaches may 
be useful for developing tomato lines with similar multigenic resistance to TSWV and 
TYLCV in the future.

6. Engineered resistance

Genetic engineering is an approach that has proven useful for developing resis-
tance to many plant pathogens including many plant viruses. This is true for TSWV 
and TYLCV, where numerous approaches for creating engineered resistance have 
been reported over the past several decades. While several approaches have been 
described, gene silencing/RNAi approaches (reviewed in [81]) are the most common. 
Despite promising research results, genetically engineered virus resistance has not 
been widely adopted due to several barriers, including the high costs for the develop-
ment of commercial lines approved for human consumption and public resistance to 
GMO crops (reviewed in [59]).

The first description of engineered resistance to TSWV was described in 1991 [82]. 
Since that time, several additional examples of engineered resistance to TSWV have 
been reported, including the use of chimeric RNAi-inducing genes that confer broad 
spectrum tospovirus resistance [83, 84]. Despite these promising results, engineered 
resistance to TSWV has yet to be deployed in commercial crops.

Numerous examples of engineered resistance have also been described for 
geminiviruses in general and TYLCV in particular (reviewed in [85]). Similar to 
TSWV, the first reports of engineered geminivirus resistance also date back to the 
1990s, with many of these attempts using virus-derived resistance targeting the 
viral genes involved in replication, movement, or encapsidation [86–88]. Examples 
also include numerous descriptions of anti-sense RNA- and RNAi-based resistance. 
There are also some interesting examples of non-pathogen-derived resistance, 
including the use of peptide aptamers that interfere with the function of geminivirus 
replication-associated proteins that were found to confer high-level tolerance to 
several diverse begomoviruses, including TYLCV and tomato mottle virus [89]. Still 
other approaches have targeted host functions like those involved in modulating 
host defenses [90, 91]. Approaches that modulate host resistance responses have also 
shown promising results.

Geminiviruses are one rare example where engineered resistance has been 
approved and deployed in crops produced for human consumption [92]. In this case, 
common beans engineered to express an RNAi construct targeting the Rep gene of 
bean golden mosaic virus (BGMV) proved to be highly resistant to begomoviruses 
affecting bean production in Brazil [93]. The lack of natural resistance sources for 
BGMV, in spite of decades of screening, made engineered resistance an attractive 
alternative for BGMV. Extensive multi-year field testing showed that this gene 
effectively protected common beans from BGMV-caused losses, which had previously 
reduced yields by 40–100% [94]. So far, this resistance is only approved for use in 
Brazil. The effectiveness of this approach for controlling BGMV-caused losses, and 
similar levels of conservation among the Rep genes of TYLCV isolates, suggests that 
this approach has strong potential for controlling TYLCV-caused losses. While genetic 
engineering holds great promise for controlling TYLCV, the substantial barriers asso-
ciated with development costs, regulatory approval, and consumer acceptance must 
still be overcome before engineered resistance approaches can be broadly utilized.
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The time, cost, and consumer acceptance barriers to deploying genetically 
engineered resistance in crop plants intended for human consumption have spurred 
innovation aimed at producing similar resistance mechanisms without using trans-
genic plants. Promising approaches in this area include the use of exogenous double-
stranded RNAs that are sprayed on plants to induce an RNAi response in a process 
referred to as spray-induced gene silencing (SIGS; [95]). SIGS has shown promise 
against several viral pathogens including TSWV [96]. Another similar approach 
uses endophytic bacteria engineered to express dsRNAs that can induce and RNAi 
response in plants. This bacterial-mediated RNAi, sometimes referred to as transk-
ingdom RNAi, has shown promise in reducing infection by fungal and viral plant 
pathogens [97]. It will be interesting to see if SIGS or transkingdom RNAi evolve into 
useful technologies that provide control of plant pathogens while successfully skirting 
the barriers that have prevented more widespread adoption of genetically engineered 
approaches for control of plant pathogens like TSWV and TYLCV.

7. Summary

Tomatoes are the most widely produced vegetable on earth, and viruses have been 
a persistent problem in tomato production for as long as tomato has been cultivated 
as a crop. TSWV and TYLCV have been serious yield-limiting constraints on tomato 
production for the past several decades. Tried and true practices like traditional 
resistance breeding and integrated disease management have allowed continued 
production of tomatoes in spite of the severe losses these viruses can cause. It is likely 
that both of these viruses will be better controlled in the future based on the rich body 
of knowledge developed to date for these viruses. In particular, the abundance of 
natural resistance sources that are known to be present in wild relatives will continue 
to be a valuable source of natural resistance genes. Biotech is also likely to play a 
bigger role in the future on several levels. Marker-assisted breeding and other related 
approaches will speed introgression of natural resistance resources into commercial 
cultivars. And if (or when) the cost and societal acceptance barriers are reduced, 
approaches like engineered resistance and technologies like SIGS are certain to reduce 
virus caused losses.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
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Abstract

In recent years, there has been a considerable increase in land area used for tomato 
(Lycopersicon esculentum Mill.) in many countries around the world. The essential role 
is played by Italy at a worldwide level as the country with the third biggest produc-
tion of tomatoes for processing. Phelipanche ramosa (L) Pomel, commonly known as 
branched broomrape, is a root holoparasitic weed for many crops, particularly for the 
processing tomato. Due to its physical and metabolic overlap with the crop, its under-
ground parasitism, and hardly destructible seed bank, the control of this parasite in 
the field is difficult. Results of research studies, many of them on environmental-
friendly methods such as preventive, agronomic, and biological carried out in south-
ern Italy, are discussed and summarized. The results can constitute a relevant basis for 
further experimental studies.

Keywords: orobanche, Phelipanche ramosa, control methods, processing tomato crop, 
cultural practices

1. Introduction

Tomato (Lycopersicon esculentum Mill.) is the vegetable crop with the highest demand 
and the greatest economic value in the world. Tomato trade and production have 
particular importance in tropical, subtropical, and mild regions of the world, for both 
fresh and processing markets [1]. In recent years, there has been a considerable increase 
in the world land area used for tomato production. The essential role is played by Italy 
at a worldwide level as the country with the third biggest production of tomatoes for 
processing after the United States and China. The 2021 tomato processing campaign in 
Italy closed with a production of just over 6 million tons of processed product, up 17% 
compared with 2020. Italy’s production is 13% of the world’s and 53% of Europe [2].

In Italy, as in other areas of the world [3, 4], and especially in the Mediterranean 
basin, the tomato crop and other species (broccoli, fennel, parsley, celery, and 
chamomile) are undergoing increased attack of a holoparasitic plant with obligate 



Tomato - From Cultivation to Processing Technology

174

root belonging to the Orobanchaceae family, the Phelipanche ramosa (L.) Pomel (syn. 
Orobanche ramosa L.), commonly known as the branched broomrape. Tomato is 
highly vulnerable also to similar species, as the Phelipanche aegyptiaca Pomel (syn. 
O. aegyptiaca) and O. cernua Loefl., which are known to cause damage and yield 
reductions in this crop [5]. The broomrape seeds only germinate in response to spe-
cific chemicals (strigolactones) released by the host plant, and the plant spends most 
of its life cycle underground (Figure 1) [7, 8].

Following germination, the seedlings attach to the host roots by the production 
haustoria that penetrate the host tissues until they reach the vascular system for 
uptake of water and nutrients, assimilate, and grow at the expense of the host plant’s 
resources [5]. P. ramosa attacks tomato roots early in the growing season, within 
14–28 days after transplanting (DAT), depending on the temperature conditions, 
and the shoot usually emerges within 35–56 DAT [9]. Once connected to a host plant, 
broomrape grows rapidly, forming a tubercle (a storage organ for nutrients and water 
extracted from the host) underground. Multiple shoots (up to about 20) develop from 
the tubercle and emerge above the soil surface, and then grow to stalks from 15 cm to 
30 cm in height (Figures 2 and 3). Flowering begins within 3–7 days after a broom-
rape shoot emerges above the soil surface. A mature broomrape plant can release more 
than 500,000 seeds (from 0.2 to 0.4 mm), which can remain dormant and viable for 
many years (> 20) in soil [5]. The number of emerged shoots per surface unit, and/or 
number and dry weight of parasitic plants per host plant, can be used as indicator to 
monitor Phelipanche infestation [10].

The air and soil temperature are the main factors that influence the dynamic of host/
parasite interaction and development. Moreover, the optimum temperature for maximum 
germination of Orobanche seeds decreases as the level of their water stress increased [11].

Figure 1. 
A summarized life cycle of a branched broomrape (from Osipitan et al., 2021) [6].
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The presence of the parasite causes a significant reduction in the photosynthetic 
capacity of tomatoes, as shown by the higher SPAD chlorophyll indices detected on 
the leaves of infested tomato crop compared with the non-infected one (Figure 4). 

Figure 2. 
Branched P. ramosa plant (F. Lops).

Figure 3. 
P. ramosa infestation in tomato (F. Lops).



Tomato - From Cultivation to Processing Technology

176

This generates a loss of biomass of their aerial organs [13] and a significant decrease 
in crop yield (Figure 5), mesocarp thickness, fruit color, compactness, content of 
soluble solids, of ashes, and of ascorbic acid [15].

2. Management of P. ramosa in the field

Effective control of P. ramosa is difficult because, as already mentioned, most of 
its life cycle occurs below the soil surface. Thus, the effective management of this 
parasitic weed will require a long-term and an integrated approach. Measures to 

Figure 4. 
Average SPAD values ± SD of parasitized and non-parasitized tomato plants, measured at 53 days after 
transplanting. Different letters indicate significant differences at P <0.05 according to Tukey’s test [12].

Figure 5. 
Relationship between tomato marketable yield and number of emerged branch shoots of P. ramosa detected at the 
end of tomato cycle (harvesting time) [14].
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successfully contain the problems due to P. ramosa need to be targeted at: i) reduction 
of the existing P. ramosa seed bank in the soil; ii) prevention of further seed produc-
tion; and iii) prevention of seed dissemination. These objectives are mutually depen-
dent. Practices to control this parasite include several methods (preventive, chemical, 
agronomic, and biological), which help to avoid germination, infection, or strong 
reproduction of the weed [16, 17].

2.1 Prevention methods

Preventing the movement of parasitic weed from infested into un-infested areas or 
its spread in recently infested fields is a crucial component of control. Principal mea-
sures are to remove the Orobanche prior to flower opening; the quarantine for a period 
of at least 2 years, and in subsequent years only rotational crops may be cultivated 
(e.g., in California, these crops are those approved by the local agricultural commis-
sioner); clean and disinfect all equipment used in a field with broomrape infestation 
[6, 17]. As for seed eradication on farm equipment, quaternary ammonium com-
pounds have been found effective in Phelipanche and Orobanche spp. [18].

2.2 Chemical methods

Herbicides that currently are in use for parasitic weed broomrape control in vari-
ous crops are sulfonylurea and imidazolinones. Sulfonylurea herbicides are absorbed 
through the host plant foliage and roots with rapid acropetal and basipetal transloca-
tion. Imidazolinone herbicides are absorbed and translocated through the host to the 
meristematic tissues. The most successful method to the parasite control in processing 
tomato is to apply sulfonylurea herbicides, on foliage and by injection through the 
drip irrigation system in preplanting, or post-emergence, or post-planting [19]. Soil 
herbigation (saturating the soil with sulfonylureas) effectively controls pre-attached 
stages of broomrapes [20], but this is hardly compatible with other agricultural crop-
ping practices, as detrimental for many crop seedlings for several weeks or months. 
Applying sulfosulfuron to the soil three times, at 200, 400, and 600 growing degree 
days, followed by two applications of imazapic to the tomato foliage late in the season, 
effective Egyptian broomrape control has been achieved [21, 22]. In the conditions of 
southern Italy, the best parasite control and tomato yield performances were obtained 
with sulfonylureas (rimsulfuron and chlorsulfuron) applied through drip irrigation in 
pretransplant at 25.0 and 5.0 g a.i. ha−1, and in post-transplant at 75.0 and 15.0 g a.i. 
ha−1, respectively [23].

2.3 Agronomic methods

In order to integrate the use of chemical methods, there has been an increased 
effort to research suitable methods (fertilization, soil solarization, long-term rota-
tion, soil management, sowing, or transplanting date) for the control of this parasitic 
weed, even because there is an increasing market for organically grown tomatoes, 
where the use of chemical pesticides is not an option [24].

2.3.1 Fertilization

Broomrape infestations occur mainly in soils poor nitrogen (0.2 and 1.8 ‰) and 
organic matter (1–2%) such as many soils of southern Italy [25], where the Italian 
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research studies related in this chapter were carried out. Also, phosphate in deficient 
soil showed a suppressive effect of P. ramosa parasitism [26]. Therefore, soil fertility 
management can contribute to the management of this parasite. Phosphorous and 
nitrogen have been described to downregulate strigolactones exudation in some crop 
species [27–29].

Direct contact with fertilizer, such as urea and ammonium, may be toxic to broom-
rape, inhibiting seed germination and seedling growth [30]. Urea fertilizer, due to 
hydrolysis in soil, produces ammonium ion, which probably exerts the toxic effect on 
the parasite [31].

Nitrogen fertilizer (80 kg ha−1 N) or sulfur (8 t ha−1 S) applied prior to the 
tomato seedling transplant showed a suppressive effect on the seed germination 
of Phelipanche [32]. Also, the mixtures of chicken manure and sulfur significantly 
reduced the dry weight of Orobanche and increased eggplant and potato yield com-
pared with the control [33].

Organic compounds are widely used in cropping systems to increase soil organic 
matter, structural stability, water holding and cation exchange capacities, and as a 
source of nutrients [34].

