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Aims and Scope of the Series

The importance of agriculture cannot be overstated. It helps sustain life, as it gives
us the food we need to survive and provides opportunities for economic well-be-
ing. Agriculture helps people prosper around the world and combines the cre-
ativity, imagination, and skill involved in planting crops and raising animals with
modern production methods and new technologies. This series includes two main
topics: Agronomy and Horticulture, and Animal Farming. This series will help
readers better understand the intricacies of production agriculture and provide the
new knowledge that is required to be successful. The success of a farmer in modern
agriculture requires knowledge of events happening locally as well as globally that
impact input decisions and ultimately determine net profit.
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Preface

For centuries, tomatoes (scientific name Lycopersicon lycopersicum, meaning “wolf
peach plum”) have been present on our tables, especially in summer. The tradition
of eating fresh tomatoes in a salad or using tomato sauce for spaghetti originated

in southern Italy and then spread worldwide, thanks in part to pizza. This is a berry
that originated in Peru and was brought by the Spanish. The Aztecs called it xitomatl
(“plump fruit with a navel”). The first tomatoes were small, golden in color, and
eaten in wedges. Over time, through selection, they became red.

The “golden apple” spread across Europe in the late 16th century. In Italy, it was already
known in the second half of the 1500s. Evidence of this is a mention in a scientific
treatise by the Siena physician Pietro Andrea Mattioli (1500-1577): “Now in Italy they
grow fruits similar to pink apples, divided into segments, green at first, and golden
when ripe, which are used for food”.

The earliest recipe for the sauce, “salsa di pomodoro alla espanola’, is found in Antonio
Latini’s 1694 cookbook, Lo Scalco alla Moderna. It was made from roasted and peeled
tomatoes with onions, thyme, marjoram, and vinegar.

Botanically, a tomato is a fruit. Cucumbers, peppers, pumpkins, peas, and eggplants
are also fruits, as they develop from a flower and contain seeds.

According to the International Trade Centre database, global tomato exports in 2020
reached 14.9 million tonnes, with a FOB value of US$16.8 billion (FOB-free on board:
free on board).

This book presents the latest research methods, approaches, and perspectives on
Solanum lycopersicum L., offering comprehensive insights into its biology, cultivation,
and improvement strategies. It brings together 5 advanced studies on disease manage-
ment, stress physiology, crop improvement, genetic plasticity, and nutritional traits,
thereby serving as a valuable reference for researchers, plant breeders, and agricultural
practitioners.
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Chapter 1

Green Prevention and Control
Technologies for Common Tomato
Main Diseases and Pests

Jianxiu Hao, Hongyou Zhou, Zhe Yan, Yufeng Wang,
Zhen Wang, Ruiying Chen, Jun Hu, Qiaoxia Shang,
Xin Wang and Xinyuan Wang

Abstract

Tomato (S. lycopersicum L.), an important and popular vegetable among people,
is grown in fields and greenhouses in almost all countries in the world. With the
continuous improvement of living standards, the people’s demand for fresh fruits
and vegetables is also increasing day by day. Nevertheless, tomato production
worldwide remains highly vulnerable to both abiotic and biotic stresses. In particu-
lar, infection, feeding, and competitive growth of some pathogenic microorgan-
isms, pests, and weeds have significantly reduced tomato production, severely
limiting development of the tomato industry and impacting the supply-demand
balance. Over 200 species of tomato pathogens have been identified as causing
production problems. Approximately 100 insect pests and 25 non-insect pests
attack tomatoes. The heavy use of chemical pesticides has led to plant resistance to
diseases and pests, leftover pesticide residues, and environmental damage, all of
which pose risks to food safety and human health. Therefore, strategies to reduce
pesticide use and the implementation of environmentally friendly control measures
for plant diseases and pests must be explored. In this chapter, we review the major
tomato diseases and pests and their prevention and control measures, thereby
providing theoretical support for the green and sustainable development of the
tomato industry.

Keywords: tomato (S. lycopersicum L.), diseases, pests, prevention and control
measures, tomato industry

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most widely grown vegetable
crops in the world, after potato and sweet potato [1]. It is known for its sweet and
slightly sour taste, and is believed to help cool the body, remove toxins, and lower
blood pressure. Tomatoes belong to the Solanaceae family and are cultivated in
almost every country, both in open fields and in greenhouses [2]. Originally from
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the Andes region of South America, the tomato was introduced to Europe in the
sixteenth century and later distributed throughout eastern and southern Asia,

the Middle East, and Africa [3]. Tomato fruits are usually eaten fresh in salads or
cooked in soups, sauces, fish, or meat dishes, and are frequently also processed
into juices and purees. They are essential ingredients in Italian cuisine, particularly
in the production of pizzas. In India, tomatoes are popular additives due to their
flavor. In China, they can be used as both vegetables and fruits, and can be eaten
raw or cooked, which is very popular among people. Moreover, products such

as dried and canned tomatoes also have high economic value, as these products
represent an affordable way to buy tomatoes when the production is poor or during
off-seasons [4-6].

With the continuous improvements in living standards, the people’s demand for
fresh fruits and vegetables is also increasing day by day. As a nutrient-rich fruit and
vegetable gardening crop, tomatoes have become a staple daily food [3]. In 2023,
the global planting area of tomatoes reached 6,540,956 ha, with China being the top
producer (planting area of 2,316,831 ha; https://data.fac.org/?lang=en). However,
the global tomato fruit harvest can be greatly impacted by both abiotic and biological
stresses. In particular, infection, feeding, and competitive growth of some pathogenic
microorganisms, pests, and weeds have significantly reduced tomato production,
severely limiting development of the tomato industry and impacting the supply—
demand balance [7].

Tomatoes are frequently affected by diseases and pests throughout all growth
stages, which can cause significant yield losses and occasionally complete crop
failure [8]. Over 200 species of tomato pathogens have been identified that cause
production problems. Fungi, bacteria, and viruses are common causes of numer-
ous tomato diseases [7]. Early blight can cause fruit yield losses of 50-86% [9], late
blight can induce losses of 20-70% [10], and vascular wilting can reduce yields by
30-40% [11, 12], although yield losses can increase to 80% under certain weather
conditions. Moreover, bacterial leaf spots can reduce tomato yields by 20-50%

[13], whereas viral diseases such as bud necrosis/spotted wilt, leaf curl, and mosaic
(Tobamovirus) cause yield losses of 45%, 35%, and 18%, respectively [14]. The
other most severe and widespread tomato disease is root knots, produced by the
nematode Meloidogyne incognita (Kofoid & White), which causes annual crop losses
of 11-35% [15]. This disease also makes tomato plants more susceptible to other
fungal and bacterial diseases [16].

Approximately 100 insect pests and 25 non-insect pests attack tomatoes [17].
These pests feed from germination to harvesting and significantly affect the
number and quality of fruits [17]. Whitefly, thrips, and American serpentine
leaf-miner lead to tomato yield losses of 45% and 23% respectively [18]. Farmers
commonly use a variety of fungicides and pesticides to rapidly control diseases and
pests. However, according to the Food and Agriculture Organization of the United
Nations, total pesticide use is increasing globally, reaching more than two million
tons in 2020 [19]. Extensive chemical pesticide use has led to plant resistance to
pathogenic bacteria and pests, excessive pesticide residues, and environmental
pollution, all of which threaten food safety and human health [20]. Therefore,
strategies to reduce pesticide use and implement greener prevention and control
measures for plant diseases and pests must be explored. In this chapter, we review
the major tomato diseases and pests and their prevention and control measures,
thereby providing theoretical support for green and sustainable development of the
tomato industry.
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2. Common tomato diseases and pests and control measures
2.1 Common diseases and control measures
2.1.1 Tomato early blight

Early blight is a common disease in tomatoes that becomes more severe and
harmful with increasing humidity. In countries such as the United States, Canada,
and India, tomato production has decreased by as much as 79% owing to early blight
infections [21]. The disease often begins in the early stages of fruiting and the peak
fruiting period. Old leaves are primarily affected, whereas young leaves are less
impacted. The causes of early blight include improper cultivation and management,
insufficient fertilization, poor plant growth, poor disease resistance, and severe
disease occurrence. Moreover, the occurrence and prevalence of early blight in toma-
toes are closely related to the field temperature and humidity, plant growth status,
and degree of disease resistance. Under certain conditions, that is, temperatures of
20-25°C, high humidity, and foggy and rainy weather, the disease develops rapidly
and is more prone to spreading [22].

Early blight is caused by the facultative parasitic pathogen Alternaria solani, which
destroys the cell walls, cytoplasm, and other related metabolic enzymes of host
cells, as well as mediating the pathogenic activities of the host [23]. The pathogen
overwinters in diseased residues in the soil or seeds, then becomes the primary source
of infection during the production season [24]. Overwintering pathogen sources
produce asexual propagules at the disease spots in the second year, which spread to
the leaves via rainwater splashes, air currents, or agricultural operations, re-infecting
the leaves and causing disease. Under suitable conditions, disease spots can form in
2-3 days, and a large number of asexual spores can be produced on the disease spots
within 4-5 days; repetition of this cycle can lead to substantial spreading of the
disease if not controlled [25].

The prevention and control of early blight includes the following measures.

Select disease-resistant tomato varieties, such as Green Tomato, Zhongshu no.

5 and no. 6, which are relatively resistant to early blight [26]. Clean up the coun-
tryside, after pulling seedlings, residual plants, fallen leaves, fallen fruits, etc. In
addition, Rotation with non-solanaceous crops, such as corn, sunflower, wheat, and
melons, for 2-3 years has a remarkable effect on disease prevention [7]. Moreover,
treating the leaves of tomato seedlings with a certain concentration of Bacillus
lateralis can effectively reduce the infection degree of the pathogen in tomato plants.
Additionally, the control effect of spraying and root irrigation with B. pilirensis on
early blight in tomatoes reached 91.96% and increased the tomato yield. Trichoderma
spinosporum fermentation liquid can also inhibit the growth and development of early
blight fungi in tomatoes [26-28].

2.1.2 Tomato late blight

Late blight is a highly prevalent disease in tomatoes. If scientific preventive
measures are not implemented in a timely manner, late blight can develop rapidly
and become difficult to control, causing large-scale destructive harm. This disease
is caused by Phytophthora infestans, which parasitizes a living host to survive, mainly
overwintering on tomatoes, eggplants, and stored potatoes [29]. The plant that
initially develops the disease is called the “central disease plant,” which produces a
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large number of sporangia. Both seedlings and adults can be infected. The seedlings
are infected, and dark green water-stained lesions appear on the leaves, which rapidly
expand to the petioles and stems, causing them to thin and brown necrosis, and the
seedlings wilt and die. Adult plants are diseased, mainly affecting leaves, petioles and
stems, and in severe cases, they are also harmful to green fruits. When conditions are
suitable, overwintering pathogens produce sporangia on their overwintering hosts,
which spread to tomatoes via air currents or rainwater, causing the disease to rapidly
expand and spread in all directions [30].