Recently, in the olive production and/or processing areas, as those of southern Italy, 
the use of oil mill wastewater (OMW) has been proposed as a suitable method for the 
containment of P. ramosa. In this regard, several trials dealing with the OMW distributed 
on the heavy infested soils at the dose of 80 m3 ha−1, 40 days prior to tomato seedling 
transplant (Figure 6), and incorporated into the soil later, revealed a significant reduc-
tion (between 34 and 76%) of emerged P. ramosa plants with respect to the untreated 
control (Figure 7), limiting the additional seed production of this parasite [35]. This 
could be due to the organic and mineral compounds, as nitrogen, phosphorus, and 
potassium contained in the OMW, which could improve the nutrient status of the tomato 
plants in addition to the effects of phenols present in the OMW that could produce a 
reduction of P. ramosa seed germination [36–38]. Therefore, the tomato marketable yield 
showed a significantly higher value in the OMW treatment than the untreated control. 
No significant differences for the fruit qualitative characteristics were observed [35].

Figure 6. 
Mechanical distribution of OMW on the soil (F. Lops).
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Furthermore, in recent years, the use of organic fertilizers or “plant biostimulant” 
compounds has encountered increasing interest in agriculture because they play roles 
in various soil and plant functions [39]. Some of these compounds of natural origin, 
such as natural amino acids, were also suggested for use in P. ramosa management 
strategies being able to inhibit seed germination [40, 41]. Experimental results in 
Italy indicated that using the commercial product “Radicon®” (a suspension-solution 
containing humic substances), at the time of transplanting (immersing the root of the 
seedlings in a 1.5% solution), and incorporating it into the soil in the first 3 irrigation 
interventions, produced a reductions of 68.1% of emerged shoots in comparison with 
the untreated control. These substances introduced into the soil rhizosphere can cause 
severe physiological disorders of the germinating P. ramosa seeds, thus reducing the 
number of developing tubercles of the parasite [42].

2.3.2 Soil solarization

Solarization is used in many warm climate countries, as pre-tomato planting 
treatment. Its consists of heating the soil through sun energy achieving temperatures 
above 45°C, by covering a wet soil with transparent polyethylene sheets for a period of 
4–8 weeks during the warmest season [43]. This method for the high cost per surface 
unit is not readily applicable at large scale [44]. Solarization may be more effective if 
combined with added nitrogen fertilizers as chicken manure [45].

2.3.3 Rotation

Decreasing the frequency of tomato cultivation prevents P. ramosa seed bank 
increases, maintaining the seed bank dormant and reducing the rate of seed bank 
replenishing. However, it is a long-term strategy due to the long viability of seed  
bank [16], which requires at least a nine-course rotation in order to prevent broom-
rape seed bank increases [46]. Its efficacy for broomrape cultural control can be 
increased including trap and/or catch crops as components in the rotation [16].

The trap crops are species (e.g., Medicago sativa, Vigna unguiculata, Pisum sativum, 
and Linum usitatissimum) whose root exudates induce broomrape seed germination, 

Figure 7. 
Average number per m−2 of P. ramosa for OMW and control at the time of the tomato harvest in the different 
trials. Different letters indicate significant differences at P < 0.05 according to Tukey’s test [35].
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but these species do not allow attachment or support broomrape seedling growth 
and survival [47].

Catch crops are host plants that support normal parasitism, but they are harvested 
as green vegetables after the parasite seeds germinated and before the flowering and 
seed dispersal stages of the parasite itself. For instance, Brassica campestris when 
managed properly as a catch crop can result in up to a 30% reduction in the size of 
broomrape seed bank [48].

2.3.4 Soil management

The soil tillage management must aim at reducing the seed bank, while minimiz-
ing the production of new seeds. In this regard, inversion plowing results in burial 
of a large proportion of seed in the tillage layer, carrying them at a depth from which 
they cannot germinate, although they remain viable in the deep soil for a long period 
of time [49, 50]. Deep plowing has been suggested to bring seeds of parasitic weeds 
to a depth with less oxygen availability and therefore a reduction in its germination 
capacity [51, 52]. Eizenberg et al., 2007 observed that the deep plowing ≥ 12 cm 
strongly reduced broomrape infection severity in terms of number of parasites, total 
parasitic biomass, delayed broomrape emergence and prevention of flower initiation, 
and seed set. Results of another study [53], carried out in two heavily infested fields 
in southern Italy, showed significant lower parasite attachments on tomato roots, the 
lower dry weight of emerged and underground-branched shoots per host plant in 
50 cm deep plowing compared with 30-cm-deep plowing (Table 1).

2.3.5 Sowing or transplanting date

The air and soil temperature are the main factors influencing the dynamic of host/
parasite interaction and development. Temperature is strongly connected with the cli-
matic conditions, which are themselves related to the periods for crops seedling into 
the field. Delayed sowing is consistently reported to reduce infection of winter crops 
such as oilseed rape [30]. Also, in spring-summer crops such as sunflower, modified 
planting dates provided the indirect effect of temperature on Orobanche parasitism 
[54]. In this regard, a study by Kebreab et al., 1999 [55] reports that at supra-optimal 
temperatures for germination of O. crenata seeds (i.e., above 25°C), they will not 

Field trials Plowing depth Total attachments Shoot (DW) Tubercles

(cm) (no) (g) (g)

Field trial A 30 9.7 ± 2.4 a 56.9 ± 12.9 a 106.1 ± 11.8 a

50 5.1 ± 1.5 b 29.9 ± 6.7 b 56.1 ± 8.2 b

Field trial B 30 12.8 ± 2.8 a 73.0 ± 16.4 a 140.7 ± 15.6 a

50 7.9 ± 1.6 b 46.2 ± 10.4 b 87.4 ± 9.7 b

Average plowing 
depth

30 11.2 ± 2.6 a 64.9 ± 14.6 a 123.4 ± 9.0 b

50 6.5 ± 1.5 b 38.0 ± 8.4 b 71.7 ± 8.9 b

Table 1. 
Mean value ± SD of total attachments, dry weight of emerged shoots, and tubercles per tomato plant of 
30-cm-deep plowing compared with 50 cm one. Different letters in each column of each field and plowing 
treatment are differing significantly at P ≤ 0.05, according to Tukey’s test.
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germinate. In a research carried out in southern Italy [14], a delay in seedling trans-
planting date from April to the hottest May reduced the P. ramosa infestation by 77%. 
Indeed, the daily maximum temperature was almost always below 25°C from April to 
mid-May, the period corresponding to the first stage of the tomato cycle for the early 
crop (transplant in April), while it increased to the threshold values always higher 
than 25°C starting from mid-May. This technique would give the host plant a time 
advantage over the P. ramosa and thereby make the tomato crop more competitive 
against this parasitic weed.

2.4 Biological methods

2.4.1 Bioherbicide

Biological agents such as pathogens Fusarium spp. (e.g., Fusarium oxysporum 
and Fusarium arthrosporiodes) or Ulocladium botrytis, incorporated into the soil by 
drip irrigation in field, are able to infect the pre-attached broomrape stages, and 
efficacy in reducing number and weight of emerging broomrapes [56, 57]. Due to the 
parasitic plant life cycle, multiple applications of Fusarium at the soil level would be 
necessary [58]. Conidial suspension of two F. oxisporum isolated reduced O. crenata 
and P. ramosa germination in vitro by 76–80%, in root chambers by 46–50%, and in 
polyethylene by 40–55% [59]. Fungi can be applied in the field together with solid 
growth media (such as wheat, corn, or rice grains) or in granules containing the bio-
control agent nutrients [60]. Compost activated by Fusarium was efficient in reducing 
the infection, by minimizing the number of parasitic spikes on the host tomato plant. 
This might be due to the additive effects on the seed germination of the parasite of the 
organic compound along with the soilborne fungi [61, 62]. Both granular soil applica-
tions and conidial suspensions of Fusarium sp. caused extensive mortality of P. ramosa 
in pot experiments. On the contrary, in field experiments, results were inconsistent as 
reduction P. ramosa shoot number and biomass [63, 64]. The main obstacle to the use 
and development of biocontrol agents is the poor field efficacy of the known patho-
gens. Soil-active biocontrol agents for Phelipanche must be able to contend with soil 
microorganisms without negatively affecting the host crop [65].

2.4.2 Resistant varieties

Cultivation of resistant varieties is another sustainable method to control Phelipanche 
[66, 67]. In addition, it is a useful component of an integrated approach, because easy to 
combine with other measures such as soil fertility amendments, land preparation, or soil 
tillage. Several mechanisms underlying the resistance of plants to the P. ramosa parasite 
have been described [68]. These include low stimulation of broomrape seed germination, 
pre-haustorial resistance, phytoalexin induction, high levels of peroxidase activities, 
lignification of host endodermis and xylem vessels, cell wall deposition, development 
of an encapsulation layer in the cortical parenchyma, induction of pathogenesis-related 
proteins, and sealing of host xylem vessels by deposition of mucilage [69]. Considered 
that this parasite requires stimulants exuded by the host roots, in order to germinate and 
reach the host root, varieties that exude stimulants at low levels or secrete inhibitors, they 
could be suitable for reducing parasite infection [70, 71]. An example of tomato cultivars 
resistant to P. ramosa infestation was reported by Qasem and Kasraw, 1995 [72]. The 
low germination stimulant phenotype of tomato has been reported in mutants owing to 
reduced exudation of strigolactones [73]. A successful screening program in a heavily 
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broomrape-infested field, to locate a resistant tomato line from a fast neutron-muta-
genized M2 tomato population, was reported in Israel [74]. However, at present there are 
no commercial varieties for the broomrape control in tomato [6]. Research is needed in 
this regard to select from the wide range of varieties resistant to this parasite.

2.5 Integrated method

The single control practices described above are often only partially effective and 
sometimes inconsistent. Therefore, the most feasible way of coping with the weedy 
root parasites is via the integration different preventive measures and control instru-
ments on a long-term basis into the given farming system [75]. The real challenge is to 
integrate practices that obtain optimum efficiency in terms of reduction of existing 
seed banks, prevention of seed production, and avoidance of seed dissemination 
with affordable costs. A computer simulation on integrated approach with a selec-
tion of appropriate cultural methods such as hand weeding, trap/catch cropping, 
delayed planting, resistant cultivars, and solarization demonstrates the importance 
of preventing new seeds entering the soil seed bank [76]. Resistant crop varieties and 
delayed transplant, for instance, are generally considered the useful components of 
an integrated approach that are usually easy to combine with other measures such as 
rotation, soil fertility amendments, and land preparation or soil tillage, and suitable 
to promote tomato plant growth and to reduce the P. ramosa infestation. Advantages 
of these sustainable approaches are no chemical applications that are known to cause 
damage to the environment.

3. Conclusion

The spread of branched broomrape is of great concern in tomato and other 
susceptible crop production systems in many countries around the world. This review 
summarizes the main control measures for the weedy root parasites Phelipanche 
and Orobanche in processing tomato, namely prevention, chemical, agronomic, 
and biological control. Some of these methods are commercially widely used by 
farmers (herbicidal control), some are in the final stages of development toward 
commercialization (resistant varieties), and some still require further development 
and improvement before commercial implementation (bioherbicide control). As for 
chemical control of broomrape, it should take the environment into consideration by 
encouraging reductions of herbicides, by carefully calibration of doses and timing 
of treatments depending on the underground phenology of broomrape determined 
by local conditions. One of the most promising directions is the precision agriculture 
approach of site-specific weed management. In this approach, herbicide is applied 
only in the infested area according to the spatial variation of parasite infestation 
in the field. Furthermore, it is desirable to improve the environmentally friendly, 
sustainable, and practical parasite control methods and use them in an integrated 
way. Therefore, future efforts must aim at improving these parasite control methods 
in accordance with new cultivation technologies suitable for the development of the 
processing tomato.
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Tomatoes By-products Extracts 
Mediated Green Synthesis of 
Silver Nanoparticles and Their 
Application as Antimicrobial Agent
Aistė Balčiūnaitienė, Jonas Viškelis, Dalia Urbonavičienė  
and Pranas Viškelis

Abstract

Silver nanoparticles (AgNPs) biosynthesized using by-products of tomatoes 
extracts as reducing and capping agents show multiple possibilities for solving various 
biological problems. The aim of this study was to expand the boundaries on AgNPs 
using novel low toxicity and production cost phytochemical method for the biosyn-
thesis of nanoparticles from tomatoes aqueous extracts. Biosynthesized AgNPs were 
characterized by various methods (SEM, EDS). Determined antioxidative and antimi-
crobial activity of plant extracts was compared with the activity of the AgNPs. TEM 
results show mainly spherical-shaped AgNPs, size distribution of which depends on 
the plant leaf extract type; the smaller AgNPs were obtained with tomatoes extract 
(6–45 nm AgNPs). Besides, AgNPs show strong antimicrobial activity against broad 
spectrum of Gram-negative and Gram-positive bacteria strains and fungi.

Keywords: silver nanoparticles, green synthesis, tomatoes by-products, antimicrobial 
activity

1. Introduction

There are various bacterial, fungal, viral, and other microscopic life forms in 
our environment. Microorganisms make up 80–90% of the earth’s total biomass, 
and even under “clean” conditions, several thousand fungal spores can be inhaled 
per day. Many microorganisms are harmless or even beneficial, but others can be 
extremely dangerous or even deadly. The current way of life creates favorable condi-
tions for the spread of infections (food from distant lands, work in air-conditioned 
rooms, frequent trips to foreign countries, visits to hospitals, etc.). The human body 
is not sterile, and it is colonized by many microorganisms that are part of the normal 
microflora and live like harmless commandants.

Microorganisms living under normal conditions on the skin, nasopharynx, and 
intestine play an important protective role, as they prevent the growth of pathogenic 
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microorganisms in these places. As the bodies condition changes (weakened 
immunity, disease, or trauma), the so-called non-pathogenic bacteria can become 
pathogenic and cause infections. Wounds are susceptible to contamination by 
microorganisms both externally and from internal sources in the body, such as the 
nasopharynx, skin, and gastrointestinal tract. Infection is the result of a constantly 
changing interaction between microorganisms, the human being as their host, and 
the environment around them. Exposure of the Gram-positive and Gram-negative 
bacteria strains to the host’s defense capacity interferes with wound healing and 
potentially dangerous changes in the body due to infection.