The prevention and control measures of late blight are as follows:

1. Select disease-resistant varieties, including Shengmei, Fenbeili no. 9, and Jiayue
9015 [31].

2. Implement reasonable cultivation management measures, including planting
tomatoes far from potatoes and eggplants and maintaining reasonable planting
densities, formula fertilization, organic fertilization, and watering [32].

3.Improve field investigations to promptly identify the central disease plants
for chemical control. The field control effect of the new fungicide on tomato
late blight was significant, such as 30% fluopyramide-cyanoglutazole suspen-
sion 600 mL/hm?, 170 g/L fluthiazole, acetopyritone-azoxystrobin suspension
350 mL/hm?, 32% pyraclostrobin flupyramidamine suspension 750 mL/hm? [33].

2.1.3 Tomato gray mold

Gray mold is an important disease affecting tomato production. In China, which
has the largest tomato planting area and highest yields in the world, the rapid spread
of tomato gray mold in recent years poses a particularly serious threat to production.
Inadequate prevention and control measures can cause significant losses [34, 35].
Tomato gray mold disease has an incidence rate in the field of approximately 30% and
typically results in yield reductions of 20-30%j; however, this can increase to 50% or
even termination of production in serious cases [36, 37]. Gray mold is caused by the
pathogen Botrytis cinerea, with the tomato flowering period representing the peak
period of infection [38]. B. cinerea infection often begins in the petals and stigma
of tomatoes and continues to spread to other parts, such as the fruit stem and navel,
causing symptoms in both growing and non-growing tomato plants, although the
pathogen is dormant in non-growing plants [39]. The disease often occurs during
the transportation of ripe harvested fruits owing to the low storage temperature and
high humidity. High-temperature, rainy, and humid environments, as well as cool
and shady conditions, provide favorable conditions for the occurrence of tomato gray
mold. Continuous rainy weather can significantly increase field humidity, which also
creates favorable conditions for disease spread [40].

There were several measures to control gray mold:

1. Clean fields by promptly removing diseased leaves, flowers, and fruits. In par-
ticular, removing the remaining diseased petals of tomatoes as early as possible
after fruit setting can effectively prevent the occurrence of tomato gray mold
disease, with a prevention efficiency of over 90% and control temperature and
humidity additionally [41]. Besides, implement some biological control meth-
ods. Some antagonistic fungi and bacteria can be utilized to prevent and control
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gray mold in tomatoes. Currently, widely studied and applied biocontrol fungi
include T. harzianum and T. mucilage. Common biocontrol bacteria include B.
subtilis and Pseudomonas fluorescens [42, 43].

2.1.4 Tomato canker

Tomato canker is a bacterial disease caused by gram-positive bacterial pathogens
that seriously endangers tomato production [44]. Tomato canker was first discovered
in Michigan, USA, in 1909, and then became widely distributed in various tomato
production areas in the United States, as well as Mexico, Canada, and other places,
gradually becoming a global plant disease. The disease broke out on a large scale in the
UK from 1943 to 1946, seriously affecting the tomato-canning industry. Since then,
tomato canker disease has been reported in more than 600 countries, including the
United States, Europe, Africa, and Oceania [45]. In 1985, tomato canker was discov-
ered in the Pinggu and Yanqing counties of Beijing, China, and now occurs in many
provinces and cities, such as Beijing, Xinjiang, Hebei, Anhui, and Shanghai, affecting
tomato production to varying degrees in many areas [46]. Owing to its wide transmis-
sion routes and strong harmful effects, this disease is regarded as one of the most
destructive and economically significant tomato diseases worldwide, which affects
both the yield and quality of tomatoes. It is now listed as a quarantine disease in many
countries [47].

During disease progression, the seedlings become diseased, the true leaves wilt
from the bottom to top, the vascular bundles turn brown after stem cutting, the pulp
becomes empty, the stems rot, and the plants die. In the adult stage of the disease,
symptoms appear during the fruiting stage, with plant leaves wilting from bottom
to top. Some leaves first show patchy necrosis, then gradually wilt and die. When the
stem of a wilted plant is cut open, the vascular bundles have turned brown. When cut
horizontally and squeezed by hand, yellow purulent substances can be squeezed out,
representing bacterial pus. The fruit is invaded on the surface, resulting in a central
dark brown scar-like bulge and white “bird’s eye”-shaped spots along the edge [48].

Tomato canker is caused by Clavibacter michiganensis subsp. Michiganensis (Cmm),
which can infect other plants of the tomato genus such as chili peppers, solanums,
and split-leaf solanums [49]. Cmm is an aerobic gram-positive bacterium, short
rod-, stick-, or wedge-shaped, without flagella or spores [50]. Moreover, the cells
generally exist in single or paired forms and can induce hypersensitivity reactions
in non-host tobacco plants [50]. The pathogen can overwinter inside and outside
seeds, as well as on diseased and dead plants, and can survive in the soil for 2-3 years
along with diseased and dead plants [51]. The pathogen mainly invades root wounds,
harming the root system, but can also directly invade local areas through the hairy
bodies of leaves and the epidermis of young fruits, causing disease [51]. Long-
distance transmission relies primarily on the transport of infected seeds, seedlings,
and unprocessed fruit; close-range transmission mainly occurs through rainwater and
water [50]. Agricultural operations can also spread this disease. The occurrence and
prevalence of this disease are related to the bacterial carrier rate, quantity of seeds,
and number of diseased and dead overwintering plants. Warm and humid conditions,
frequent overcast and rainy days, and heavy rain are conducive to disease onset [48].

Prevention and control measures:

2.Focus on eliminating seed-carrying bacteria using disease-free seeds and
performing appropriate treatments. Strict quarantine of seeds should be imple-
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mented, and transportation of seedlings from epidemic areas must be pro-
hibited. And implement a rotation of more than 3 years with non-solanaceous
vegetables, adopt ridge cultivation, and apply fertilizers reasonably to enhance
disease resistance in plants [52].

3. Disinfect and sterilize seeds by soaking in warm water at 55°C for 30 min, steril-
izing with dry heat at 70°C for 72 h, or soaking in 1% hydrochloric acid solution
for 5-10 h or 1.05% sodium hypochlorite for 20-40 min. The samples can be
germinated after thorough washing with clean water [53].

4. Biological control. Treating tomato seeds with Pseudomonas and Bacillus strains
can improve their quality and reduce the incidence of bacterial canker diseases.
Streptomyces sp. strain HL-12, T harzianum, and Rhodosporidium diobovatum also
inhibit Cmm [54-57].

2.1.5 Tomato bacterial spot disease

Tomato bacterial spot disease was first discovered in the United States in 1933 and
has since spread across all continents [58]. The incidence rate of bacterial spot disease in
tomatoes can reach 100%, leading to yield reductions of 5-75%. Accordingly, this disease
isincluded in the list of harmful organisms for entry-exit quarantine in China [59].

Tomato bacterial spot disease mainly affects the leaves and infects the stems,
petioles, and fruits. The leaves become densely covered with small, irregularly shaped
spots of varying sizes, ranging from grayish-white to grayish-brown [60]. These
spots, which are slightly sunken with darker edges and an oily luster, join together to
form large, irregularly shaped necrotic spots with a dark brown color [61]. Infection
of the petioles and stems produces amorphous brown depressed necrotic spots.
Infected fruit, which mostly comprises young and tender fruits, shows slightly raised
small spots, which later turn into brown scab-like spots; the tissues around the lesions
delay red ripening [58].

Tomato bacterial spot disease is caused by Pseudomonas syringae tomato, which
is short, rod-shaped, does not produce spores, has no entrapment, and has one or
more flagella [61]. The fungus overwinters on seeds, diseased carcasses, and soil. The
pathogen can survive for several years on dried seeds, and the environmental condi-
tions are often suitable for infecting plants at the seedling stage. Seedlings are infected
by sowing infected seeds, and become diseased after planting; the disease then
spreads through rainwater splashing, agricultural operations, and irrigation water.
Susceptibility to tomato bacterial spotting disease varies diurnally, with nighttime
susceptibility being stronger than daytime susceptibility [62].

Prevention and control measures:

1. Select disease-free seeds or soak seeds in warm water at 55°C for 30 min, ina
200x dilution of 30% copper succinate solution for 60 min, or in 1% potassium
permanganate solution for 20 min [63].

2.Implement crop rotation with non-Solanaceae vegetables for more than 3 years,
adopting ridge cultivation and reasonable fertilization to improve disease resis-
tance in plants. In addition, implement chemical control. In the early stages of
the disease, chemicals should be administered in a timely manner for preven-
tion and control. Spray with 47% Spring-Wang copper wettable powder (800x
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dilution), 77% copper hydroxide wettable powder (500x dilution), neomycin
(4000x dilution), 3% Zhongshengbin wettable powder (600-800x dilution), or
50% succinate copper wettable powder (400-500x dilution) [63].

2.1.6 Common tomato virus diseases

Common tomato viral diseases include mosaic, fern leaf, strip spot, and rolled
leaf. During production, these diseases often occur in a mixed infection, causing the
plants to shorten, the internodes to shorten, the leaves to rise, the leaf color to pale,
and the yield and quality to decline. The main symptoms are as follows. (1) Fern leaf
disease: top leaves are slender, the mesophyll is atrophied and twisted, middle and
lower leaves curl upwards, and the internodes shorten [1]. (2) Stripe disease: irregular
necrotic spots ranging from yellowish-brown to blackish-brown are scattered on the
upper and middle leaves, which spread to the petioles, presenting as brown stripes.
The stems are initially dark green, with irregularly sunken short streaks, which
later turn into dark brown, oily necrotic streaks of varying lengths [1]. (3) Mosaic
disease: affected plants show a pale leaf color, slow growth, and the appearance of
net-like mottled leaves or irregular yellowish-green patches on the leaves [1]. (4) Leaf
curl disease: yellowing between the veins of the leaves, the edges of the leaves curl
upwards, small leaves are spherical and twisted into a spiral deformity, the entire
plant atrophies, and occasionally grows in clusters [1]. The major viruses causing
tomato diseases include tomato yellow leaf curl virus, cucumber mosaic virus, tomato
spotted wilt virus, and southern tomato virus (Table1).

Prevention and control measures:

At present, no effective agent exists for the treatment of viral diseases, and only a
few types of virus passivators are available to alleviate the disease [1]. Therefore, the
prevention and treatment of viral diseases should be based on all aspects of cultiva-
tion and management, improving disease resistance in plants, and implementing
drug control like this [1].

1. Select disease-resistant varieties according to local conditions and viruses.

2.Before sowing, pre-soak the bell in water for 3-5 h, then soak the seeds in 10%
trisodium phosphate solution for 20 min.

3.Strengthen field management, ensure timely watering in high-temperature and
dry seasons, apply foot fertilizers, consider the combined application of nitro-
gen, phosphorus, and potassium fertilizers, and appropriately increase potas-
sium fertilizers.

4. Control aphids, whiteflies, and thrips can control disease development.
2.2 Common tomato pests and control measures
2.2.1 Tuta absoluta

Tuta absoluta (Meyrick) eggs are typically laid on the front or back of young
leaves. The insects are divided into four instar stages, and the developmental period

is approximately 20 days. After hatching into larvae, the mesophyllous-eating insects
form irregular insect passages on the affected leaves, and the leaves are transparent
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Serial Virus Virus Transmission  First Infestation symptoms

number type characteristics medium reported

1 Tomato A single- Whiteflies Israel in Yellowing leaves,
yellowleaf  stranded DNA 1931 [64] thickening and shrinking,
curl virus, virus belonging curling and wrinkling,
TYLCV to the genus dwarfization of diseased

Begomovirus. plants, delayed growth,
flower and bud drop,
reduced fruit setting, and
fruit stiffness.

2 Cucumber  Positive Aphids Michigan, Infected leaves initially
Mosaic single-stranded USA, in develop “bright veins”,
virus, RNA virus; a 1916 [65] which then become dull.
CMV typical member The plant is dwarfed and

of the genus deformed, and the leaves

Cucumovirus. will appear mosaic and
necrotic, with yellow-green
mottled spots, and thinning
in severe cases. Some
diseased leaves will have
shrunken edges and curls,
and some will narrow their
tips to form a “rat tail”. Can
also may be asymptomatic
when occurring later in plant
development.

3 Tomato Negative-strand ~ Thrips Australia in At the seedling stage of
spotted RNA viruses 1915 [66] diseased plants, the leaves
wilt virus, belonging to the are wilted or severely
TSWV Orthotospovirus. dwarfed, the leaf veins and

dorsal are purple, the leaf
texture is not stretched and
gradually becomes brittle,
and many irregular small
black spots form. Infected
stem appears brown,
necrotic streaks appear, and
the fruit shows a greenish
ring and brown necrosis.

4 Tomato A double- Whiteflies Florida in Infected tomatoes grow
chlorosis stranded RNA 1998 [67] slowly throughout the
virus, virus belonging growth period, with
ToCV to the genus yellowing of the top leaves

Crinivirus. and mild greening at the
bottom of mature leaves.

5 Southern A double- A strictly California, It usually manifests as
tomato stranded RNA species- borne  USAin a compound infection.
virus, virus belonging virus, with 1984 [68] Infected plants are whitish,
STV to the genus no reports of exhibiting greening, plant

Amalgavirus. insects as its decline, fruit size reduction,
transmission etc.. Currently no clear
mediator expression of symptoms

after the STV virus alone
infects tomato plants.
Table 1.

Major viruses infecting tomatoes.
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and paper-thin, with window shapes and accumulations of black excrement. The
larvae can also eat the fruit and form holes, making the fruit susceptible to infection
by pathogens, resulting in fruit rot. As the larvae progress through the pupal stage,
they darken and are often covered with a white silk cocoon. Adults have light gray or
grayish-brown silvery-gray scales [69].

Prevention and control measures:

1. Strengthen field management with non-Solanaceae vegetable crops to reduce
the number of tomato leaf-miner host plants. Remove insects from the field in a
timely manner, burying impacted leaves and fruits deeply. Strengthen water and
fertilizer management and ensure appropriate application [70].

2.Implement physical control measures such as sex pheromone trapping, which is
an important method of controlling adult tomato leaf-miners during production.
The traps attract and capture adult males during the courting period through the
use of blue colors and synthetic pheromones [70].

2.2.2 Liviomyza sativae

The L. sativae is a polyphagous pest. Although both the adults and larvae can cause
harm, the larvae are the main pests. Female adults stab the leaf epidermis with an
ovipositor, feed on the sap, and lay one egg in each wound hole. After hatching, the
larvae begin to feed on the mesophyll, and the affected leaves exhibit white irregu-
lar channels. Black excrement occurs in the insect tunnels in the shape of broken
threads. This insect bites through the leaf epidermis to pupate on foliar or ground
surfaces. Pathogenic microorganisms invade wound holes, leading to the occurrence
and spread of disease, the transmission of various viruses, and enhanced damage to
plants [71].

Prevention and control measures:

1. Agricultural control. As different tomato varieties exhibit different selectiv-
ity, resistant varieties can be planted to reduce damage to L. sativae. Moreover,
timely irrigation and deep tillage in protected areas and sheds can eliminate
pupae falling onto the surface [72].

2. Physical control. In July and August, the stubble should be changed at high tem-
peratures, greenhouses should not be ventilated day or night, and greenhouse
residues should be removed after insecticide treatment to prevent the spread
of insect sources. Insect nets should be installed in the vents of the facility to
prevent the exchange of insect sources in the open field and within the facility.
As the adults exhibit a certain tropism for yellow, they can be trapped by hanging
yellow plates [73].

3.Pharmaceutical preventive measures. Specifically, alternate the application of
biopesticides, such as fly amines, avermectin, ethyl spinosamad, and matrine,
to reduce their harmful effects. In the early stages of insect infestation, 2.5%
cypermethrin EC and 10% cyantranamide can be applied. Oil suspensions
and 16% perchlorine insecticidal monoemulsions should be used in strict ac-
cordance with the manufacturer’s instructions, and the dosage should not be
increased [72].
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2.2.3 Spodoptera exigua

The cotton bollworm, also known as Spodoptera exigua, is one of the main burrow-
ing pests, with tomato plants mainly eaten by the larvae. Adults are grayish-brown,
diurnal, and nocturnal, and exhibit phototaxis and chemotaxis [73]. The eggs are
mostly laid at dusk and at night, typically on the tips of tomatoes, young leaves, and
young shoots. Newly hatched larvae bite the tips of young leaves, and the second and
third instar larvae spin silk and droop to eat the buds, flowers, and fruits. This leads to
fruit decay, with young fruits eaten completely or allowed to rot and fall off. Ripe fruit
is eaten by part of the pulp, and the fungus invades the borer and causes fruit rot,
resulting in a significant reduction in yield. The flower buds turn yellow-green after
damage and withered after 2-3 days [73].

Prevention and control measures:

1. Agricultural control. At the peak of adult oviposition, topping and pruning
should be performed in time to reduce the number of eggs laid. When an insect
is found in the field, it should be removed in a timely manner to reduce the num-
ber of insects laid [73].

2. Physical control. As adults are attracted to the smell of poplar branches, prior
to the peak moth period, farmers can plant poplars at a density of 300 trees per
hectare, with 75-105 branches on each tree; the adults can then be collected early
in the morning with the dew and killed [74]. Additionally, black light lamps and
high-pressure mercury lamps can be installed in the field to trap male adults,
exploiting their phototaxis. This also reduces the number of eggs laid by female
moths [75].

3.Pharmaceutical prevention and control. After the peak oviposition period of
adults, a bollworm karyopolyhedrovirus suspension of 20 billion PIB/mL or B.
thuringiensis wettable powder can be sprayed at a concentration of 32,000 IU/mg
for larval control. The resulting larvae do not moth the fruit [74]. Alternatively,
a 2% emamectin benzoate emulsifiable concentrate, 14% chlorantranide per-
chlorofluorine microcapsule suspension, or 10% cyantraniliprole dispersible oil
suspension can be used for prevention and control [74].

2.2.4 Bemisi tabaci

B. tabaci larvae and adults swarm on the back of the young leaves, sting and suck
the sap of the leaves, which turn green and yellow, wilt and dry; in severe cases, the
entire plant withers and dies [76]. Adults and nymphs secrete large amounts of hon-
eydew, which causes black sooty stains on leaves and fruits. Adults can also transmit
viral diseases when they suck leaves [77].

Prevention and control measures:

1. Physical control. Before the tomato facility is planted, an insect net can be
installed in the vent to prevent adults from entering the shed. Silver-gray plastic
film can be used as the mulch film to repel whiteflies and effectively reduce the
number of whiteflies in the greenhouse. As the insects are attracted to yellow
colors, previous control measures have included hanging 375-450 yellow plates
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per hectare after tomato planting, with the lower edge of the yellow plate placed
10-15 cm from the plant. The artificial release of the natural enemies of whitefly,
including aphid wasps, new pasteur mites, and heterochromatic ladybugs, can
also be used for control [78].

2.Pharmaceutical prevention and control, such as the application of 5% d-limo-
nene dissolvable agent, 17% flupyranone dissolvable solution, 22% spirachlor-
ethiacaprid suspension agent, or 20% spirafen propylene dispersible oil suspen-
sion [79].

3. Conclusions

Tomatoes are important vegetables with strong consumer demand. However, the
frequent occurrence of pests and diseases seriously affects their yield and quality.
With higher consumption levels and greater attention to food safety, the effective
prevention and control of pests and diseases has become increasingly important in
tomato production. Prevention and control should combine agricultural practices,
biological control measures, physical control measures, and the selective use of
chemical agents. Considering these requirements, the green prevention and control of
tomato diseases and pests is vital for guaranteeing tomato quality and promoting the
sustainable development of the tomato industry.
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Chapter 2

Salicylic Acid Mitigates the
Negative Effects of NaCl in
Solanum lycopersicum L. by
Improving Growth Rate and
Biochemical Parameters

Wasti Salma, Ben Hassine Abiv, Abdi Najoua
and Ben Ahmed Hela

Abstract

Tomato is the most important vegetable in the world and also the one with the
highest economic value. However, it is frequently exposed to multiple environmental
stresses, especially salinity. Salt tolerance is susceptible to be ameliorated by genetic
and physiological ways. Salicylic acid controls signaling pathways whose role in
resistance is the best established. The objective of this study is to examine the effect
of exogenous application of (0.01 mM SA) on the salt tolerance (100 mM NaCl) of
cultivated tomato cvrs. Moneymaker, Super Marmande, and Marmande. This evalua-
tion includes assessing growth, pigment level, and metabolic parameters in the plant
during the first month of development.