According to research, more than 23,000 people die each year in Europe from 
invasive (or systemic) infections caused by Staphylococcus aureus (S. aureus) and 
Escherichia coli (E. coli). It has also been observed that these infections are increasing 
rapidly due to the progressive, excessive use of antimicrobials, which allows patho-
genic microorganisms to evolve and acquire multiple antibiotic resistance. Therefore, 
scientists around the world are constantly looking for new ways and materials to com-
bat the colonization of pathogenic microorganisms [1]. Thus, the problems associated 
with unwanted bacterial adhesion to the surfaces of medical equipment, as well as 
the colonization of surgical equipment, implants, and other health-related products, 
pose a significant risk to public health. The formation of biofilms also directly affects 
many industrial processes: food processing and storage, water treatment processes, 
maritime transport and management. Various antimicrobial agents are commonly 
used against biofilms and their infections, but microbiological control of the process 
is hampered by the ability of pathogenic microorganisms to attenuate or acquire 
full resistance to antimicrobial compounds, including antibiotics. Despite ongoing 
efforts by scientists to avoid bio-contamination and additional control measures 
implemented by industry, there is still no effective solution to protect the surface of 
equipment from colonization by pathogenic microorganisms. For these reasons, the 
need for antimicrobials is greater than ever before.

2. Antimicrobial agents

The increasing level of pollution by microorganisms and infections creates the 
need for new antimicrobial agents. Therefore, the research on the development and 
application of polymer composites with antimicrobial activity is of great interest.

Plant-mediated synthesis imparts several advantages to metal nanoparticles 
(MNPs) technology for the development of alternative products against infectious 
diseases. Indeed, most of green MNPs from plant-derived materials are highly effec-
tive and nonspecific antimicrobial agents, showing remarkable activities against the 
growth of a broad spectrum of bacterial and fungal species, in both planktonic and 
biofilm forms, including nosocomial and multidrug-resistant strains [2, 3].

Materials with antimicrobial activity are abundant. One of the largest groups is 
natural or synthetic antibiotics, which inhibits the appropriate stage of synthesis of 
the microorganism’s cellular proteins. However, excessive use of antibiotics has led 
to the emergence of strains of bacteria that are resistant to most antibiotics, posing 
a significant risk to public health. As a result, other substances with antimicrobial 
activity are increasingly being used. Their nature can be very different. These are, in 
particular, substances of natural origin: vegetable (various essential oils, medicinal 
plant extracts, etc.) and animal (e.g., lysozyme, lactoferrin), microbes (nisin, nata-
mycin, etc.), as well as inorganic and organic synthetic and hybrid derivatives of a 
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nature. Polymeric materials that are resistant to the colonization of microorganisms 
and the spread and multiplication of pathogenic microorganisms are also one of the 
groups of antimicrobials. They usually consist of a polymeric matrix and an embed-
ded antimicrobial component.

Figure 1. 
The choice of antimicrobial modification method.

Figure 2. 
The main methods of antimicrobial modification of polymers [4].
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The choice of antimicrobial modification methods depends on many factors 
(Figure 1).

The main methods of antimicrobial modification of polymers are as presented in 
Figure 2.

3. Antimicrobial activity of metal nanoparticles

One of the most abundant groups of substances with antimicrobial activity 
suitable for polymer modification is inorganic compounds and metal nanoparticles. 
This group consists of metals (Ag, Au, Cu, etc.), metal oxides (ZnO, TiO2, etc.) [5], 
nonmetallic oxides (SiO2). In most cases, the size of antimicrobial nanomaterials 
ranges from 1 to 100 nm. They can be of organic or inorganic origin, but inorganic 
substances are most commonly used. Nanoparticles are the most widely used because 
they have broad-spectrum antibacterial properties against both Gram-negative and 
Gram-positive bacterial strains [6]. The main reason why nanoparticles are an alter-
native to antibiotics is their ability to inhibit multiresistant microorganisms in some 
cases. Nanoparticles have a large surface area that increases interaction with microor-
ganisms, resulting in strong antimicrobial activity. Nanoparticles with a smaller size 
and a higher surface area to weight ratio are more efficient at breaking biofilms. The 
particle shape also has a significant effect on the degradation efficiency of biofilms 
(e.g., rod-shaped particles are much more efficient than spherical forms). There are 
various methods for the synthesis of nanoparticles, which can be divided into two 
main classes: (1) bottom-up, and (2) from top to bottom [7].

In general, the chemical, physical, mechanical, and antimicrobial properties of 
nanoparticles depend on their chosen precursor. Nanoparticle microorganisms act 
in different ways, and the mechanism of their action depends on the origin of the 
nanoparticle [8]. Nanoparticles have antibacterial (inhibits DNA replication, enzyme 
functions, etc.), antiviral (blocks the attachment of viruses to the cell wall), antifun-
gal (breaks down the cell membrane), and other effects.

Nanotechnology is the science, engineering, and technology that studies matter 
at the atomic, molecular, or supramolecular levels to yield nanometric materials and 
nanosystems with improved properties such as high surface-to-volume ratio and 
high dispersion in solution. With size typically ranging between 1 and 100 nm, these 
nanomaterials and nanosystems can be synthesized by chemical, physical. and/or bio-
logical methods [9]. In comparison with chemical and physical methods that involve 
costly and toxic chemicals, the biological synthesis pathway based on the usage of 
biological sources (plants, bacteria, fungi, and algae) is hoisted as a real rescue route. 
In spite of that, the biological methods do not envisage the use of toxic catalysts and 
reagents, dealing exceptionally with the intracellularly or extracellularly produced 
metabolites within fermentation routes, and this method requires big input of costly 
materials, well-developed protocols and guidelines, and microbiological hands-on 
experience to ensure cell culture and nanoparticles purification under highly aseptic 
conditions.

In contrast, the use of plant-derived extracts, juice, hydrolysates, etc., for the 
biosynthesis of metal nanoparticles (MNPs) seems to be an environmentally friendly, 
cost-effective, robust, sustainable alternative with moderate reaction conditions [10]. 
The plant-mediated synthesis of nanoparticles is also biocompatible, clinically adapt-
able, and easily up-scalable for industrial production [11]. Plants could represent 
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continuous source of natural antioxidants and antimicrobials (polyphenols, flavo-
noids, tannins, terpenoids, alkaloids, essential oils, etc.) suitable for green synthesis 
of nanoparticles with desirable properties. Under proper extraction conditions 
dealing with nontoxic organic solvents, diverse spectrum of non-deleterious reducing 
agents could be acquired [12].

Recent evidence in the field of nanotechnology revealed that the morphological 
parameters of nanoparticles (e.g., size and shape) can be modulated by varying the 
concentrations of bioactive compounds and reaction conditions (e.g., temperature 
and pH). Due to multiple therapeutic and biological activities such as antioxida-
tive, antimicrobial, anti-inflammatory, anticancer, eugenol as a representative of 
phenylpropanoids received tremendous interest among researchers. The crude 
extracts recovered from such herbal plants as Lamiaceae, Lauraceae, Myrtaceae, and 
Myristicaceae, the major compound of which was eugenol, have been investigated 
in terms of reducing ability for nanoparticles synthesis. However, less explored are 
other sources of this unique molecule, especially by-products that also could provide 
adequate quantities of eugenol. Considering the evidence on the presence of eugenol, 
a principal component of lignin in cereals and their by-products (bran), and already 
established protocol for lignocellulose biomass hydrolysis, it is speculated that the 
process of biorefining could represent a sustainable and reliable way of bran utiliza-
tion for the production of eugenol-based nanoparticles, thereby contributing to waste 
reduction. Additionally, using different sources of metals (salts or oxide) in combi-
nation with plants, the biological reduction method allows the synthesis of a large 
number of green MNPs, including silver (Ag), gold (Au), zinc oxide (ZnO), platinum 
(Pt), palladium (Pd), copper (Cu), iron oxide (Fe2O3 and Fe3O4), nickel oxide (NiO), 
magnesium oxide (MgO), titanium dioxide (TiO2), and indium oxide (In2O3).

Considering the above, exploration of the plant systems as potential bio-factories 
for MNPs has gained considerable attention, especially for researchers working in 
the field of phytonanotechnology, pharmaceutical, and clinical microbiology as well 
as medicine [7]. Indeed, due to the surging popularity of green methods, more than 
2000 research papers and reviews related to antibacterial, antifungal, and antibio-
film properties of MNPs have been published. Noteworthy, most of the reviews and 
research articles published so far focused mainly on predicting the antimicrobial 
mechanisms of MNPs and parameters that may influence their antibacterial, antifun-
gal, and activities such as.
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Unfortunately, it appears from these reviews that the methods used for assessing 
the antibacterial, antifungal, and antibiofilm efficiency of MNPs are only partially 
elaborated in terms of standardization process; therefore, it is hard to correlate or 
compare data from different studies to pinpoint the high values of antimicrobial 
nanoparticles. Moreover, such methodologies and models are usually hard to extrapo-
late to real products.

Metal nanoparticles can affect the bacterium even in several ways, causing 
extremely strong antimicrobial activity (Figure 3). The most common and widely used 
silver nanoparticles, elemental silver has been widely used as an antimicrobial agent 
since ancient times. To improve their antibacterial activity and reduce their toxicity, 
silver ions can be transformed into metallic silver nanoparticles through biological and 
biomimetic methods of synthesis. Green AgNPs have demonstrated the ability to reduce 
microbial infections in the skin and burn wounds and prevent bacterial colonization 
on the surface of various medical devices such as catheters and prostheses. Acting as 
capping agents, different multifunctional phytochemicals contribute efficiently to these 
antimicrobial activities [8]. Moreover, AgNPs can express synergism with standard 
antibiotics such as gentamycin and streptomycin [13]. Hence, these combinations can 
effectively be used against antibiotic-resistant pathogens. Additionally, antifungal 
activities of AgNPs have extensively been studied and demonstrated in the literature 
[14]. In the frame of the fight against antibiotic resistance, green synthesized AgNPs 
may be used as vehicles to transport oligonucleotide-based antimicrobial. Their syn-
thesis can be performed by physical, chemical, or biological methods. Particle size, 
morphology, and antimicrobial activity differ according to the chosen method [15].

Numerous studies have shown that silver nanoparticles, in both colloidal and 
ionic forms, have a broader spectrum of antibacterial activity than most other 
nanoparticles. Due to their unique optical, electrical, and chemical properties, silver 
nanostructures are widely used in a variety of industries. However, they are most 
commonly used in health care and medicine due to their strong antimicrobial activ-
ity against many pathogenic microorganisms—Gram-positive, Gram-negative, and 
antibiotic-resistant bacterial species, fungi, and viruses.

Figure 3. 
Mechanisms of antimicrobial action of nanoparticles on bacterial cells.
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Rapid wound healing is due to decreased matrix metalloproteinase and increased 
neutrophil apoptosis in the wound induced by silver compounds. Matrix metallopro-
teinase is thought to be able to initiate inflammation and thus slow wound healing, so 
its regulation is very important [16]. Silver nanoparticles are also used in bone cement 
in various disinfectants [13] as antimicrobial agents. Beside this, their effect depends 
on several factors presented in the figure (Figure 4).

Antimicrobial activity of silver ions is obtained by reacting with the main compo-
nents of the bacterium:

• cell wall and plasma membrane,

• DNA and proteins.

Due to the small size and very large specific surface area, silver nanoparticles 
adhere firmly to the surface of the bacterium. Silver ions, by interacting with the 
bacterial cell membrane and the sulfur compounds present in its proteins, impair its 
functionality. Further, silver nanoparticles penetrate the cell and damage DNA. Silver 
ions react with phosphorus compounds present in DNA, disrupting the process of 
DNA replication, which inhibits bacterial proliferation. They also degrade bacterial 
proteins, especially enzymes that catalyze metabolic reactions and other vital cellular 
processes. In addition, nanoparticles lead to the formation of reactive oxygen spe-
cies, which are active and unstable molecules that can damage cellular DNA, protein 
structures, and cell membranes [17].

The antimicrobial activity of silver ions in Gram-positive and Gram-negative 
bacterial cultures may be different due to differences in bacterial cell structure. The 
cell wall of Gram-positive and Gram-negative bacteria has a complex, semi-rigid 
structure. The structure of the wall is very important because it determines the 
ability of the bacteria to cause disease and resistance to certain antibiotics. The wall 
thickness of the bacterial cells is unequal. The cell wall of Gram-positive prokary-
otes is composed of a network of macromolecules called peptidoglycan or murein, 

Figure 4. 
Factors determining the antimicrobial activity of silver nanoparticles.
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polysaccharides, lipids, and proteins. The wall thickness is much higher (20–80 nm) 
than that of Gram-negative bacteria. Their prokaryotic cell wall is composed of 
several layers: The inner dense electron layer (2–3 nm) is composed of peptidoglycan, 
two dense electron bands separated by an electron-conducting cavity, a space sepa-
rated by the periplasmic cavity of the cytoplasmic membrane. The cell wall of Gram-
positive microorganisms adheres closely to the cytoplasmic membrane [18]. These 
differences between bacterial species lead to unequal interactions between antimi-
crobial compounds. It is clear that metal nanoparticles are promising as antimicrobial 
agents and therapeutic agents due to their biological, physical, and chemical proper-
ties. They can solve many problems in the field of nanomedicine. However, there is a 
lack of knowledge about the long-term effects of nanoparticles on human health and 
the environment. Nanoparticles are stable and can accumulate in the environment; 
they have a tendency to agglomerate and can therefore change their dimensions. 
Toxicity studies of nanoparticles have shown that metal nanoparticles can act at the 
organ, tissue, cell, muscle, and protein levels. Nanoparticles are extremely small in 
size and can easily spread through air or water and adversely affect the skin, lungs, 
and brain (especially nanoparticles with dimensions 10 nm).

Therefore, the search for other substances with antimicrobial activity, such as the use 
of plant-derived substances to obtain antimicrobial compounds, is intensifying [19].

4.  Morphology and antimicrobial activity of tomatoes by-products and 
green AgNPs

The aim was to compare the morphological differences of tomato pulp by variety. 
From Figure 5, the micrographs presented by SEM can show that the tomato particles 
are irregular in shape, with an uneven, layered surface, and that the particles appear 
to be composed of discrete slender shapes without any visible particles on the surface. 
The average particle diameter is very uneven as it was not fractionated, but the par-
ticle size could be harmonized by choosing milling techniques and conditions. Also, 
the particle size may vary depending on the desired properties.

The aim is to obtain stable and externally resistant colloidal solutions of silver 
nanoparticles and to investigate the antimicrobial efficacy of synthesized nanopar-
ticles. Silver nanoparticles (AgNPs) were obtained by crude metal synthesis by reduc-
ing and stabilizing silver nitrate in extracts from bioactive compounds.

The morphology of lyophilized AgNPs of biologically active tomato pulp used in 
the work was investigated by SEM methods. From Figure 6, the microstructures of 
tomato by-products AgNPs can be concluded from the irregularly shaped particles 
but do not form agglomerations, which will have a positive effect on antimicrobial 

Figure 5. 
SEM images of tomato by-products particles
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activity. From the photos provided by TEM, we can see a clearer morphology of the 
particles. The particles are spherical and do not form agglomerates (Figure 6).

In this case, individual agglomerations can already be observed. Scanning of metal 
particles at selected locations where AgNPs are suspected shows peaks in the 3.0 keV 
region of the EDS spectra that can be attributed to silver binding energy, and this can 
be detected at first and third samples. In second, sample AgNPs could not be found, 
but the biomatrices had antimicrobial activity. Therefore, we can say that the particles 
formed. With the help of TEM microscopy, we can see that the particles obtained 
are particles with a clear spherical shape, but in individual cases we can observe the 
formation of agglomerates (Figure 7).

The TEM images show an uneven surface with AgNPs. A high silver content in the 
biomatrix was identified (Figure 8). The particles remain irregular in shape and do not 

Figure 6. 
Tomatoes “Vilina” by-products TEM micrographs, surface EDS spectra, and elemental analysis
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tend to form large aggregates, which is likely to have a positive effect on antimicrobial 
activity. From the presented photos, we can see the particle shape, size distribution, 
and agglomeration tendency of AgNPs. In this case, the largest particles are obtained. 
Also in their form the resulting spheres. The particles obtained have a relatively high 
polydispersity, which is likely to have a positive effect on antimicrobial activity.

The antibacterial activity of organic colloidal solutions of AgNPs was tested for 
both Gram-negative and Gram-positive bacterial strains and fungi. From the results 

Figure 7. 
Tomatoes “Laukiai” by-products TEM micrographs, surface EDS spectra, and elemental analysis
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presented in Table 1, it can be concluded that silver nanoparticles in organic media 
actively interact with the bacterial membrane and disrupt their functions.

The results of the antifungal efficacy studies of AgNPs are presented in Table 1. Two 
different fungal cultures were selected: Candida albicans (C. albicans) and Rhodotorula glu-
tinis (R. glutinis). In humans, C. albicans can cause external infections and life-threatening 
systemic infections, and R. glutinis is an opportunistic pathogen that can cause infection in 

Figure 8. 
Tomatoes by-products mix TEM micrographs, surface EDS spectra, and elemental analysis
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a weakened immune system. From the results presented in the table, it can be concluded 
that AgNPs obtained using different Russian tomatoes with different syntheses inhibited 
the growth of C. albicans and R. glutinis colonies. Meanwhile, extracts without particles did 
not show this effect.

It is clear that metal nanoparticles are promising as antimicrobial agents and 
therapeutic agents due to their biological, physical, and chemical properties. They 
can solve many problems in the field of nanomedicine. However, there is a lack 
of knowledge about the long-term effects of nanoparticles on human health and 
the environment. Nanoparticles are stable and can accumulate in the environ-
ment, and they have a tendency to agglomerate and can therefore change their 
dimensions. Toxicity studies of nanoparticles have shown that metal nanoparticles 
can act on the organ, tissue, cell, muscle, and protein levels. Nanoparticles are 
extremely small in size and can easily spread through air or water and adversely 
affect the skin, lungs, and brain (especially nanoparticles with dimensions 
≤10 nm). Therefore, the search for other substances with antimicrobial activity, 
such as the use of plant-derived substances to obtain antimicrobial compounds, is 
intensifying.

5. Conclusions

Green nanoparticles obtained by green synthesis methods, which have a wide 
range of antibacterial properties against both Gram-negative and Gram-positive 
bacterial strains and fungi, expand their applications in orthopedics, biomedicine, 
and medicine, as well as in other industries. Recently, the range of substances 
resistant to microbial colonization and multiplication of pathogenic microorgan-
isms are increasing due to the increasing use of extracts of medicinal plants and 
plant by-products, which are strong antioxidants with anticancer, antibacterial, 
anti-inflammatory, antiallergic, antiviral, hepatoprotective effects. One of the 
most important antioxidants accumulated in plants is phenolic compounds, the 

Reference (standard) 
cultures of microorganisms

Samples

1 2 3 4 5 6

Staphylococcus aureus 0.0 ± 0.0 10.8 ± 0.1 0.0 ± 0.0 10.10 ± 0.1 0.0 ± 0.0 12.2 ± 0.1

Staphylococcus epidermidis 0.0 ± 0.0 9.7 ± 0.3 0.0 ± 0.0 10.1 ± 0.3 0.0 ± 0.0 11.5 ± 0.2

ß- streptococcus 0.0 ± 0.0 10.1 ± 0.1 0.0 ± 0.0 11.5 ± 0.1 0.0 ± 0.0 13.5 ± 0.1

Escherichia coli 0.0 ± 0.0 5.8 ± 0.3 0.0 ± 0.0 5.6 ± 0.2 0.0 ± 0.0 6.2 ± 0.2

Klebsiella pneumoniae 0.0 ± 0.0 5.3 ± 0.1 0.0 ± 0.0 4.9 ± 0.2 0.0 ± 0.0 5.5 ± 0.4

Pseudomonas aeruginosa 0.0 ± 0.0 4.2 ± 0.1 0.0 ± 0.0 3.5 ± 0.3 0.0 ± 0.0 4.1 ± 0.2

Proteus vulgaris 0.0 ± 0.0 6.8 ± 0.2 0.0 ± 0.0 6.5 ± 0.1 0.0 ± 0.0 7.1 ± 0.4

Bacillus cereus 0.0 ± 0.0 8.7 ± 0.2 0.0 ± 0.0 9.7 ± 0.1 0.0 ± 0.0 6.9 ± 0.2

Enterococcus faecalis 0.0 ± 0.0 7.6 ± 0.3 0.0 ± 0.0 8.2 ± 0.5 0.0 ± 0.0 5.4 ± 0.1

Candida albicans 0.0 ± 0.0 5.3 ± 0.2 0.0 ± 0.0 7.4 ± 0.4 0.0 ± 0.0 6.4 ± 0.3

Rhodotorula glutinis 0.0 ± 0.0 4.4 ± 0.1 0.0 ± 0.0 6.3 ± 0.2 0.0 ± 0.0 5.7 ± 0.2

Table 1. 
Antimicrobial activity of the greenly synthesized AgNPs.
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mechanism of action of which is related to their ability to neutralize free radicals, 
protect against diseases caused by oxidative stresses, and reduce various forms of 
reactive oxygen species. It can be assumed that the modification of green nanopar-
ticles with multifunctional hybrid particles can increase and expand their scope. 
Such antimicrobial and functional biomatrices are obtained using secondary 
by-products and Ag.

Stable colloidal solutions of AgNPs with high antibacterial activity in organic 
media have been obtained, which completely inhibit various bacterial cultures.
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Appendices and nomenclature

silver nanoparticles AgNPs
Bacillus cereus  B. cerues
Candida albicans C. albicans
E. coli   E. coli
E. faecalis  Enterococcus faecalis
Klebsiella pneumonia Klebsiella pneumoniae
Pseudomonas aeruginosa P. aeruginosa
Proteus vulgaris  P. vulgaris
R. glutinis  Rhodotorula glutinis
S. aureus  S. aureus
S. epidermidis  Staphylococcus epidermidis
ß. Streptococcus  ßeta – streptococcus
SEM   Scanning electron microscope
TEM   Transmission electron microscopy
MNPs   Metal nanoparticles
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Abstract

Tomato production in Africa has increased due to increased population, rising 
consumer demands for nutritious and healthy food and potential use of improved 
technologies. Demand-led’ plant breeding puts producers and consumers at the heart 
of research and development involving stakeholders even before the research starts. 
These ‘stakeholders’ are not only farmers but key actors along the tomato value chain. 
They influence how the tomato is traded as: fresh food and processing product. This 
chapter focuses on different approaches to fast-track tomato breeding so as to con-
tribute to the transformation of African agriculture by enabling small scale farmers 
to compete in local and regional markets, by increasing the availability and adoption 
of high performing tomato varieties that meet market demands. It further outlines 
development of varieties that meet farmer needs, consumer preferences, and market 
demand in Africa. These new varieties are designed to meet client needs by con-
necting plant breeders with crop value chains, seed distribution organizations, and 
encouraging enterprise and entrepreneurship in transforming agriculture in Africa. 
Lastly, it outlines the prospects and challenges associated with demand-led breeding 
of tomato and offers suggestions to increase food security in Africa.

Keywords: demand-led, tomato, breeding, emerging markets, consumers, producers

1. Introduction

The production and utilization of tomato has increased over the years in Africa [1]. 
However, demand for the crop exceeds supply owing to its economic importance and 
increasing popularity as a result of processing, value addition and consumption [2]. 
According to ref. [3], open field cultivation dominates production of tomato in Africa 
hence exposes the crop to biotic and abiotic stresses, resulting in yield reduction and 
poor fruit quality [4, 5]. Increasing population, reduced natural resources as well as 
extreme climate change has further worsened the glitches of food security. The focus 
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of most plant breeding programmes is to develop and make available to end-users, 
crop varieties that meet their needs and capable of solving their everyday problems. 
Therefore, to facilitate the adoption and utilization of the end product, there is the 
need to take into consideration the expectations or demands of the prevailing market. 
Plant breeding approaches that consider active participation of farmers in the identi-
fication of their challenges, mitigation approaches and preferences in new varieties is 
crucial in the adoption of the resultant varieties [6].

Conventional methods of crop improvement require longer period, are time-con-
suming, costly, and restrict supply of genetic diversity. These challenges are exacer-
bated by the growth of human population (7.8 billion) in 2020, projected to nearly 10 
billion by 2050 [7]. The need for strategies to increase the genetic advance in foods 
crops including tomatoes [8] for achieving food and nutrition security especially in 
Africa cannot be overemphasized. Speed breeding (SB) provides an opportunity to 
fast-track the breeding cycle, a key component of breeder’s equation [9]. In diverse 
and marginal environments like Africa [10], appropriate plant breeding strategies 
should be developed to enhance the adoption and utilization of new varieties by 
farmers, consumers and industry.

The demand-led breeding approach will not only increase development of new 
tomato varieties but meet the needs of changing market preferences. Demand-led 
breeding combines the best practices in market led new variety design with innova-
tive plant breeding methods and integrates both of these with the best practices in 
business as a new way of breeding crops to deliver benefits. The approach puts stake-
holders especially producers and consumers at the heart of research and development 
by involving stakeholders even before the research starts. These ‘stakeholders’ are not 
only farmers but include other actors along the tomato value chain. They influence 
how the tomato is traded either as fresh food or processed product. According to ref. 
[11], demand-led breeding takes an integrated approach to new variety development 
and requires a comprehensive analysis that takes into consideration the target clients, 
their needs and how these may change.

This chapter focuses on different approaches to fast-track demand-led tomato 
breeding so as to contribute to the transformation of African agriculture, by empow-
ering small-scale farmers to better compete in local and regional markets. It stresses 
on demand-led breeding and strategies to hasten breeding of tomato varieties that 
will be appropriate for consumers as well as other relevant stakeholders. It further 
discusses seed system in the sub-Sahara Africa and projects seed security as para-
mount in food security. It outlines the development of varieties that meet farmer 
needs, consumer preferences, and market demand in Africa. Finally, it outlines the 
challenges and prospects associated with demand-led breeding of tomato and offers 
suggestions to enhance food security in Africa.

2. Tomato breeding objectives in Africa

Tomato production in Africa has increased [1], but demand for the vegetable crop 
continues to surpass supply due to its economic relevance and growing popularity 
as a result of processing, value addition, and consumption [2, 5]. In Africa, less than 
5% of areas dedicated to vegetable crop production including tomato are subjected to 
protected or controlled environments such as greenhouses [12]. Open field cultivation 
is paramount in tomato production in Africa [3, 13], exposing the crop to numerous 
biotic and abiotic stresses, causing reduction in yield and fruit quality [4, 5, 14]. 
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Approaches to improve tomato resilience as well as productivity include breeding for 
resistance/tolerance to biotic and abiotic stresses and improvement of fruit quality to 
meet consumer/industry preferences.