Keywords: tomato, salinity, salicylic acid, photosynthetic pigments, proline, sugar
content

1. Introduction

Climate change is becoming increasingly restrictive for the growth and develop-
ment of plants, particularly in semi-arid and arid areas throughout the world [1,
2]. Soils are classified as saline where the electrical conductivity of a pulp extract
saturated at 25°C (CEeps) is 4 dS m™" or higher (USDA- ARS. 2008), which is approxi-
mately equivalent to 40 mM NacCl, generating an osmotic pressure of around 0.2 MPa
(FAO 2008) [3].

The main causes of salt accumulation in plants are irrigation with salt water
and the excessive use of fertilizers. Additionally, severe climatic conditions such as
temperature increases and drought contribute to the rise in salt concentration in the
soil [4].

19 IntechOpen



Solanum lycopersicum L. — Research Methods, Approaches, and Peyspectives

The tolerance of plants to salinity varies from one species to another, and
each crop has its own physiological and/or biological tolerance to different levels
of salinity [5]. Indeed, some crops thrive very well in salt soil, but this is not the
case for others. However, the development of methods to improve the salt toler-
ance of cultivated plants is essential and receives considerable attention. The
cultivated tomato is currently the most consumed vegetable in the world. Due to
its importance in terms of food, the tomato has received significant attention. It
is classified as a plant with medium tolerance, exhibiting intraspecific variability.
Salt tolerance can potentially be improved through genetic, biotechnological,
or physiological means. The use of salicylic acid represents a recent approach in
improving plant tolerance to salinity. SA is a phenolic phytohormone, naturally
synthesized by the plant in response to various stresses, to be involved in acquired
systemic resistance (ASR) and participate in the regulation of physiological
processes [6]. Thus, it is considered to activate most of the plant defense responses
against biotic and abiotic stresses [7, 8]. SA is considered a molecule involved in
many physiological processes in plants and it is also a compound naturally found
in plants. Gharbi et al. [9] reported that 0.01 mM SA improved the growth of
aerial parts in Solanum lycopersicum cv. Ailsa Craig as well as its wild, salt-resistant
relative, Solanum chilense. Additionally, Mimouni et al. [10] observed that applying
0.01 mM SA recovered the content of photosynthetic pigments (Chl and caro) in
plants exposed to salinity.

To encourage crop production and rapidly increase the agricultural yield of cur-
rently available cultivated lands under abiotic constraints at the national level, it is
necessary to understand the physiological and biochemical responses to these limiting
conditions. In this context, this work is a contribution to the study of physiological
behaviors of tomato subjected to 100 mM NaCl and to evaluate the effect of root
application of 0.01 SA on the tolerance of three contrasting tomato cultivars to salt
stress.

2. Materials and methods
2.1 Plant material and growth conditions

Three genotypes of tomato (Solanum lycopersicum L.,) were used (cv.
Moneymaker, cv. Super Marmande, and cv. Marmande). Seeds were surface-sterilized
by soaking in a 5% (v/v) sodium hypochlorite solution for 15 min followed by three
washes with sterile distilled water. Seeds were then germinated in Petri dishes with
moistened filter paper and incubated under fluorescent light (90 pmol m™ s with
a16 h photoperiod at 25°C). Ten days after sowing, seedlings were transferred to
growth chamber (25°C/70% relative humidity during the day and 20°C/90% rela-
tive humidity during the night; photoperiod: 16 h daily with a light irradiance of
150 pmol m™*s™"). They were grown in a continuously aerated hydroponic Hoagland
nutrient solution containing the following chemicals: 5 mM KNOs, 1 mM NH,H,POy,,
0.5 mM MgSO,, 5.5 mM Ca(NOj),, 10 uM H;BOs, 1 tM MnSO,, 1 pM ZnSO,, 0.25 pM
CuSOy, 10 pM Na,MoOy, and 0.34 g/L Fe-EDDHA [ethylenediamine-N,N’-bis
(2-hydroxyphenylacetic acid)] [11]. After 7 days of acclimatization in control condi-
tions, the seedlings were exposed to four treatments (Table 1). Fifteen days after
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Nutrient solution Salicylic acid (0.01 mM) NaCl (100 mM)
C + — _
SA + + _
s . — '
S+SA . B .

C - Control, SA - Salicylic acid, S - Salt (NaCl), SA + S - salicylic acid + NaCl.

Table 1.
Different treatments applied to tomato seedling. (+) indicates presence and (-) absence of considered solution.

treatment, plants were collected and separated into leaves, stems, and roots for the
assessment of physiological parameters.

2.2 Dry weight determinations

For plant growth, 10 independent dry matter measurements were performed on
separated leaves, stems, and roots. Dry weight (DW) was determined after desicca-
tion at 80°C for 48 h.

2.3 Chlorophyll and carotenoid analysis

Pigments were extracted from leaf disks in 80% acetone. Chlorophyll and carot-
enoid concentrations were quantified spectrophotometrically based on the method
outlined by Lichtenthaler [12] employing the following equations:

C, =12.25A, —~2.79A,,,
C, =21.50A,; -5.10A,
C.., =7.15A,, +18.71A,,,

C,,. =[1000A,,, —1.82Ca-85.02C, ]/198

where C, = chlorophyll a; Cy, = chlorophyll b; C, , 1, = total chlorophyll; Cy, . = carot-
enoids, A, = absorbance at A (nm).

2.4 Proline and total soluble sugar contents

Proline concentration (g/FW) was measured using the method described by Bates
etal. [13]. Proline was extracted from approximately 200 mg of fresh weight (FW)
organ samples with 10 mL of 3% sulfosalicylic acid at 70°C for 30 minutes. After
adding acid ninhydrin and glacial acetic acid to the extracts, the mixture was heated
in a water bath at 90°C for 1 hour. The mixture was extracted with toluene, and the
absorbance of the toluene fraction was measured spectrophotometrically at 520 nm.

Total soluble sugars were estimated using the anthrone reagent method, with
glucose as the standard, according to Yemm and Willis [14].
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3. Results
3.1 The effect of SA on growth parameters of tomato plants

It is observed, in our study, that salinity negatively affects plant growth of all
the genotypes (Figure 1). Salt treatment (S) caused a significant reduction in
whole plant dry mass in cvrs. Moneymaker, Super Marmande, and Marmande by
53, 46, and 32%, respectively, compared to the control plants. In tomato grown in
the presence or in the absence of NaCl, root application of 0.01 mM SA stimulates
biomass production. The root system is not very sensitive to NaCl, and its growth
is stimulated by SA. Thus, SA improves plant growth in saline environments by
stimulating root system growth and promoting the development of aerial organs.
The results showed that the beneficial effect of exogenous SA application in miti-
gating NaCl-induced growth inhibition was particularly pronounced especially in
the cultivar (cv. Marmande) (Figure1).

3.2 The effect of SA on photosynthetic pigments of tomato plants

There was a significant alteration in the photosynthetic pigments, chlorophyll
(Chl) and carotenoid content (carot), under salinity stress in the three genotypes
when compared to the control plants (Table 2). Under saline treatment, the photo-
synthetic pigment content in cv. Marmande decreased by 42% for carotenoid and
30% for chlorophyll. On the other hand, the SA + S treatment significantly increased
chlorophyll and carotenoid levels by 27 and 28%, respectively, compared to plants
treated only with NaCl for the same cultivar (cv. Marmande). Application of SA alone
or in combination with salt-stressed plants did not significantly improve chlorophyll
concentrations in cv. Super Marmande (Table 2).

2500 OMoneymaker m SuperMarmande @ Marmande
1400
g 2 ? (@) a T (b)
2 2000 b 1200
F o
: be g 1000 b
o c o E b b
s < Mc I g e | ; b b
i 79 qd £ | | .
= 1000 e T & 600 )
! T am .
500 3
200
0 g : . 0 . . .
c SA s S+SA c SA 5 S+SA
Treatments Treatments
1000 (c) 350 (d)
300
800 + ) ]_
= o T
S T E 0 N
F oowf - R T °
H T . -
- I - 1 . ]
5 am | b £ 1 - 1
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S HI HL H ’7
w0 b
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C SA 5 S+5A « SA 5 SHEA
Treatments Treatments
Figure 1.

NaCl effect on dry weight of different tomato cultivars with/without SA application after 15 days of growth. Each
value represents the mean of 12 replicates. Bars indicate + standard ervor (P < 0.05). C - control, SA - salicylic
acid, S - salt (NaCl), SA + S - salicylic acid+NaCl.
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C SA S S + SA
cv. Moneymaker
Total Chl (mg g'1 FW) 2.81+0.41a 1.52 + 0.09¢ 1.62 + 0.66¢ 1.80 + 0.21b
Carot (mg g’1 FW) 0.35+0.03a 0.34 + 0.05a 0.15+0.02b 0.18 + 0.01b
cv. Super Marmande
Total Chl (mg g’1 FW) 210 + 0.19a 1.92 + 0.26a 1.16 + 0.07b 1.28 + 0.10b
Carot (mg g”' FW) 0.33+0.03a 0.30 £ 0.03a 0.18 + 0.02b 0.20 + 0.04b
cv. Marmande
Total Chl (mg g'1 FW) 1.53 + 0.08a 143 £ 0.06a 1.12 + 0.10b 1.35+ 0.05¢
Carot (mg g’1 FW) 0.25+0.01a 0.22+0.02a 0.13+0.01b 0.17 + 0.02c

Each value represents the mean of five veplicates. Bars indicate + standard error (P < 0.05). C - control, SA - salicylic
acid, S - salt (NaCl), SA + S - salicylic acid+NaClI.

Table 2.

NaCl effect on pigments (total chlorophyll and carotenoid) of different tomato cultivars with/without SA
application after 15 days of growth.

3.3 The effect of SA on proline content of tomato plants

Figure 2.

After 15 days of treatment, the increase in proline content in plants treated

with 100 Mm NaCl was significant in leaves and roots compared to control plants
(Figure 2a, b). The content of proline increased particularly in roots, especially for
cultivars Moneymaker and Super Marmande under saline conditions. Exogenous

Leaf proline content, pmol.g-1 FW

Leaf sugars, mg.g -1 FW
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NaCl effect on proline (a, b) and sugars (c, d) of different tomato cultivars with/without SA application after
15 days of growth. Each value represents the mean of five veplicates. Bars indicate +standard error (P = 0.05).
C - control, SA - salicylic acid, S - salt (NaCl), SA + S - salicylic acid + NaCl.
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application of SA via root medium enhanced proline content in both organs of cv.
Marmande, with an increase of about 22% in leaves and 33% in roots compared to salt
treatment (S) (Figure 2a, b).

3.4 The effect of SA on sugar content of tomato plants

In our study, the sugar level evaluated in leaves of cv. Marmande treated with NaCl
was reduced by 27% compared to control plants (Figure 2c). However, plants treated
with SA show increased sugar content in the leaves and roots of tomatoes grown in
a saline medium with 35 and 39%, respectively, compared to those grown only ina
saline medium (S) (Figure 2c, d).

Cultivars exposed to salt exhibited a reduction in their root soluble sugar content.
For instance, NaCl decreased root sugar concentration by 56% compared to control
for cv. Super Marmande (Figure 2d). The addition of SA mitigated this negative
impact of salinity on root sugar levels. This effect was more pronounced in cv.
Marmande, which increased sugar content by 52%, compared to salt treatment (S). In
cv. Moneymaker, there was no significant change at 100 mM NaCl; however, adding
salicylic acid increased the root sugar level slightly.

4. Discussion

The salinity of soils and water remains a major obstacle to plant growth. Indeed, the
salts accumulated in the soil cause physiological and metabolic disturbances, leading to
reduced growth of roots and aerial parts [6]. Indeed, the results obtained indicate that
salinity caused a significant reduction in growth rate. Figure 1 demonstrated that the
growth parameter (dry mass) decreased with the addition of NaCl, compared to controls,
which may be due to the reduction of leaf area. These findings were consistent with a
previous study on tomato [15]. Thus, plants growing in saline conditions will face the
challenge of salinity, which they must resist to survive. The exogenous application of
growth regulators or compatible solutes can effectively help improve crop productivity
under saline stress conditions [7]. Salicylic acid is known as a signaling molecule that
induces responses to environmental stress [16]. This substance has attracted attention
due to its ability to induce gene expression [17]. The exogenous application of salicylic
acid enhances the growth of several species subjected to various types of abiotic stress,
such as salt stress [9, 18]. The results showed that exogenous application of SA promoted
tomato plant growth under both non-saline and saline conditions. Indeed, dry mass
determination of the different organs of tomato indicated that the mitigation effect of
SA was important in plants treated with NaCl compared to those grown in salt stress only
(Figure1). This data was similar to a previous study where plant growth and dry weight
of rice were enhanced with 0.1 SA under salt stress (120 mM NaCl) [19].

The amount of chlorophyll and carotenoids in the leaves decreases under salt stress.
Furthermore, if the stress period is prolonged, older leaves begin to develop chlorosis [20].

Chlorophyll, due to its green color, is the main pigment found in plants. It is
essential for the plant’s photosynthetic activity.

Under salt stress, chlorophyll is reduced due to several factors related to the physi-
ological disturbances in plants. It damages cell membranes and proteins involved in
chlorophyll synthesis [21].
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Our results showed that 100 mM NaCl decreased the total Chl and carotenoids
content in leaves of the three genotypes compared to control plants (Figure 2).
Chlorophyll and carotenoid content in tomato leaves increases with exogenous applica-
tion of SA (Table 2). Zhao et al. [22] demonstrated that the application of salicylic
acid stimulates the photosynthetic machinery and increases the chlorophyll content in
soybean.

Plants accumulate a small molecule that helps them to overcome salt stress by
regulating internal osmotic balance and stabilizing proteins and other cellular
structures [23].

The proline accumulates in plant cells to maintain water balance. It is one of the
important components in the defense responses of plants to salinity by contributing
to better tolerance to prolonged salt stress.

Sugars, such as sucrose, glucose, or fructose, act as osmotically active solutes. This
helps maintain the plant’s water balance counteracting the dehydration effects caused
by excess salt. Also, sugars have antioxidant properties that help protect plant cells
from damage caused by reactive oxygen species (ROS) [24].

Our data showed that the application of SA via root medium promotes proline
and sugar content, especially in cvrs. Super Marmande and Marmande in saline
conditions. Shakirova et al. [6] showed that salicylic acid promotes the accumula-
tion of proline in maize-stressed seedlings. In our study, tomato plants submitted
to NaCl treatment showed a decrease in their root soluble sugar content in cv. Super
Marmande and in their leaf soluble sugars in cv. Marmande. Salt stress (100 mM
NaCl) induced a marked decrease in root sugar level by 56% compared to control in
cv. Super Marmande (Figure 2d). However, SA treatment enhanced the sugar content
accumulations in the roots and leaves of the three cultivars. This effect was more
prominent in cv. Marmande. Salicylic acid (0.01 mM) stimulates the degradation of
soluble sugars, thereby inducing the formation of new cells, resulting in improved
growth. The hydrolysis of proteins provides a pool of compatible solutes necessary for
osmotic adjustment in salt conditions [25].

5. Conclusion

In summary, our investigation into the effect of Salicylic acid on tomato under
salinity reveals a promising avenue for enhancing tomato crops. SA is a phytohor-
mone that plays several roles in plant growth including enhancing shoot and root
growth. In our study, the analysis of growth parameters showed that the 100 mM
NaCl concentration significantly reduced biomass production in tomato organs.

The application of salicylic acid to tomato plants has shown a positive influence on
growth parameters under saline and non-saline conditions. The efficiency of growth
rate was associated with the stimulation of photosynthesis by promoting the accu-
mulation of chlorophyll, the primary pigment responsible for capturing light, which
improves the plant’s ability to produce sugars under salt stress. The application of SA
could significantly reduce salt damage, mainly by increasing the content of osmotic
substances such as proline and sugars, enhancing photosynthesis, and promoting
growth. Our study enhances the understanding of SA’s role and serves as a refer-
ence for studying its mechanism in salt-resistant tomatoes, which requires further
investigation.
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Abstract

This chapter provides an overview of the tomato crop and efforts to improve its
productivity within Nigeria’s food value chain. It highlights the biotic, abiotic and
physiological challenges which pose substantial threat to the economics and nutri-
tional impact of tomato in Nigeria, with specific reference to selected previous and
current research techniques applied to improve the crop. It discusses the application
of conventional breeding, tissue culture and genetic engineering aimed at improving
traits such as disease resistance, fruit quality and shelf-life, including the revolution-
ary CRISPR genome editing technology for precise trait modifications. Furthermore,
the chapter outlines the current research landscape and capacity-building initiatives
in Nigeria, focusing on the need for collaboration among researchers, farmers and
policymakers. The conclusion presents recommendations for future research direc-
tions, advocating for increased investment in biotechnological innovations to comple-
ment conventional breeding to ensure sustainable tomato production in the face of
evolving agricultural challenges, thus contributing to food security and economic
development.

Keywords: tomato production, genetic improvement, in-vitro regeneration, policy,
capacity building, biosafety regulations, CRISPR technology
1. Introduction

Tomato, Solanum lycopersicum L., is a widely cultivated vegetable crop in Nigeria
and has significant economic importance for small-scale farmers and commercial

29 IntechOpen



Solanum lycopersicum L. — Research Methods, Approaches, and Peyspectives

producers. Global production of tomatoes is about 186.82 million tonnes grown across
5 million hectares. Nigeria is estimated to produce 4.1 million tonnes of tomatoes and
has been ranked as the 11th largest producing country in the world, placing her as the
second largest producer in Africa after Egypt [1].

Among the various vegetables grown in Nigeria, tomato stands out as the most
important in terms of both production scale and consumption levels [2]. The cultiva-
tion contributes to food security, income generation and employment opportunities
in rural areas. It is an important source of nutrition accounting for about 18-20% of
the average daily consumption of vegetables in Nigeria, significantly contributing
to meeting the human recommended dietary allowance (RDA) of over 200 million
Nigerians [3]. Due to its multi-purpose utility, popularity and low cost, it is constantly
in high demand. The demand for tomatoes in Nigeria was $11.5b in 2015 [4] and
increasing. As of 2023, Nigeria’s tomato processing industry alone was valued at over
USD 1 billion [5]. Over 3 million people are employed across various stages of tomato
production, from farming and harvest to post-harvest handling, transportation and
marketing [6]. This sector is particularly vital for rural employment, with smallholder
farmers representing the majority of those engaged in tomato farming. Moreover,
women are often involved in tomato production, marketing and processing, provid-
ing a source of income and empowering local communities [7].

Tomato cultivation in Nigeria spans various agro-ecological zones, from the humid
southern regions to the sub-humid middle belt and the semi-arid and arid north. The
crop is predominantly grown in the northern regions, positioned between latitudes 7.5
and 13°N, where the temperatures range from 25 to 34°C, providing an optimal climate
for tomato production. The cultivation of tomatoes is practiced by different ethnic tribes
and farming communities across Nigeria. The major tomato-growing regions in Nigeria
include the northern states such as Kano, Kaduna, Jigawa, Plateau, and Katsina, which
are known for their favorable climatic conditions and large-scale commercial tomato
production [8]. These regions have a dry season, thus allowing for both irrigated and
rain-fed tomato cultivation. The southern states, including Oyo, Ogun, Osun and Lagos,
also engage in tomato cultivation, albeit on a smaller scale, due to the presence of suitable
agro-climatic conditions and market demand [9]. Open-pollinated and hybrid cultivars
are cultivated, depending on the preferences of farmers and the market demands.
Common tomato types grown in Nigeria include Roma, Cherry, Beefsteak and Saladette
varieties [9]. The preferences are based on their adaptability to local conditions, disease
resistance, fruit quality and market preferences.

However, reported rise in tomato production in Nigeria has been driven by expan-
sion in area under cultivation, which has increased by 5% annually in the last decade
[10], which is unsustainable in the face of climate change challenges. Despite being
one of the largest producers in Africa, Nigeria struggles to meet domestic demand,
which is growing steadily. The challenges faced in tomato cultivation in Nigeria are
influenced by various factors, including pests and diseases, climate variability, limited
access to quality inputs, post-harvest losses and inadequate infrastructure for storage
and processing [11, 12]. Post-harvest losses are a major issue due to the physiological
ripening of the crop in the warm and humid climate and its susceptibility to pests.
Despite the availability of documented technologies for improvement, local tomato
cultivars in Nigeria remain largely undeveloped, and 80% of the seeds planted by
farmers are generic varieties of low quality with limited post-harvest shelf-life [13].
Nigeria has the capacity to lead in world exports of tomato and tomato products.
However, it was reported that Nigeria records up to 50% of locally produced tomatoes
in the country as annual loss [14].
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Efforts to enhance tomato production and reduce post-harvest losses have led to
the integration of biotechnology to address challenges in research for development.
Biotechnological advancements aim to improve tomato yield, shelf life and resistance
to pests and diseases. Research has focused on developing high-yielding, disease
resilient tomato varieties and to extend the shelf life to reduce post-harvest losses.
There are existing regulatory frameworks and policies in Nigeria [15] to oversee the
development and deployment of biotechnological products in agriculture. The Act
regulates the use of modern biotechnology to ensure safety for human health and the
environment.