2.1 Breeding for resistance/tolerance to biotic stresses

In Africa, one of the limiting factors impeding tomato production is biotic stress. 
This is induced by the living components of the environment [15] such as weeds, 
insect pests and diseases [2, 16–18]. In an attempt to address this situation, the indis-
criminate use of chemicals such as pesticides which is harmful to human health [19] 
and the environment [18, 20] has made the demand-led breeding approach environ-
mentally safe. Plant breeding is one of the most cost-effective and environmentally 
friendly methods of controlling biotic stresses in tomato production. In Africa, a 
number of breeding programmes have been undertaken to enable breeders develop 
tomato cultivars that are resistant to diseases and insect-pests [21]. In the tropics, 
major diseases affecting tomato production include bacterial wilt caused by Ralstonia 
solanacearum, late blight caused by Phytophthora infestans, Stemphyllium spp and 
Fusarium wilt caused by Fusarium oxysporum [22, 23]. Major pests of tomato include 
nematodes, thrips, aphid, cotton bollworm and mites [24]. Outbreaks of the tomato 
leaf miner (Tuta absoluta) have caused substantial damages in some West African 
countries [25, 26].

The pests and pathogens causing the above-mentioned diseases are genetically 
diverse with vast potential to generate new forms and hence difficult to control [16]. 
In view of this, conventional breeding together with marker-assisted selection (MAS) 
[21, 23], Quantitative Trait Loci analysis, and Hybridization [27] have been adopted 
for improving tomato resistance to biotic stresses. For instance, in recent decades 
extensive breeding programmes via the use of a series of in-region trials and collec-
tion of germplasm have been used to screen and develop varieties that are commer-
cially acceptable and resistant to diseases [24]. Currently, the Crops Research Institute 
under the Council for Scientific and Industrial Research (CSIR), Ghana and West 
African Centre for Crop Improvement (WACCI), University of Ghana have released 
tomato varieties that have shown reasonable tolerance to late blight, Fusarium wilt 
and nematodes [28, 29].

2.2 Breeding for tolerance to abiotic stress

Similarly, abiotic factors tend to cause a myriad of considerable qualitative and 
quantitative crop losses to tomato production, especially in open field production. 
Due to threats posed as a result of climate change, tomato-producing environments 
are bedevilled with abiotic stresses such as heat, drought, water logging and salinity 
[24, 30]. Water deficit [31] and heat stress [32] are the most predominant abiotic 
factors that threaten tomato production in sub-Saharan Africa. Abiotic stresses can 
cause up to 70% yield losses [33]. Though considerable efforts have been made to 
ameliorate the continental menace through the use of agronomic approaches such as 
increased irrigation and temperature regulation, some of these efforts have proven 
futile over recent decades. An alternative promising approach to address these stresses 
is the development of tolerant tomato cultivars/lines through breeding [30]. One of 
the major constraints affecting tomato production is heat stress [34]. This is due to the 
increasing day and night temperatures as a result of climate change [35]. Breeding for 
heat tolerance has become one of the primary objectives of breeding programmes in 
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Africa [5]. In Ghana, Nkansah, King 5, DV2962 have been identified as heat-tolerant 
tomato cultivars [21, 32]. Currently, the CSIR-Crops Research Institute is develop-
ing heat tolerant tomato varieties with funding from the Korea government through 
Korea Africa Food and Agriculture Co-operation Initiative (KAFACI).

Most farmers in Africa grow tomatoes under open field conditions and as such 
rely solely on rainfall. Under such conditions, drought stress which is one of major 
constraints in open field tomato production [36] occurs due to erratic rainfall pattern. 
This consequently affects plant growth and development, resulting from reduced 
nutrient uptake [37] leading to increase in flower abscission, low percentage of fruit 
set, reduction in yield as well as fruit quality [38, 39]. There is therefore the need to 
breed and develop improved drought-tolerant varieties [38]. However, developing 
tomato cultivars tolerant to drought stress has been a neglected objective in many 
tomatoes breeding programmes [40], since the breeding objectives tend to focus 
much more on biotic stresses, prolonging shelf life, and determination of genetic vari-
ability among continental accessions. Although advances in molecular research and 
plant breeding have resulted in the introduction of drought-tolerant tomato cultivars 
in most developed countries, breeding efforts in sub-Saharan Africa (SSA) have 
focused on yield as the primary selection criteria, with little attention for drought tol-
erance [5, 40]. Nonetheless, a few screening trials have been conducted in countries 
such as Kenya to evaluate the susceptibility and tolerance of tropical cultivars derived 
from the AVDRC-The World Vegetable Center and the National Gene Bank of Kenya 
to drought stress [31].

2.3  Breeding to improve tomato fruit quality to meet consumer/industry 
preferences

Breeding for fruit quality is one of the major objectives of the tomato breeding 
programmes in Africa [41]. Due to the economic and nutritional importance of this 
perishable crop, breeders over the decades have put in great efforts to prolong its 
shelf life and organoleptic quality. Extensive studies have been reported on fruit 
quality traits such as the size, shape, total soluble solids, pH, colour, firmness, ripen-
ing, nutritional content, and flavour [42–44]. Therefore, tomato breeding initiatives 
have focused on boosting fruit quality and understanding its genetic and molecular 
diversity [44]. Recently, fruit colour is becoming increasingly important in the fresh 
market due to the awareness of the health benefits of carotenoids in the tomato fruit. 
Regarding processing of the tomato fruit in the industries, content of total soluble 
solids has also received lot of attention [44]. For instance, technologies such as pure 
line selection, hybridization, irradiation-induced mutation, and the crossing of local 
cultivars with exotic ones are ongoing breeding schemes in African countries such 
as Ghana to improve the fruit quality and shelf life of tomato [5, 14]. In addition, 
[45] reported studies on the utilization of single nucleotide polymorphism (SNPs) to 
evaluate the shelf life and fruit quality of F1 tomato progenies.

3. Demand-led tomato breeding

3.1 Overview of demand-led breeding

To facilitate the adoption and utilization of the end product, there is the need 
to take into consideration the expectations or demands of the prevailing market. 
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According to [6, 46, 47] plant breeding approaches that consider active participation 
of farmers in the identification of their challenges, mitigation approaches and prefer-
ences in new varieties is crucial in the adoption of the resultant varieties. The concept 
of demand-led breeding encompasses the approach whereby the situation in the pre-
vailing market for new crop varieties considers the type of traits to incorporate into 
new varieties that will meet the expectations and satisfy the consumer or end-user 
needs. Whereas, participatory plant breeding or variety selection considers farmers 
involvement at different stages of the breeding programme, demand-led breeding 
encompasses various considerations from different actors such as processors, aggrega-
tors, marketers and consumers [48].

3.2 Demand-led principles and approaches for tomato breeding

Unlike participatory breeding that is more localized with limited scope, 
 demand-led breeding involves more global focus. It takes into consideration a broader 
range of tools such as market research, value addition and modern product promotion 
strategies. It focuses more on the demands of the market rather than adoption for 
cultivation thereby producing a product that would be in high demand once released 
for cultivation. Demand-led approaches focus on the use of market information and 
intelligence to develop indices that are used to rank traits based on the monetary value 
and preferences from all potential end-users of the final product [49]. According 
to [50] demand-led variety design is based on six core principles; client needs and 
preferences, value chain analysis, market research, market trends and drivers, public 
and private sector linkages and multidisciplinary teams.

Demand-led or client-oriented breeding should consider client needs and prefer-
ences. This is crucial in considering the breeding objectives whether for industrial 
processing or home consumption. In Ghana, tomato production is either for 
processing into paste or direct consumption by consumers who purchase from the 
open market [51]. A demand-led programme should consider value chain analysis 
and innovation systems that involve all the actors in the value chain of the crop. 
For instance, in the value chain, common actors include farmers, aggregators or 
middlemen, transporters, traders, processors and consumers. Another consideration 
for demand-led breeding is market research. This allows the breeder to define the 
standard and priority for the traits or client preferences and validate the key assump-
tions at every stage of the breeding process. As a result, the breeder is kept abreast 
with the demands of the market in order to provide a product which will be readily 
adopted by the producers, marketers and consumers alike.

Demand-led breeding is also based on market trends and drivers which normally 
influence farmers’ choices of crop varieties to adopt for cultivation. Prevailing cir-
cumstances and future occurrences such as climate change, national policies regard-
ing certain commodities can all influence the kind of varieties that would be needed 
for cultivation [50]. For instance, a government initiative on tomato production or 
establishment of tomato processing factory may change the focus of variety design 
towards home consumption to varieties with good processing attributes. Another 
key principle guiding demand-led breeding is integration or linkage between private 
and public sector. It focuses on fostering cordial relationships between breeders and 
other actors in the value chain such as seed producers and distributors as well as 
other actors in the value chain. All these actors are involved in the identification and 
priority setting of client needs that result from the market research. Through this 
approach, breeders know what to breed for, the farmers also know what to cultivate 
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to meet the market requirements. Farmers are also linked to ready market. This 
approach promotes synergies between the various actors and culminates in benefits 
that far exceed what can be achieved with the different actors acting independently 
[51]. Demand-led breeding relies on multidisciplinary teams to achieve its objective. 
Demand-led breeding follows an innovative approach that utilizes a broad range of 
expertise and competencies of different actors with specific roles towards the design 
and development of the proposed variety. It is expected that the different experts 
will contribute to the development of the ideal product profile which possesses all the 
desired attributes and is responsive to the needs of the target group irrespective of the 
gender [52].

3.3  New variety design and product profile for tomato breeding: Ghana as a case 
study

To facilitate large scale adoption and commercialization of a new crop variety, 
such variety must meet the needs and expectations of the intended end-users [53]. 
Therefore, product profiles are developed for such a desired variety. A product 
profile encompasses a number of traits in a new variety that farmers would prefer 
compared to the variety they are already cultivating [54]. Product profiles are 
developed based on the array of clients that are targeted by the breeding programme 
following market research or broadscale stakeholder consultation. Several factors 
may influence the choice of crops to cultivate or the variety of a particular crop a 
farmer may cultivate and these have implications on the overall product design. A 
study by ref. [55, 56] revealed that the number of attributes or traits preferred by 
tomato farmers in the Wenchi municipal was positively influenced by the gender, 
education level, access to credit, household size, level of education, contact with 
extension staff, membership of farmer-based organization, farm size and off-farm 
income. This implies that different varieties are likely to be adopted by farmers in the 
different categories. As a result, these factors need to be considered by breeders and 
breeding programmes in designing and developing product profiles of new tomato 
varieties to meet the needs of the different clientele. For this reason, a particular 
breeding programme can have several product profiles that will define the type of 
varieties that would be developed [48].

Another survey carried out in seven regions of Ghana (Bono, Ahafo, Bono East, 
Ashanti, Greater Accra, Eastern and Upper East regions) involving 12 tomato grow-
ing communities found that tomato farmers in these areas prefer tomato varieties 
with large fruit size, high rounded shaped and red in colour [51]. A similar study by 
ref. [55, 56], indicated that majority of the farmers interviewed prefer firmness and 
extended shelf-life in their new tomato varieties. Though past plant breeding efforts 
in tomato have focused on morphological and molecular diversity studies, screening 
against biotic and abiotic stresses [5], breeding objectives must target other traits that 
may be of benefits to a wide array of end-users. Current efforts have targeted breed-
ing for extended shelf-life through incorporation of genes from wild relatives [21, 45, 
55, 56]. Development of an early maturing tomato varieties was achieved through 
hybridization of cherry tomato and Pectomech, a popular commercial variety [27].

In order to meet the current market demands and changing climate, there is 
the need to design and develop new tomato varieties that meet the requirements of 
different clients. As must-have traits, all new tomato varieties must be resistant to 
common pests and diseases such as whiteflies (Bemisia tabaci), tomato leaf miner 
(Tuta absoluta), bacterial wilt, Fusarium wilt as well as resilient to the prevailing 
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environmental conditions such as heat and drought. For home consumption, the new 
tomato varieties must be rounded in shape with large fruit sizes and red in colour. In 
order to meet the industrial market, there is the need to develop new varieties with 
high pulp content and/or brix for good paste production. To facilitate rapid adoption 
by farmers, the new varieties need to be resistant to most biotic stresses that prevail in 
most of the growing ecologies.

4. Fast track/speed breeding for demand-led tomato varieties

Speed Breeding involves manipulation of light, temperature, plant population and 
application of single seed descent method to identify major traits [57, 58]. Various 
methods which have been used to improve the cycle of turnover and are extensively 
classified as speed breeding (SB). SB is exploited in several tomato breeding pro-
grammes involving population generation, pyramiding traits, phenotyping, assess-
ment of agronomic traits, genomic selection and genomic editing [58, 59]. Majority 
of the SB approaches target improvement in the tomatoes for fruit quality, fruit yield, 
and tolerant to stresses. Tomato is a model crop of the Solanaceae family that supports 
SB due to it short maturity period, diploid genome, convenience of Agrobacterium-
mediated transformation thus supporting mutation breeding, CRISPR-Cas9 applica-
tion [60, 61]. SB strategies used in developing demand-led tomato varieties such as 
Flavr Savr in America as the first engineered tomato by biotechnology method [62]. 
SB strategies such as marker-assisted selection, participatory plant breeding, muta-
tion, and clustered regularly interspaced short palindromic repeat (CRISPR-/Cas9) 
system could be used by Africans in developing demand-led tomatoes. There is little 
information as to a tomato variety developed in Africa via the SB strategies. This 
implies that African tomato breeders must take advantage of current breeding tools.

4.1 Marker assisted breeding

Marker-assisted selection (MAS) and marker assisted breeding (MAB) progresses 
the effectiveness of crop improvement via accurate transfer of genomic sections of 
significance and hasten the recovery of the recurrent parent genome. The application 
of MAS and MAB support genomic selection which rely on molecular markers in 
assisting crop breeding. MAS in tomato improvement is traced around the 1930s [63]. 
MAS have been used to improve the traits that are related to disease, morphological, 
and physiological in most crops [59]. Specifically, in tomatoes, integration of SB into 
MAS results into transfer of beneficial alleles. For instance, SB and genomic led to 
purify tomato hybrids [64]; identify heat tolerant tomatoes [20, 65, 66].