Despite the importance of tomatoes, research and development (R&D) in this
sector faces challenges, including limited funding, inadequate infrastructure and
a shortage of skilled personnel, contributing to the decline in tomato production.
Addressing these challenges is crucial for enhancing tomato production and reducing
post-harvest losses in Nigeria.

This Chapter seeks to assess the tomato crop and the efforts that have been made
to improve available cultivars, the technologies applied, expertise and institutional
capabilities that can support research on the crop in Nigeria.

2. Challenges in tomato production
2.1 Biotic stresses: Pests and diseases

Tomato crops can be infected by bacterial, fungal and viral pathogens that can
reduce yield, fruit quality, shelf-life and nutritional content. Every part of tomato
plant including the leaves, stems, flowers and fruits are susceptible to insect pests and
diseases.

2.1.1 Pests

Tomato production in Nigeria is constrained by insect pests such as the fruitworm
Helicoverpa armigera Hiibner (Lepidoptera: Noctuidae), cotton leafworm Spodoptera
littoralis Boisduval (Lepidoptera: Noctuidae), leafminer flies Liriomyza trifolii Burgess
(Diptera: Agromyzidae), tomato aphid Myzus persicae Sulzer (Hemiptera: aphididae),
and the whitefly Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae) [16, 17]. The
recorded devastating invasion of Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae)
in Nigeria caused 100% damage to tomato plants [18]. The prevalence and severity
of insect infestations are projected to increase with global warming, as rising tem-
peratures directly impact the growth, development and reproductive capabilities of
insect pests [19]. Temperature fluctuations can exert direct effects on the physiology
and biochemistry of insects, while also indirectly influencing their phenology [20].
The potential of Tuta absoluta to develop over a wide range of temperature: 10-30°C
[21] and adaptability to high-temperature stress at 44°C during the egg stage without
reduction in the fecundity of such emerged adults [22], has made it a pest of economic
status on tomato in most invaded areas around the world.

2.1.2 Fusarium wilt

Out of the major diseases that affects tomato in Nigeria and other parts of the
world is the attack of Fusarium wilt which is usually caused by Fusarium oxysporium
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f- sp. lycopersicum. The fungus comes in three physiological races (1, 2 and 3) which is
based on their pathogenicity on tester plants [23]. This disease causes great loss and
reduction in tomato production globally, especially in warmer climates [24]. Fusarium
wilt attack tomato plants at any growth stage, both under screenhouse and field
conditions [25]. Control of this disease with fungicide has come with limitations and
adverse effects like mammalian toxicity due to chemical residue, environmental pol-
lution and lack of technical know-how. Therefore, the best way to control this disease
is to develop improved varieties that are host-resistant for optimum tomato produc-
tion and improve food and economic security for tomato farmers in Nigeria.

2.1.3 Bacterial wilt

Bacterial wilt (BW), caused by Ralstonia solanacearum (race 1 biovar 3), is one
of the most devastating plant pathogenic bacteria [26]. Ralstonia solanacearum has
a large host range comprising more than 200 plant species which include major
crops such as tomato, potato and banana [27]. Ralstonia solanacearum is a soil-borne
bacterium that enters plant roots, invades xylem vessels and spreads rapidly to parts
of the plant through the vascular system where its high level of multiplication leads
to wilting symptoms and ultimately plant death [28]. The bacterial wilt disease can
cause up to 80% yield losses in tomatoes [29, 30]. Furthermore, BW disease has been
associated with small fruit weight, bitter flavor, susceptibility to root-knot nematodes
and other negative traits [31]. Temperature and soil moisture are the most important
factors affecting host-pathogen interactions [32]. Maximum incidence of bacterial
wilt of tomato has been reported at soil temperature of 30-35°C and soil moisture of
90% [33]. In addition to its lethality, the ability of R. solanacearum to survive in soils
for many years and to form latent infections within indigenous weeds contributes to
the difficult eradication of the bacterium [34]. Integrated strategies for the control
of R. solanacearum are complex and involve chemical control which are potentially
harmful to the environment and are not efficient to eradicate Ralstonia solanacearum
species complex (RSSC). An alternative control strategy is to use biological control
agents such as antagonistic bacteria or avirulent mutants of RSSC, but the promising
results obtained under controlled conditions were not confirmed in the field [35].
Host resistance is the single most effective management strategy associated with BW
and planting resistant cultivars is the cheapest, simplest and most environmentally
friendly approach to limit losses [36]. Induction of systemic resistance by plant
growth promoting rhizobacteria (PGPR) has been investigated as a possible practical
way to use induced resistance in agriculture.

2.1.4 Overview of viruses of tomato Solanum lycopesicum L. in Nigeria

Worldwide, increase in the incidence of viral diseases of tomato has retarded the
production of tomato. Most of these viruses are spread by insects such as whiteflies,
beetles, aphids, thrips and leathoppers, but some are spread mechanically through
exposure of plant wounds to the infected sap. Tomato infecting viruses lead to various
symptoms such as abnormal color patterns on leaves and fruits, irregular growth,
stunted plants, decreased yields and even plant mortality [37]. In Nigeria, multiple
viral diseases affecting tomatoes exist, either singly or in combination. Control strate-
gies have been largely ineffective because of the tendency of the viruses to mutate at
a high rate resulting in high genetic heterogeneity and increasing the ability of the
viruses to spread fast. Numerous viruses infecting tomatoes have the ability to affect
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Virus Species Acronym Genus Family Transmission

Tomato mosaic ToMV Tobamovirus Virgaviridae Mechanically, seeds, water and

virus soil

Tobacco mosaic TMV N S Mechanically, seeds, water and

Virus soil

Pepper mild mottle ~PMMV s s Mechanically

virus

Tomato leaf curl TLCV Begomovirus Geminiviridae Whiteflies

virus

Tomato yellow leaf ~ TYLCV s s Whiteflies

curl virus

Pepper yellow vein ~ PepYVV s s Whiteflies

virus

Betasatellite DNA-B Betasatellite Tolecusatellitidae Whiteflies

Tomato spotted TSWV Orthotospovirus Tospoviridae Thrips

wilt virus

Potato virus Y PVY Potyvirus Potyviridae Myzus persicae and other aphid
species

pepper veinal PVMV s s Mpyzus persicae and other aphid

mottle virus species

pepper mottle PepMoV , , Myzus persicae and some other

virus aphid species

Cucumber mosaic CMV Cucumovirus Bromoviridae Seeds, Myzus persicae, Aphis

virus gossypii and some other aphid
species

Tomato aspermy TAV , s Myzus persicae and Aphis gossypii

virus

Alfafa mosaicvirus AMV Alfamovirus s Myzus persicae and some other
aphid species

Tomato bushy TBSV Tombusvirus Tombusviridae Seeds, pollen,

stunt virus propagative material, soil and
water

Tomato Ringspot ToRSV Nepovirus Secoviridae Mechanically. vegetative

Virus propagation, seeds and pollen

Tomato blackring ~ TBRV s , Longidorus spp.

virus

Table 1.

Viruses associated with tomato in Nigeria.

avariety of other plant species. Emerging or re-emerging viral diseases of tomatoes in
Nigeria along with their respective causative agents are presented in Table 1 [38-40].

3. Control measure

Efforts to control the insect vectors using insecticides have typically been inef-
fective in mitigating virus diseases [41] as viruses exploit the resources of host plants
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to reproduce. Identifying and eliminating the unique proteins in the tomato plant,
utilizing the biological characteristics of the virus along with an RNAi approach,
could serve as a potential method for control in the future [37]. Integrated pest man-
agement (IPM) strategy comprising the use of certified virus-free seeds and adequate
field hygiene management, early detection and removal of symptomatic plants are
essential to help reduce virus diseases. Planting of resistant variety is still the best
option in the management of viral diseases [41].

3.1 Abiotic stresses: Heat and drought tolerance

Abiotic stresses caused by environmental factors adversely affect the growth and
development of crops and crops respond with various modifications at morphologi-
cal, cellular, physiological, biochemical and molecular level [42]. Among the abiotic
stresses, drought and heat stress are two critical threats to crop growth and sustain-
able agriculture worldwide. Drought stress is as a consequence of insufficient rainfall
or deficient soil moisture while heat stress is due to global warming which has consis-
tently led to increase in temperature. Considering global climate change, incidence
of combined drought and heat stress is likely to increase [42, 43]. Severe growth and
yield reduction are imminent with increase in temperature and water deficit unless
adaptation strategies are implemented. Consequently, heat stress and drought stresses
reduce tomato productivity in the tropical and subtropical regions where tomato
is mainly grown under open field-condition where growing conditions cannot be
controlled [44, 45].

3.2 Ripening and postharvest losses

Tomatoes are a highly nutritious and economically valuable crop; however, signifi-
cant post-harvest losses render the value chain unprofitable, negatively affecting food
quality, pricing, and market competitiveness [46]. Fresh tomato losses are predicted to
be about $8.9 billion yearly due to huge post-harvest spoilage that result in the reduction
of household income [18]. Postharvest losses are the resulting quantitative and qualita-
tive losses, and food waste occurring from the point of harvest through to the final
consumption stage [47]. Physiological changes, such as ripening, that continues after
harvest can result in spoilage, reduced processing suitability and increased vulnerability
to fungal and bacterial infections, thereby exacerbating post-harvest losses and dimin-
ishing the quality of produce available for value addition. Ripening in tomato involves a
number of biochemical, morphological and physiological activities, including softening,
pigment change, development of flavor components, autocatalytic ethylene production
and climacteric respiratory behavior, which work together to make fruits ripen [48,

49]. The extent of fruit softening determines the shelf-life, palatability, resistance to
post-harvest pathogen infection, consumer acceptability and stability during storage
and transportation [50]. Ripening is, therefore, a major determinant of fruit quality and
shelf-life of climacteric fruits like tomato, and the modification of the process may offer
the opportunity of breeding new genotypes and phenotypes to enhance fruit quality
and shelf-life. The improvement of fruit shelf life through the alteration of the ripening
process has been investigated by many scientists in the past decades using conventional
breeding and genetic modification. Biotechnology has made considerable progress in
modifying metabolic pathways that delay the tomato ripening process and discovering
complex networks of transcription factors that regulate ripening [50, 51]. The potential
of known tomato ripening mutant genes to prolong the shelf life of tomato are also
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being explored [52]. However, these mutant genes may produce undesirable pleiotropic
effects on other components of tomato fruit quality [53] in the homozygous state, but in
the heterozygote form, they develop acceptable color for marketing, ripe naturally and
exhibit extended shelf life too [49]. The first genetically modified product approved for
commercial cultivation by the United States (US) by the Food and Drug Administration
(FDA) in 1994 was the transgenic “flavr savr” tomato modified to slow down the ripen-
ing process and reduce fruit softening after harvest. Products of genetic modification
have, however, continued to experience the skepticism of consumers [54] and unstable
government policies. However, the availability of genome editing tools offers new
opportunities to overcome these drawbacks. The goal for tomato breeders is to specifi-
cally control the fruit softening process in tomato, while maintaining other aspects of its
normal ripening.

4. Advances in breeding for resilience to biotic and abiotic stresses
4.1 Improving tomato for resistance to Fusarium wilt

Fusarium wilt is a major problem to tomato cultivation in Nigeria. The National
Horticultural Research Institute (NIHORT) has been engaged in developing resistant
varieties with increased yield and desirable fruit quality.

A total of 30 tomato lines were screened for resistance to Fusarium wilt, and
selected 16 lines were selected for further analysis. F; hybrids generated using
North Carolina II mating design of the parental lines were challenged with
Fusarium wilt inoculum in the screenhouse. Pure line selection method was
employed to advance from F, to F¢ generation. About 14 lines were selected and
evaluated in on-station (three locations) trials while three lines were selected for
on-farm (10 locations) trials under open field conditions. Additionally, evalu-
ations on the nutritional and disease reactions for these lines were also carried
out. During on-farm trial, a commercial check and farmers’ variety were added,
making five tomato lines evaluated.

The result in Table 2 shows HORTITOM3 had the highest fruit yield (25.93 t/ha)
under disease infestation followed by HORTITOM1 (25.51 t/ha) and HORTITOM2
(24.17 t/ha). HORTITOMS3 had the lowest disease incidence (5.84%) followed by
HORTITOM2 (10.07%), while the farmers’ variety was the most susceptible with a
mean incidence of 35.66%. Following all statutory evaluations of the improved lines,
HORTITOM1, HORTITOM?2 and HORTITIOM3 (Figure 1) were registered and
released in Nigeria in January 2023 as Fusarium wilt-resistant varieties.

Entry Genotype Yield (t/ha) Disease incidence (%) "Rating
1 HORTITOM1 25.51 13.39 MT

2 HORTITOM2 2417 10.07 MT

3 HORTITOM3 2593 5.84 T

4 ONITYRE 21.35 28.32 S

5 FARMERS’ VAR. 1737 35.66 S

'MT = moderately tolerant; T = tolerant; S = susceptible.

Table 2.
Performance of improved tomato lines for yield and disease infestation.
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HORTITOM1 HORTITOM2 HORTITOM3

Figure 1.
Three new tomato varieties having resistance to Fusarium wilt, released by NIHORT in Nigeria.

5. Efficacy of plant growth promoting rhizobacteria in the control of
bacterial wilt of tomato in Southwestern Nigeria

Induction of systemic resistance by plant growth promoting rhizobacteria (PGPR)
has been investigated as a possible practical way to induce host plant resistance to
diseases in agriculture. The results on the use of PGPR formulation provided evi-
dence that commercial PGPR formulations (Bioyield and Equity) reduced bacterial
wilt incidence significantly in the screen house and field on Ibadan local (Ib) and
62-T/563/JM94/62 (JM96/62) cultivars of tomato [55]. Both formulations have bio-
logical organisms that have been shown to be effective in managing various diseases
in several crops [56]. Bioyield contained spores of bacterial strains, which have been
found to influence plant growth in tomato, cucumber, tobacco and pepper [57], while
Equity has more than 40 beneficial strains of bacilli involved in the production of
plant growth regulators and polysaccharides [56]. Colonization of the emerging root
by the biocontrol agents might have prevented the Ralstonia solanacearum from gain-
ing entry into the host and progressing into the vascular bundle. In the screen house
trial, PGPR formulations had significant effect on the wilt incidence, severity and
growth of tomato. Bacterial wilt incidence was reduced to 53.3% at 4WAT with appli-
cation of Equity as compared with 80% in the control. Disease severity reduced from

Incidence (%)

2003 2004

Treatment 4 WAT 6 WAT 8 WAT 10 WAT 4 WAT 6 WAT SWAT 10 WAT

By +62 26.5a 26.5a 43.3b 79.0ab 30.5a 39.9b 61.0d 66.3c
By +1b.1 11.6ab 11.6ab 47.8b 79.4ab 12.3¢ 21.6¢ 44.2¢ 50.0d
Eq + 62 1.0b 1.0b 28.2b 89.0a 20.9abc 35.4b 73.0c 78.2b
Eq+1Ib.1 1.0b 10.8ab 29.2b 69.3b 22.7ab 57.8a 81.2b 84.8ab
62 1.0b 10.8ab 45.0b 89.0a 13.4c 35.0b 62.7d 67.8¢c
Ib.1 21.5a 21.5ab 89.0a 89.0a 26.7a 64.0a 89.4a 89.4a

Means followed by the same letter in the same column do not differ at P < 0.05 using DMRT. By-Bioyield; Eq-Equity;
Ib-Ibadan local; 62-T/563/JM94/6.

Table 3.
Effect of growth promoting rhizobacter (PGPR) on the incidence of bacterial wilt of tomato.
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2003 2004
Treatment Fruit no/plot Fruit wt/plot Fruit no/plot Fruit wt/plot
By +62 7.0c 15740 24.0c 472.7c
By +1b.1 16.5b 505.3b 53.0a 1659.3a
Eq + 62 38.0a 1240.1a 8.3d 1160.4d
Eq+1Ib.1 18.5b 598.7b 87d 126.4d
62 20.0b 696.6b 39.0d 1012.3d
Ib.l 4.0c 1474c 2.7e 54.5e

Means followed by the same letter in the same column do not differ at P < 0.05 using DMRT.
By-Bioyield; Eq-Equity; Ib-Ibadan local; 62-T/563/]JM94/62.

Table 4.
Effect of growth promoting rhizobacter (PGPR) on fruit number and yield of tomato.

3.7 t0 2.0 and plant height was also enhanced with Equity and the combination of the
two formulations in the screenhouse. Reduction in wilt incidence (46.7%) as com-
pared to 84.9% in the control was achieved on the field in 2004. Field trials showed
that PGPR treatments reduced wilt incidence of both tomato cultivars (Table 3).
Higher yields were recorded on Equity treated cultivar JM94/62 in 2003, while Ibadan
local plants treated with Bioyield recorded the highest yield in 2004 (Table 4). The
combination of the bacilli strains in Equity may account for a lower wilt incidence
observed and also positive effect on growth of tomato plants. Additional studies are
needed to either identify indigenous PGPR strains for better disease control or incor-
porate these PGPR into other complimentary plant protection strategies to achieve a
sustainable control of wilt in Nigeria.

6. Efforts to improve tomato resilience to Tuta absoluta in Nigeria

Following the recent devastating report of Tuta absoluta on tomato in Nigeria by
Oke et al. [58]; its distribution has been reported in 41 out of the 54 African countries
[59] and confirmed by Aigbedion [60] across nine major tomato-producing states in
Nigeria. A survey of its natural enemies in Jigawa, Kaduna, Kano and Katsina states
identified 10 species of predators belonging to the order Hemiptera and Hymenoptera
with Nesidiocoris tenuis and Dicyphus errans reported as most abundant. Also
observed were seven larval hymenoptera parasitoids and egg parasitoids of the genus
Trichogramma [61, 62]. This information is important in the development of biologi-
cal control programs and integrated pest management (IPM) strategy for the control
of this serious pest.

Chlorantraniliprole and lambda-cyhalothrin were recommended and extensively
used for the control of T absoluta all over Nigeria during the early invasion; after-
ward, control failure was reported with resistance ratio ranging from 4.09 to 16.97
times from seven major tomato-producing areas of Nigeria. Also, lambda-cyhalothrin
(resistance ranging from 2.66 to 7.88 times) and deltamethrin (resistance ranging
from 2.23 to 6.24 times) were reported [18]. In the greenhouse, the integration of
indigenous water + light trap (which trapped mean of 14,164.7 adult T. absoluta within
6 weeks), hygiene practices, and six rotational applications of four insecticides:
imidacloprid, lambdacyhalothrin, acetamiprid + lambdacyhalothrin and novaluron
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214

NIHORT-Tuta trap tray

NIHORT-Lyptol NIHORT-Raktin

Figure 2.
NIHORT IPM: NIHORT-Lyptol; NIHORT-Raktin; NIHORT-Tuta trap tray [18].

S/n Treatment Insecticide application Mean number of Percentage fruit
time larvae/leaflet damage
1 Russell IPM (exotic) 6 1.1+ 0.5¢ 18.9¢c
2 NIHORT IPM 6 1.8 +0.3c 24.2c
(indigenous)
3 Farmer practice 19 39+0.3b 63.7b
4 Control 0 58+ 0.4a 100a
Table 5.

The efficacy of exotic and indigenous integrated pest management (IPM).

+ bifentrin — proved to be the more effective option in achieving sustainable, effec-
tive control of T. absoluta [58]. Furthermore, open-field studies conducted in Kano,
Kaduna, Katsina, Jigawa and Plateau states of Nigeria revealed that the combination
of NIHORT IPM: NIHORT-Lyptol, NIHORT-Raktin and NTHORT-Tuta trap tray
(Figure 2) compared efficiently with Russell IPM: Recharge, Antario, and Biotrine.
Both IPM were more efficient in controlling T. absoluta than farmer’ practice of 19
applications of pyrethroids, chlorantraniliprole, flubendiamide and spirotetramat
(Table5) [6].