The achievement of MAS is highly dependent on several critical issues including 
the number of target genes to be transferred, the distance between the target gene 
and the flanking markers, number of genotypes selected in each breeding generation, 
the nature of germplasm and the technical options available at the marker level. The 
power and efficacy of genotyping are anticipated to develop with the advent of mark-
ers like single nucleotide polymorphisms (SNP).

4.2 Participatory plant breeding

When farmers and other actors are involved in a breeding programme to either to 
participate or collaborate with scientists in every stage of the breeding programme is 
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termed as a participatory plant breeding (PPB) [67]. PPB is recommended as a one 
of the breeding approaches that enhance crop improvement, empower and promote 
farmers right, and increases the acceptance rate when new varieties and or technolo-
gies are introduced to farmers [68–70].

Tomato is an essential crop to Africans, hence there is continual increase in 
demand. Therefore, PPB serves to intensify farmers access and openness to breeding 
of new tomatoes in Africa. Thus, PPB will aid in rapid improvement and delivery 
of farmers and customers preferred tomato variety [71]. In Africa, the smallholder 
farmers serve as the foundation for the food system [72] PPB is observed to be useful 
to the smallholder farmers, especially in Africa. Application of PPB strategies in 
Tanzania assisted in evaluating and releasing a tomato variety resistant to late blight 
resistant [73] PPB has the potential to improve farmers preferred tomato but it has not 
been fully utilized. Hence, the various actors in the tomato breeding must take full 
advantage of PPB.

4.3 Mutation

Mutation is among the efficient approaches for enhancing crop traits without 
changing the well-optimized genomic background of the crop. Mutation is used to 
study variation and traits of interest for improving fruit quality, male fertility and 
disease resistance [74, 75].

For instance, tomato variety M82 through mutation developed mutant line with 
a variant of eIF4E 1 showed resistance to the potyvirus strains [76]. Tomato fruits 
are known to be influenced by rin (ripening inhibitor) and PL gene that relates to 
fruit softening. Mutating of rin and silencing of PL gene results in delaying ripening. 
However, rin reduced nutritional components, flavour and colour of the fruits but 
PL gene had recorded otherwise [77, 78]. Tomato mutant iaa9-3 line is capable of 
developing parthenocarpic variety that would be seedless and of high quality [79]. 
Mutation resulted in generating heat-tolerant tomatoes which exhibited high pollen 
fertility and fruit set [80, 81]. These are evidence which support the contribution 
of mutation breeding to the tomato industry around the globe. Tomato breeding in 
Africa has not witnessed the anticipated progress hence breeders should be encour-
aged to use mutation.

4.4  Clustered regularly interspaced short palindromic repeat (CRISPR-/Cas9) 
system

Gene editing technologies (zinc finger nuclease—ZFN; transcription activator-
like effector nucleases—TALENs; and clustered regularly interspaced short palin-
dromic repeat—CRISPR/Cas) applications have witnessed some successes in some 
crops within the Solanaceae family [82]. These technologies aim at modifying genome 
by generating novel desirable alleles that will foster the improvement and subsequent 
release of a new varieties and/or augmenting the genetic pool of desired alleles. 
The CRISPR/cas9 is the desired technology due to its high specificity and low cost 
[83]. Gene editing in tomatoes has been successful due the availability of its genome 
sequence (https://solgenomics.net/organism) and its annotation [84]. Thus, resulting 
in several research relating to improvement to stresses (biotic & abiotic), fruit quality 
(nutritional value, shelf life, & colour), and plant architecture [85].

CRSPR-Cas9 was first used in tomatoes in generating the first needle-leaf 
mutant in 2014 by knocking out Argonaute 7 [86]. Most products produced by 
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gene editing have no commercial value [87, 88] but tomato is an exception [61]. 
Application of gene editing in tomato by Mlo1 mutant showed resistance to pow-
dery mildew. Then again, through selfing at T0, a mutant of mlo1 T-DNA was 
achieved [89]. Tomato is more sensitive to fusarium wilt disease by knocking out 
Solyc08g075770 by CRISPR-Cas9 [90]. Similarly, tomato bzr1 mutant via CRISPR 
reduced the production of hydrogen peroxide (H2O2) which improved heat toler-
ance in tomato [91]. Tomato plant’s response to drought has been improved through 
gene editing technologies by manipulating CBF1 (C-repeat binding factor 1) and 
MAPK3 [92, 93]. CRISPR-Cas9 application have resulted in obtaining herbicide-
resistant tomatoes plants. A study by ref. [94] resulted in over 70% edited tomatoes 
plants exhibiting resistant to the pesticide chlorsulfuron. Similarly, CRISPR-Cas9 
mutated carotenoid dioxygenase 8 (CCD8) and more Axillary Growth1 (MAX1) 
involved in the promotion of strigolactone synthesis, a key component required 
for the germination of Phelipanche aegyptiaca seeds thereby resulting in produc-
ing Podalirius aegyptiaca-resistant tomato plants [95, 96]. Fruit set in tomatoes is 
influenced by pollination and fertilization, a CRISPR/Cas9 via mutation developed 
parthenocarpic tomato which is attractive to farmers as it reduces labour cost of 
fruit setting [97].

There is numerous evidence that support that, CRISPR-/Cas9 system has the 
potential to facilitate SB in tomatoes. However, there is little evidence that show it 
application in Africa. Other researchers confirm that, agricultural production is low 
in Africa compared to other continents [98]. A study by ref. [14] recommended that 
Africa should embrace technologies such as CRISPER to develop novel crops such as 
tomato genotypes to sustain its production. It is time that Africa embrace modern 
breeding technologies that support SB for tomato industry to be sustained due to 
increase demand.

5. Tomato seed system in sub-Saharan Africa

Achieving food security is dependent on seed security as well as timely availability 
of quality seed in adequate quantity at the right price and time. This is very funda-
mental in increasing production and productivity. Population increase, depleted 
natural resources and extreme climate variability has worsened the problems of food 
security to help mitigate this problem, a functional seed system is needed. Seed sys-
tems include interrelated institutions that develop new cultivar, produce, test, certify 
and market the seed. An effective seed system has the potential to increase productiv-
ity in a marginal way as good quality seed alone has the potential of increasing yield 
of crop by up to 20–30% [99]. Tomato is a food security and high value crop that 
improves the livelihood and income among smallholder farmers in the sub-Saharan 
Africa. Farmer’s access to high quality tomato seeds is the surest way to ensure a 
resilient tomato industry in Africa.

5.1 Types of tomato seed system

In Africa, farmers have different ways of obtaining their quantity and quality of 
seed which they need for production. Tomato seed system varies greatly depending 
on the locality, market availability and farmers knowledge on seed system and supply 
and can be basically grouped into formal, informal or the combination of the formal 
and the informal.
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5.1.1 Formal seed system

Formal seed system in Africa is usually government supported with the active 
involvement of the public institutions (Figure 1). It is a holistic approach involving 
evaluations of genetic resources, breeding and the development of new materials, 
certification and distribution of the planting materials to farmers. The tomato seed 
system is not formalized in most parts of Africa but a form of semi-formal seed 
system where seed companies are involved in the distribution of imported tomato 
seed to farmers. In sub-Saharan Africa tomato seed is still imported from outside 
the continent, while local companies continue to produce seed of open-pollinated 
varieties. Countries like South Africa and Tanzania have a formal tomato seed system 
where both the government and the private sector (Seed companies) are involved in 

Figure 1. 
Schematic distribution of the formal seed system.
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the development and distribution of tomato varieties [100]. The first private seed 
company in Tanzania (Alpha seed) was established almost three decades ago. It was 
into the sale of open-pollinated tomato varieties developed by the World Vegetable 
Centre [100].

Currently, Tanzania can boast of about 25 vegetable seed companies involved 
in tomato seed production and is expected to grow from 25 million USD in 2018 to 
65 million USD by 2023 [101]. In most African countries for example., Ghana and 
Nigeria, seed companies are involved in on-farm trials of breeding and participatory 
cultivar selection, seed- related research, seed multiplication, seed conditioning and 
quality assurance, repackaging of the seeds, storage and distribution to final end users 
in this case farmers [102]. Currently, in Ghana, a formal tomato seed system is about 
springing up due to the release of the first official tomato varieties by CSIR-Crops 
Research Institute, Kumasi, Ghana and West Africa Centre for Crop Improvement 
(WACCI) at the University of Ghana.

5.1.2 Informal tomato seed systems

The informal tomato seed system, otherwise termed as “local or farmers saved-seed 
system” account for about 80% of the seed stock [103] supply to the farmers. It is 
an unorganized system that includes identification, seed saving, seed exchange, 
production and distribution by the farmer according to his/her knowledge of the 
plant and it is highly localized (Figure 2). The informal tomato seed system in Africa 
apart from being farmer or community-based practices; also includes different local 
level seed production initiatives organized by either farmer group, non-governmen-
tal organization or both, working outside the formal regime of the organized seed 
sector. Other characteristics of the informal tomato seed sector within the sub-region 
includes the non-law regulatory system, farmer to farmer seed exchange and this 
deals with individual community with small seed quantities usually demanded by 
farmers [104].

In Africa, countries like Tanzania, Ethiopia, Mali, Burkina Faso, Nigeria, Kenya, 
and South Africa although have some kind of formal seed system for some vegetables 
but the tomato seed system is largely informal [24]. Farmers within these countries 
purchase the imported hybrid or open pollinated tomato seed from agro-dealers 
and seed companies to produce their own tomato seed. These seeds once they are 
produced are easily marketed and exchanged from farmer to farmer by irregular 
means for many seed generations. On the other hand, farmers after acquiring some 
seed production skills from the extension officers often develop their own seeds from 
hybrid tomatoes i.e., they advance it to the F2 themselves for local marketing. This is 
usually as a result of high cost of the F1 hybrids [104].

5.2 Tomato seed value chain

A seed value chain is a series of actors or stakeholders. The value chain involves 
input suppliers, producers and processors, to exporters and buyers engaged in 
the activities required to bring an agricultural product from production to end 
consumer through various actors as shown in Figure 3. A value chain, therefore, 
incorporates productive transformation and value addition at each stage of any 
value chain. At each stage in the tomato value chain, the product changes hands 
through chain actors, transportation costs are incurred, and generally, some form 
of value is added. Tomato value chain results from diverse activities including input 
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supply, production, transportation, marketing, processing, distributions, retailing, 
and consumption.

5.2.1 Input suppliers

Input suppliers are the producers of agricultural inputs such as seeds, pesticides, 
fertilizers, mulching sheets, etc. needed for the production of tomatoes. Through 
company owned, and other company dealers they sell their products to the farmers. 
Moreover, they also provide technical guidance on inputs usage and timely supply of 
inputs to the tomato farmers. They do maintain good relationships with the farmers 
and act as one of the informal sources of finance. Regarding the delivery of inputs like 

Figure 2. 
Schematic distribution of the informal tomato seed system.
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improved seed, herbicides and pesticides, and credit among others, public and private 
extension services provide extension services to the farmers.

5.2.2 Producers

They are the initial link in tomato value chain. Producers decide what to produce, 
how much to produce when to grow and sell. Three types of the production system 
can be observed viz., subsistence production, small-scale commercial production, 
and largescale commercial production. Subsistence production is carried out for 

Figure 3. 
Linkages and flow of tomato value chain in Africa.
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household consumption and produced in small quantities. The produce from the first 
category of farmers generally does not enter the market or enters in a very limited 
quantity especially in the local marketplace. Small- and large-scale commercial 
farmers sell most of their products to various market intermediaries. The producers 
generally deal with traders and wholesalers. In most cases, farmers depend on village 
level traders for price information.

5.2.3 Marketing

The main aggregators usually buy the initial tomato from the main farmers to a 
special location within the village where traders buy them and transport to desired 
markets. Such collection and transporting activities are carried out either by the local 
trader, or an outside trader regularly visiting the location.

5.2.4 Wholesalers

They usually depend on the various intermediate sized loads and put the toma-
toes into large uniform units. These activities all contribute to price determination 
Wholesalers are market participants who buy large quantities of tomato and resell to 
other traders. Wholesalers often buy the tomatoes at the farm gate and other road site.

5.2.5 Processors

Processors are the secondary processing industries. The tomato processed prod-
ucts manufactured by the sample processors include tomato paste, sauce and ketchup. 
They usually collect fresh tomatoes from wholesalers and other sellers in major 
tomato production areas during peak season and glut in the market at cheaper prices.

5.2.6 Distributors

The distributors normally buy processed tomato products from processors and 
supply to small grocery stores and supermarkets. They generally sell products of dif-
ferent companies in different formats of retailers.

5.2.7 Retailers

They are the middlemen that include the supermarket and another large-scale 
retailer who divide large shipments of produce and sell it to consumers in small units. 
The basic function they provide is bulk breaking. Retailers are the sellers of tomatoes to 
the ultimate consumers through multiple channels such as small grocery stores, exclu-
sive fruits and vegetable shops, supermarkets and exporters. They normally buy from 
wholesalers and sell both fresh tomatoes and other tomato processed products in smaller 
quantities with a higher profit margin. The retailers are the final connection that deliver 
tomato to consumers. They are many as compared to others and their function is selling 
tomato to consumers in small volumes after receiving large volumes from producers.

5.2.8 Consumers

It is the last link in the tomato market value chain. The consumers always make 
production meaningful and they usually set the pace for production. From the 
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consumers’ perspective, the shorter the value chain the more likely the retail price 
going to be cheaper and affordable. The consumers are mostly classified into indi-
vidual/household consumers and larger consumers like the restaurants, hotels and 
local food joints [105].

5.3 Constraints in tomato seed production

In Africa, the production and supply of most agricultural commodities is seasonal 
and tomato is not an exception [106]. This has contributed to the price adjustment 
of tomatoes based on the trend of supply [107] which follows the normal curve of 
demand and supply, as the demand increase the supply decreases and the reverse is 
true. In Ghana, Nigeria and most African countries where tomatoes production is 
considered as the game changer in both nutritional and in the economic sense, but yet 
cannot meet their production demand has for the past decades seen fluctuation in the 
rural wholesale price by a marginable percentage [108, 109].

This trend in price fluctuation of tomatoes in Africa has not only affected the 
quantity and quality of the tomatoes [110] but also affected the tomato seed produc-
tion. The following are some of the challenges faced by tomatoes producers in the 
sub-region;

• Inadequate government support

• Lack of quality germplasm for fresh and processing markets

• Insufficient numbers of trained tomato breeders and seed producers

• Absence of seed laws and enabling environment

• Underdeveloped private sector and seed system

• Biotic and abiotic challenges to productivity: tomato yellow leaf curl, viruses, 
nematodes, heat and drought stress among others

6. Challenges and prospects of demand-led tomato breeding

The demand-led breeding approach will not only increase development of new 
tomato varieties but rather meet the needs of changing market preferences. Below are 
few highlighted prospects and challenges of demand-led tomato breeding methods in 
Africa.

6.1 Challenges

The major challenge for demand-led tomato breeding is lack of adequate funding 
covering aspects of research, training of researchers and technical officers, establish-
ment of tomato breeding infrastructures, etc. [111]. Researchers, governments and 
private investors should partner to strategize and examine the potential benefits, 
implementation and how to sustain demand-led tomato breeding.

In addition, there is inadequate genetic resources to meet demand-led tomato 
breeding programmes in Africa [112]. To improve future tomato breeding 
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programmes, countries in Africa should prioritize the collection and conservation of 
local landraces which possess useful agronomic genes to sustain future breeding pro-
grammes [113]. Overreliance of improved exotic tomato lines/cultivar in most African 
countries, however, makes demand-led tomato breeding programmes unsustainable. 
This is because, the imported tomato variety may not meet the actual needs of the 
actors in the tomato value chain.

Last but not least, well- resourced laboratories to explore modern techniques in 
crop improvement are lacking in Africa. Most African countries are lagging behind 
regarding the utilization of basic to advanced biotechnology techniques such as 
marker assisted selection, genetic engineering and genome editing to facilitate 
plant breeding programmes [14]. Demand-led tomato breeding programmes would 
require most of these above-mentioned techniques to reduce the time for variety 
development.

6.2 Prospects

Tomato breeding based on demand has the potential to gather and understand 
information about tomato value chain actors’ preferences for single or multiple traits. 
In order to accomplish this, more comprehensive quantitative research methodolo-
gies will be required to identify well-informed preferred traits by tomato value chain 
actors. To develop excellent demand-driven tomato breeding, scouting for traits 
insights along the value chain is a key [49]. Furthermore, using market intelligence, a 
comprehensive quantitative breeding index to rank the preferred traits for demand-
led tomato breeding schemes can be developed. The “monetary values, preferences 
from all potential breeding clients, from the farm to the consumer’s table” [49] may 
be the basis for trait ranking. As a result, this analysis will aid in determining trait 
improvement priorities and maximizing not only genetic gains, but also actual variety 
adoption, while ensuring that released varieties have traits that are preferred by all 
key value chain actors and stakeholders. This strategy will hasten the adoption of new 
tomato varieties.

Demand-driven tomato breeding can facilitate and harness the adoption of a 
customer- and data-driven approach that adds value to released tomato variety, 
whiles meeting the actual needs of a diverse range of customers and breeding clients 
[114]. Thus, involving various actors along the value chain especially in the early 
breeding process will promote early adoption, acceptance and consumption of newly 
released tomato varieties. As such, this breeding method will contribute enormously 
in achieving broader societal goals including increased food and nutrition securities 
concomitant with improved health, poverty reduction, climate resilience and envi-
ronmental conservation.

Again, demand-led tomato breeding can help increase the economic value for 
targeted tomato traits. Since, traits of significant importance to various actors in 
the tomato value chain are known and ranked, economic value for specific or highly 
ranked traits could be improved. For instance, a change in dietary preferences and 
requirements has caused a shift for tomato fruits with improved quality such as fruits 
with high lycopene content [115] and sugar level [116]. A situation where consumers’ 
preferred traits are successfully introgressed into a newly released tomato varieties, 
they will be willing to pay premium prices for these tomato fruits. Thus, the market 
value can be increased and then improve the livelihoods of various actors in the 
tomato value chain.
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7. Conclusion

Tomato breeding programmes have focused on breeding for resistance to biotic 
and abiotic constraints which cause severe yield reduction. In addition to yield, 
tomato varieties are also bred for quality traits such as colour, firmness, flavour and 
extended shelf-life to meet consumer or industry preferences. Demand-led breed-
ing which targets consumer and market preferences is based on six core principles 
which need to be considered in designing new tomato varieties Attributes desired 
by Ghanaian and tomato producers from other African countries considered in new 
variety designs include pests and diseases resistance, tolerance to environmental 
conditions as well as for quality traits and attributes such as shape, colour, and high 
pulp content.

Various fast-track breeding approaches are employed for rapid progress in tomato 
breeding. Speed breeding techniques reduce the long breeding cycle compared to 
conventional tomato breeding. Examples of such approaches include marker assisted 
breeding (MAB), participatory plant breeding (PPB), mutation breeding and clus-
tered regularly interspaced short palindromic repeat (CRISPR-/Cas9) system which 
have been used to accelerate the breeding process in tomato. Two key seed systems are 
common in the tomato seed value chain. These are the formal system which is regu-
lated, and the informal system which mainly operates in the rural areas. The tomato 
seed system is faced with challenges such as: inadequate government support, absence 
of seed laws and enabling environment, under-developed private sector among 
others. Challenges facing demand-led tomato breeding include lack of involvement 
of all stakeholders in the tomato value chain. Inadequate research infrastructure, few 
trained personnel and inadequate genetic resources. These have limited to scope of 
most tomato breeding programmes to meet consumer needs.

Finally, demand-led tomato breeding has the potential to gather relevant infor-
mation on the preferences of tomato value chain actors to inform breeders on what 
product profile to develop. Comprehensive quantitative research methodologies 
will help identify the requisite traits that would be preferred by current and future 
markets. Demand-driven tomato breeding can help breeders to design products that 
have the potential of satisfy consumer needs and facilitate rapid adoption by farmers 
and other end-users. Adequate funding, governmental support and active collabora-
tion between researchers, private investors and farmers, and education on the poten-
tial benefits demand-led breeding are needed to implement and sustain demand-led 
tomato breeding.
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Chapter 11

Recovery and Valorization of 
Tomato By-products in R&D 
EU-Funded Projects
Marcello Casa and Michele Miccio

Abstract

In the last years, the European Commission has been funding numerous projects 
regarding the valorization of food wastes. Tomato by-products received great attention 
especially in Spain, Italy, Greece, and Portugal due to high volumes and high  
concentration of valuable compounds. Among 40 funded projects about the management 
of tomato wastes in general, 14 projects are strictly connected to the valorization and 
exploitation of the tomato residues/by-products after processing and are of great inter-
est for their scientific, technical, and economical outcomes. They received an overall 
budget of around 37 M€ over 35 years, involving 20 European and 4 non-European 
countries, with project coordinators located in Germany, the Netherlands, and Italy 
in most of the cases. This chapter delivers general information about these projects, 
assessing and reporting scientific and technical results. Moreover, the interconnection 
is highlighted among them by focusing on the contribution they gave to the European 
know-how, the management of the by-products and the progress they reached in waste 
minimization and valorization. Finally, the industrial and environmental outcomes of 
these projects have been reported by highlighting issues and problems that are still to 
be overcome.

Keywords: tomato by-products, waste valorization, European Union, funded projects

1. Introduction

In the last years, the European Commission has been funding projects regarding 
the valorization of food wastes. Tomato by-products received great attention especially 
in Spain, Italy, Greece, and Portugal due to high volumes and high concentration of 
valuable compounds. Among 40 funded projects about the management of tomato 
wastes in general, 14 projects are strictly connected to the valorization and exploita-
tion of the tomato residues/by-products after processing and are of great interest for 
their scientific, technical, and economical outcomes. They received an overall budget 
of around 37 M€ over 35 years, involving 20 European and 4 non-European countries, 
with project coordinators located in Germany, the Netherlands, and Italy in most of 
the cases. This chapter delivers general information about these projects, assessing and 
reporting scientific and technical results. Moreover, the interconnection is highlighted 
among them by focusing on the contribution they gave to the European expertise, the 
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management of the by-products and the progress they reached in waste minimization 
and valorization. Finally, the industrial and environmental outcomes of these projects 
have been reported by highlighting issues and problems that are still to be overcome.

2. Funded projects

The Community Research and Development Information Service (CORDIS) 
[1], namely the European Commission’s primary source of results from the projects 
funded by the EU’s framework programs for research and innovation, was used to 
gather all information such as project factsheets, participants, reports, deliverables, 
and links to open-access publications about tomato by-products valorization. In the 
first instance, from research in this database, it came up that on 352 funded projects 
including the keyword “TOMATO” only 10% take into consideration wastes or 
by-products produced by harvesting, transformation, and use of this vegetable. In 
particular, the research on CORDIS with “TOMATO” and “WASTE” as keywords 
gives forty projects as a result. Other searches with other keywords were conducted 
with less significant results: for example, “TOMATO” and “VALORIZATION” give 9 
projects as a result, or “TOMATO” and “RESIDUE” return 23 projects as a result. As it 
is possible to see from Figure 1 the number of funded projects in this field of applica-
tion had a strong increase in the last 5 years, probably due to the growing interest, 
shown by academia and industries, in waste reduction, valorization of materials so far 
considered as undesirable by-products, and exploitation of the high-value compounds 
contained in these waste streams.

Then, these forty projects were deeply studied, and it was possible to divide them 
into eight categories regarding the topic:

• Production of bioplastic from tomato residues

• Extraction of high-value compounds from residues

• Production of food additives from residues

• Production of biogas from residues

Figure 1. 
Distribution during last years of funded research projects on tomato waste.
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• Biorefining of residues

• Harvesting optimization

• Shelf life of processed tomato

• Other (not included in the previous categories)

Figure 2 reports a bar chart of the number of projects per field of application.
Among these, only fourteen projects are strictly connected to the valorization 

and exploitation of the tomato residues/by-products after transformation processes. 
In Table 1, the main information is reported about these projects of interest, sorted 
by topic.

Figure 2. 
Number of projects per field of application.

Acronym Start Duration 
[months]

Budget 
[M€]

Coordinator Partners Status

Bioplastic production

BIOCOPAC 2011 33 1 SSICA (Italy) 10 ✓

BIOPROTO 2014 24 0.2 IIT (Italy) — ✓

ECOFUNCO 2019 33 5.6 CNISTM (Italy) 17 Ongoing

TOMAPAINT 2020 24 3 TOMAPAINT SRL — Ongoing

Extraction of high-value compounds

QLK1-CT-2000-2041,137 2000 12 0.03 Conservas Vegetales 
De Extremadura 

(Spain)

1 ✓

QLK1-CT-2000-2040,942 2000 12 0.03 Hac Le Poole 
(Netherlands)

1 ✓

TOM 2003 24 0.9 Catchmabs 
(Netherlands)

8 ✓
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The information reported in the previous table was analyzed and summarized 
in the next chart to synthetically show the distribution of budget and participants 
among the considered application categories (Figure 3).

The overall budget is around 40 M€ involving 20 European and 4 non-European 
countries, with project coordinators located in Germany, the Netherlands, and Italy in 
most cases. It is worth notice that the field of biorefining, the one in which this thesis 
is involved, even if it is not the one with the highest number of the funded project, 
exhibits the highest budget and is the one with more partners involved. It is so prob-
ably because, even if the application of the biorefinery concept to tomato residual 

Figure 3. 
Distribution of budget and participants among the considered application categories.

Acronym Start Duration 
[months]

Budget 
[M€]

Coordinator Partners Status

BIOACTIVE-NET 2006 24 0.6 Hochschule 
Bremerhaven 
(Germany)

7 ✓

LYCOSOL 2019 6 0.07 Biocapsol (Turkey) — ✓

Production of food additives

QLK1-CT-2001-2042,093 2001 12 0.03 ChiPro (Germany) 1 ✓

PRO-ENRICH 2018 36 3.3 Teknologisk Institut 
(Denmark)

15 ✓

Biogas production

AVI*940005 1995 30 0.1 Universität Stuttgart 
(Germany)

2 ✓

Biorefining

REFRESH 2015 48 9.4 Wageningen 
University 

(Netherland)

26 ✓

AGRIMAX 2016 48 15.5 Iris Technology 
(Spain)

29 ✓

Table 1. 
Main information about funded European projects on valorization and exploitation of tomato wastes.
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by-products is quite new, the European Commission believes that research in this field 
could strongly increase the EU technological level. In the next paragraph, the outcome 
of these projects will be reported and briefly discussed.

2.1 Early projects

Projects funded before 2001 lack results reports, for different reporting policies 
of the European Commission. Anyway, the project QLK1-CT-2000-2041,137 had 
likely as an outcome a patent EP1676888B1 entitled Method of obtaining lycopene 
from tomato skins and seeds [2], assigned to Conservas Vegetales de Extremadura SA, 
which was the coordinator of the project. The patent refers to a process for obtaining 
lycopene from tomato skins and seeds. The carotenoid is obtained after a series of 
steps of dehydration, seed separation, pelletization, extraction, distillation, and crys-
tallization. The extraction solvent is hexane and the purity of the lycopene obtained is 
between 65% and 85%, depending on the raw material.

2.2 TOM

The title of the project was “Development of new food additives extracted from the 
solid residue of the tomato processing industry for the application in functional foods.” 
Partners of the TOM project had developed and optimized an extraction process 
whereby lycopene is extracted in tomato seed oil from tomato plant processing residue. 
This can then be used in functional food products and cosmetics. The carried-out 
process involves the use of supercritical carbon dioxide (CO2) [3]. The yield in tomato 
seed oil is 3–6%. The lycopene yield depends on raw material and ranges between 15 
and 180 ppm, which is very low considering the extraction yield nowadays.

2.3 Bioactive-net

The title of the project was “Cultivation and processing of tomato, olive, and grape 
are the main agricultural businesses in the South European countries. Production of 
tomato paste, olive oil, and grape” and the main objectives of the project were:

• Create a broad information platform for dissemination of research results and 
state of art regarding the extraction of bioactive compounds from tomato, olive, 
and grape processing residues as well as their application facilities in the food 
and cosmetic industry

• Implement dissemination workshops in the South European countries aimed at 
transferring expertise and evaluating economic feasibilities of the extraction

• Strengthen the European market on natural ingredients

Remarkable was the study on the best available technologies (BATs) to separate 
vitamins, antioxidants, essential oils, and other valuable compounds from the 
processing residues. In Guida pratica sui COMPOSTI BIOATTIVI ottenibili dai 
SOTTOPRODOTTI della TRASFORMAZIONE DEL POMODORO they reported the 
main technologies available for: residues drying, lycopene extraction, and lycopene 
purification. Moreover, an economic assessment that compares solvent and super-
critical extraction for this compound was reported [4]. The report clearly shows from 
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an economic and technological point of view that supercritical CO2 is rarely favorable, 
while solvent extraction is profitable only when a high amount of tomato by-products 
is processed.

2.4 Lycosol

The title of this 2019 project is “Feasibility Analysis on the Extraction of Lycopene 
from Tomato Peel through Organic Synthesis.” LycoSOL project proposes an envi-
ronmentally friendly solution based on natural ingredients. The method involves 
extracting and processing healthy ingredients from the waste from food processing. 
The project aims to develop the process of extraction and encapsulation from plant 
waste, targeting production from tomato peels. No results reports or scientific papers 
have been already disseminated.

2.5 Pro-enrich

The title of this 2018 project is “Development of novel functional proteins and 
bioactive ingredients from rapeseed, olive, tomato and citrus fruit side streams for 
applications in food, cosmetics, pet food.” Pro-Enrich was aimed at optimizing exist-
ing biomass fractionation technologies and validating novel extraction approaches 
beyond the current state of the art with reference to the Technology Readiness Level 
(TRL) assessment system (i.e., from TRL2 through to TRL 4/5) to isolate and purify 
proteins, polyphenols, and dietary fibers and pigments. The products being targeted 
are food ingredients, pet food, cosmetics, and adhesives. These were to be developed 
through an iterative process of feedstock mapping, laboratory process development, 
functionality/performance testing of samples by upscaling to pilot plant and industry 
level. Rapeseed, tomato peels and citrus waste were studied in the project. First, a 
review paper on waste composition and edible protein extraction for the selected 
feedstock was published [5]; then, a first pilot plant for protein production from 
rapeseed was started [6]; finally, the following bioactive ingredients were successfully 
extracted, and are waiting for Scale-up to demonstration scale:

1. Hesperidin (flavonoid/antioxidant) from citrus peels after juice production. It 
has market and applications in:
Pharma: In diosmin/hesperidin products for its venotonic activity.
protection, anti-cellulite, and more.
Cosmetics: In products for alleviation of eye wrinkles.
Feed: As antioxidant supplementation for pets and horses.

2. Lycopene (carotenoid/antioxidant) from tomato peels after canned food produc-
tion. It has market and applications in:
Pharma: for prostate health.
Food: As a coloring agent in food and drink products.
 Nutraceuticals: In dietary supplements for heart and brain health, sunburn 
protection, and more.
Cosmetics: In anti-aging products and for healthy skin appearance.

3. Rapeseed protein (isolate >90% wt. protein and concentrate >50% wt. protein) 
from rapeseed press cake after rapeseed oil and biodiesel production. It has mar-
ket and applications as a replacement for:
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Food: animal-based protein.
Pet food: animal-based protein.
Adhesives: petrochemically derived phenolics up to 40%.

2.6 BIOCOPAC

The title of the project is “Development of bio-based coating from tomato process-
ing wastes intended for metal packaging.” BIOCOPAC initiative looked at tomato 
by-products to satisfy some of these needs. The goal was to develop a natural lacquer 
liner for tins that are made from the cutin raw material contained in discarded tomato 
skins. The coating was aimed to be applied to internal and external surfaces of food 
tins to ensure consumer health and safety. The next step was to develop the bio-resin 
and the lacquer. Scientists developed two different formulas to produce the lacquer, 
one specifically designed for tinplate and a generic one for all types of metal can. 
BIOCOPAC produced canned goods using these lacquers, demonstrating that the lac-
quer performs as well as current products. An interesting outcome of the project is a 
Life Cycle Assessment (LCA) conducted using the SimaPro software, version 7.1. The 
analyses compared the LCA of a conventional epoxy-based lacquer to a bio-lacquer, 
tomato cutin based, obtained from tomato processing waste. The results showed clear 
environmental benefits of the “Bio-lacquer.” The benefit of the cutin lacquer lies in 
the saving of natural resources and the recovery of part of the skins. This can lead to 
lower consumption of fossil fuels and lower CO2 emissions.

BIOCOPAC project merged with the BIOCOPAC+ project, funded under LIFE+ 
Environment Policy and Governance project application (Grant Agreement No. 
LIFE13 ENV/IT/000590). The project was started on the 1st of June 2014 and lasted 
for 36 months. The project was industry-driven and focused on demonstration activi-
ties aimed to prove the technical feasibility and effectiveness of the cutin extraction 
and production systems currently developed at a laboratory scale. Its outcomes were 
a prototype pilot plant for cutin extraction, installed at Azienda Agricola Virginio 
CHIESA (IT) and a cutin-based lacquer production site in SALCHI (IT) plant [7].

2.7 BIOPROTO

The project title is “Bioplastic production from tomato peel residues.” The team 
investigated the possibility of creating a bioplastic film from discarded tomato skins. 
The idea proved feasible, yielding scalable and biodegradable options for food packag-
ing. Results yielded a new set of films and coatings taken from the lipid portion of plant 
cuticles, reported in Figure 4. The outcome also represented a potentially scalable and 
cheap process for the manufacture of bioplastics intended for use in food packaging. 
BIOPROTO’s new plastic was biodegradable, with minimal environmental impact [8].

Figure 4. 
Photographs of bioplastic made by tomato cuticle during the BIOPROTO project.
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2.8 ECOFUNCO

The tile project is “ECO sustainable multi-FUNctional biobased COatings with 
enhanced performance and end-of-life options.” The overall objective of project 
ECOFUNCO [9] was to select, extract and functionalize molecules (proteins, poly-
saccharides, cutin) from highly available, low valorized biomass such as tomato, 
legumes, sunflower, etc. for the development of new bio-based coating materials to be 
applied on two different substrates (i.e., cellulosic and plastic-based), with improved 
performances compared to currently available products and at the same time with the 
more sustainable end of life options. The products to be developed in the project were 
in particular:

• Antimicrobial-antioxidant coatings based on chitin nanofibrils, and/or chitosan, 
for cellulose tissues (personal care), paper and cardboard (packaging for fresh 
products like pasta, tableware), woven and nonwoven (sanitary), plastic sub-
strates (bio-polyesters) for active packaging

• Cutin-based formulations for water-repellent coatings (paper cups, service 
paper, etc.), water vapor barrier (packaging), and protective properties (non-
food packaging)

• Protein-based barrier adhesive for multilayer food packaging (bio polyesters 
based), with sustainable end-of-life options (composting, recyclability).

The ECOFUNCO project final event has been taken on June 17–18, 2022 in the 
form of “1st Conference on Green Chemistry and Sustainable Coatings.”

The event confirmed that the ECOFUNCO project developed sustainable bio-
based and compostable coatings to be applied on bioplastics and cellulose substrates 
to reach the same properties as fossil-based packaging materials. Also, the use of 
nanofibrils to add antimicrobial properties to tissues has been demonstrated.

The ECOFUNCO coordination and management demonstrated a great mind 
opening and a forward-looking sensitivity as they dedicated a session of the final 
conference to other related EU-funded projects, that is, FISH4FISH, PRESERVE, 
RECOVER, PROLIFIC, and Agrimax, in order to foster the cooperation between 
European projects.

2.9 Refresh

The title of the project is “Resource Efficient Food and dRink for the Entire 
Supply cHain.” The overall aim of the REFRESH project was to significantly con-
tribute toward the objective of reducing food waste across the EU by 30% by 2025 
and maximizing the value from unavoidable food waste and packaging materials. 
The project aims to gather information about the main and most present food waste 
in the European countries, find the known way to exploit these by-products, and 
create a simplified tool to help the decision-maker to valorize at best these side 
streams, both in terms of economic feasibility and environmental impact. Tomato 
by-products are one of the considered waste streams. The project outcomes are 6 
scientific publications regarding food waste, from their management to their reduc-
tion, a website and a software tool [10]. One of the main outcomes of the REFRESH 
project is a deliverable with the TOP20 waste streams in Europe, carefully reporting 
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their current management and the reason for selection. Tomato by-products are in 
the list (see Figure 5).

Another main outcome is FORKLIFT, a spreadsheet learning tool that applies a 
partial lifecycle greenhouse gas impact and costing calculation approach for six key 
examples of unpreventable food processing co-products, by-products, or wastes (col-
lectively referred to as side flows):

1. Apple pomace

2. Pigs blood

3. Brewers spent grains

4. Tomato pomace

5. Whey permeate

6. Oilseed press cake

FORKLIFT allows users to interpret the results of the effects of intervention while 
making it possible to compare the results with alternative products available on the 
market [11]. For tomato pomace conventional solutions for its exploitation were 
selected and modeled in the FORKLIFT® tool, allowing for evaluation via LCA and 
LCC, cost and CO2 emission for different scenarios of valorization, and to easily com-
pare them as a support to decision making. Figure 6 shows the interface of the tool. In 
the analysis of tomato pomace, the following valorization routes were considered:

• Lycopene production

• Preparation of fodder

• Anaerobic digestion

• Land spread

Figure 5. 
Tomato pomace is one of the TOP20 food wastes in Europe.
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For example, with this spreadsheet is possible to compare lycopene production 
cost and emission with carotenoid production from microalgae (Figure 7).

2.10 AGRIMAX

The project title is “Agri and food waste valorization co-ops based on flexible 
multi-feedstocks biorefinery processing technologies for new high added value 
applications.” The goal of the project was to extract the significant amounts of 
valuable compounds contained in food industry wastes, AgriMax [12] combined 
affordable and flexible processing technologies for the valorization of side streams 
from the horticultural culture and food processing industry to be used in a coop-
erative approach by local stakeholders. The project merged previous knowledge 
and outcome of other European projects, such as cutin extraction and exploita-
tion studied in the BIOCOPAC project. LCA and LCC studied the best approach 
to minimize the environmental impact of the new value chains. Moreover, a pilot 
multi-feedstock bio-refinery process was set up at two demonstration sites in 
Spain (Pilot Plant at Indulleida S.A.) and Italy Pilot Plant (at Chiesa Virginio EC). 
Currently, the Italian pilot plant is valorizing the tomato by-products, producing 
cutin bioplastic, a small amount of lycopene and compost. The pilot plant flow-
sheet is reported in Figure 8.

Figure 6. 
Valorization routes available on the FORKLIFT spreadsheet.

Figure 7. 
FORKLIFT output for lycopene production.
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3. Conclusion

In conclusion, 11% of funded European projects having tomato as a topic are deal-
ing with tomato wastes and by-products. Forty projects were found when searching 
CORDIS with “tomato” and “waste” as keywords; 14 regard by-products valorization, 
categorizable in the following topics: production of bioplastic or biofilm, extraction 
of high-value compounds, preparation of food additives or fodder, biogas production 
via fermentation and biorefining of tomato by-products. The overall budget, that 
European Commission furnished to the participants, has been around 40 M€ in about 
35 years. These projects involved 130 participants coming from all over the world. 
Extraction of compounds is the topic of most projects, but the highest budget has 
been awarded to biorefining. This is also the main focus of the research activities first 
explored and then directly pursued by the authors [13, 14] of this chapter. Projects on 
extraction technology development had as an outcome the optimization of commer-
cial techniques, leading to patents; moreover, some studies showed that supercritical 
CO2 is never economically feasible for lycopene extraction. PRO-ENRICH is the only 
project about food additives that were recently found, to start a pilot plant for protein 
production from different waste streams, including tomato pomace. In the last years, 
bioplastic production from tomato by-products received great attention and funding, 
leading a pilot plant in Italy to produce metal packaging cover with a biofilm obtained 
from tomato peels. Recent projects (AGRIMAX and REFRESH) aim to best exploit 
food waste, making recourse to a biorefining approach. Main problems remain in the 
tomato by-products valorization: the high economic or environmental cost of lyco-
pene extraction, as also underlined [15] by the authors of this chapter; the absence 
of a ‘green’ alternative for cutin extraction, and the difficulty in finding a biomass 

Figure 8. 
Flowsheet of Italian pilot plant located in the factory of Azienda Agricola Virginio Chiesa, Canneto Sull’Oglio 
(MN), Italy.
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similar to tomato pomace in order to overcome the seasonality issue. Moreover, a 
lack of data, studies, and projects on energy recovery from tomato by-products was 
evidenced by the present survey.
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