Normal fertilization + twice weekly irrigation regimes are critical for tomato
growth and the production of flowers which also provides a favorable condition for
reproduction of T. absoluta. However, proper management and a balanced application
of biocontrol will curb its devastation and consequently producing safe tomato fruits
[63]. Desneux et al. [64] reported that until further research interventions lower
costs associated with biological and biotechnological control techniques and address
control failures by chemical pesticides, challenges for global tomato production will
remain.

6.1 Improving tomato resilience for tolerance to heat stress

Recent rise in temperature being experienced globally as a result of climate change
threatens crop production and productivity. High temperatures negatively affect
reproductive organs development of plants, inducing flowers abscission and poor
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fruit setting which results in low yield. Optimal temperatures for tomato production
range from 21 to 29.5°C (day) and 18.5 to 21°C (night) while day and night tempera-
tures above 29.5 and 21°C, respectively, are detrimental to the optimal growth and
reproductive development of tomato [44, 45]. Breeding heat tolerant tomato varieties
is critical to meeting the challenges of high temperature resulting from climate change
especially in regions where farmers cannot afford to grow tomatoes in temperature-
controlled greenhouses. The success of breeding efforts depends on efficient charac-
terization and evaluation of a wide range of germplasm with the aim to identify new
sources of heat tolerance that can serve as putative parents for introgressing beneficial
alleles to improve cultivated tomato lines. Breeding efforts to develop thermotolerant
tomato varieties with desirable fruit yield and quality have commenced in NIHORT.

6.2 Screening of tomato germplasm for sources of heat stress (HS) tolerance

A total of 115 lines were evaluated which included improved lines from the World
Vegetable Center (AVRDC), Taiwan, the Tomato Genetics Resource Center (TGRC)
of the University of California, Davis, USA and germplasm from genebank of the
National Horticultural Research Institute (NIHORT), Ibadan, Nigeria. The lines were
screened for their response to long-term mild heat stress in the greenhouse and field
of NIHORT from February — April 2023. Plants were nursed in trays and transplanted
to the soil in the greenhouse after 4 weeks. Data were recorded on the number of days
to the first flower, number of flowers and number of fruits per truss. Data analysis
was conducted on 28 lines which survived the screening by flowering and setting
fruit. Normality of the collected data were carried out using Shapiro Wilk test for nor-
mality before analysis, and appropriate transformation method was used to normalize
the variables. Hierarchical clustering was performed in FactoMiner, and dendrogram
was drawn in the Factoextra package in R [65].

6.3 Performance of tomato germplasm under heat stress

Many of the tomato plants exhibited severe flower abortion, which negatively
affected fruiting of many of the lines because an average temperature of 48.3 + 3°C
was recorded in the study, which was higher than 30 + 3°C [45]. A total of 28 lines
however, showed a level of tolerance and were able to set fruits although with limited
seed set. Hierarchical clustering grouped the lines into two main clusters (Figure 3)
with cluster 2 having the largest number of tomato lines in it. Cluster 2 is further
divided into three sub-groups (I, IT and IIT). Characteristics of the clusters are shown
in Table 6. All the lines in cluster 2 were from the World Vegetable Center and were
characterized with a high number of flowers. Entries in clusters 1 and 2- ITIA and IIB
showed no fruit set even though they flowered. This could be as a result of high tem-
perature and that most of the lines possessed exerted stigma. This condition resulted
in asynchrony with pollen release and stigma receptivity, and also, the exerted stigma
is very sensitive to heat which led to burning at their exposure to high temperature
[45, 66]. From this study, only one entry in cluster 2-III was found to set fruit under
heat conditions.

Thus, the development of heat tolerance depends on combining different sources
of genes for heat tolerance and good fruit quality. Line development can, therefore,
be carried out within each cluster to develop heterotic groups. Parents can be selected
across clusters to generate parents to develop populations that combine heat tolerance
with good fruit quality. For example, PJ76 and PJ 3 belonging to different clusters can
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Figure 3.
Dendrogram showing diversity of tomato germplasm for heat tolerance.
Cluster 2
Traits Cluster Cluster ITA IIB 111
Number of days to first flower 46.25 + 5.75 58.63 +1.37 53.57 +143 46
Number of flowers 3325+ 6.75 35+35 5.86 + 8.14 11
Number of fruits — — — 2

Table 6.
Heat stress chavacteristics of clusters in a collection of 28 tomato genotypes.

be used by parents in hybridization to develop progenies with higher heterosis for
important agronomic traits such as flower set, fruits per plant and fruit weight under
heat conditions.

7. Mutagenic effects of colchicine on the morphology and yield of three
Nigerian tomato (Solanum lycopersicum L.) accessions

Mutation breeding technology has proved to be one of the effective ways of crop
improvement. The use of chemical mutagens like colchicine, has proved to be an
efficient and effective tool for the improvement of the quality and yield of imported
tomato variety (Roma VF), thus indicating the possibility of isolating beneficial
mutants with indigenous genotypes [67]. Colchicine is a powdery mutagenic agent
used for inducing polyploidisation and inhibiting mitotic process for crop improve-
ment [68]. In nearly three decades, no new tomato variety has been released in Nigeria
[69]. The mutagenic effect of colchicine on the morphology and yield of three tomato
accessions NG/MR/May/09/005-SouthWest (SW), NG/SA/07/10/002-NorthEast
(NE) and NG/CHU/Jun/0201-SouthEast (SE) was investigated [70]. Seeds were pre-
soaked in four different concentrations of colchicine (0.1, 0.3, 0.5, and 1.0 mM) with
untreated seeds as control. The experiment was laid out in randomized complete block
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design in five replications. The mutants produced were characterized on the basis of
morphological traits such as plant height, number of leaves per plant, leaf length,
number of branches, number of days to first flowering, fruit weight, germination
percentage and number of fruits per plant. The result obtained revealed a significant
difference (P < 0.05) in some of the morphological traits assessed when compared
with the controls, except in the number of branches and plant height where the effect
of the mutagen was not significant (p > 0.05). Significant reduction in the mean
number of days to first flowering was recorded in all the mutants with the value rang-
ing from 65.0 days in 0.5 mM SW accession to 76.2 days in 1.0 mM SE accession when
compared to the control (80.20 days). The morphological and yield parameters of the
SW and NE accessions of tomato as observed in the study improved with decreasing
concentration of colchicine, while that of the SE improved with an increase in the
concentration of colchicine. The observed concentration that improved growth and
yield parameters in SW and NE tomato accessions was 0.1 mM while 0.5 or 1.0 mM
concentrations increased the same parameters in the southeast tomato accessions.

8. In vitro regeneration and genetic transformation of tomato

Plant tissue culture, initially developed to address fundamental questions in plant
biology [71, 72], has become a cornerstone for genetic improvement, micropropaga-
tion, genetic engineering and biotechnology [73]. This technology encompasses cell,
tissue, organ and embryo culture [74] and facilitates plant regeneration through two
primary pathways: de novo organogenesis and somatic embryogenesis [75]. Both
processes require dedifferentiation or trans-differentiation to achieve totipotency,
ultimately altering the developmental fate of progenitor cells [75]. Tomato production
in Nigeria faces challenges such as low yields, disease susceptibility and poor seed
quality [76]. Tissue culture provides viable solutions, including the development of
somaclonal variants, disease-free planting materials through meristem culture and
as a precursor for gene transfer [77]. Globally, it has been used for biotic and abiotic
stress tolerance [78], production of haploids [79], somatic hybrids and high-yield
planting materials [76]. The approach also improves seed quality and availability,
enhances crop uniformity and reduces genetic variability [80]. Additionally, trans-
genic tomatoes developed through tissue culture exhibit increased pest and disease
resistance, reducing pesticide use [77].

In Nigeria, micropropagation methods have successfully generated tomato plants.
In vitro regeneration protocols for three Nigerian cultivars—Ibadan Local (IbL),

Ife, and JM94/46 (JM) were successfully established by [81] —using cotyledons

as explants. The cultivars showed variable responses in the two media used. In the
protocol consisting of an initial pre-culture medium made up of Murashige and Skoog
(MS) with 1.0 mg L™ naphthaleneacetic acid (NAA) and 1.0 mg L™ 6- benzylamino-
purine (BAP) and subsequent culture on shoot regeneration medium consisting of
MS with 0.1 mg L™ thiamine, 0.5 mg L™" indoleacetic acid (IAA) and 0.5 mg L™
zeatin, the cultivars did not produce any shoots. In a second medium containing MS,
0.1 mg L™ indoleacetic acid (IAA) and 1.0 mg L™ zeatin, shoots were produced in
64-97% of cultured explants. The protocols demonstrated that media composition
critically affects regeneration success. The established in-vitro protocols were success-
fully applied to developing Agrobacterium-mediated transformation protocols for cv
IBL, Ife and JM with the beta-glucuronidase (GUS) gene (Figure 4), demonstrating
the amenability of the cultivars to genetic transformation [82].
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Figure 4.

(Ag) Positive GUS assay in leaf explant after 4d of co-cultivation. (B) Shoots from transgenic callus (3 wks
in XSRM4) - Ife. (C) Seedlings from transgenic plants (6 wks in XSRMy). (D) GUS expression in leaves of
independent transgenic plants (jbf). (E) GUS expression in stems — IbL (F) GUS expression in roots — Ife.
(G) Flowering transgenic tomato plant. (H) Transgenic tomato plants. Key: b: Ibadan local; j: M/94/46; f:
ife. Ref. [82].

The in vitro regeneration of shoots from S. lycopersicon cv Beske shoots was
reported by Durosomo et al. [83] on MS media supplemented with 2 mg/I Kinetin
and 0.1 mg/l NAA with average shoot initiation values of 1.71, 1.57 and 1.57 and
average root initiation values of 0.57, 0.00 and 2.85 for cotyledon, hypocotyl and leaf
explants, respectively. The in vitro regeneration of three newly developed tomato
varieties that are resistant to fusarium wilt, namely, Hortitom 1, Hortitom 2 and
Hortitom 3 using cotyledon as explants for callus induction, shoot elongation and
rooting was reported [84]. An initial germination medium consisting of Murashige
and Skoog basal salts supplemented with 30 g L™" sucrose and no growth hormones
was used for initiation of in vitro plants. Cotyledon leaves from in vitro plants were
cultured on MS medium supplemented with 0.5 mg L' TAA in combination with
different concentrations of Zeatin and Benzylaminopurine (1.0, 2.0 mg L' Zeatin;
1.0, 2.0 mg L™ BAP). Callus induction was significantly influenced by the variety and
plant growth regulators (PGRs). The highest callus induction frequency (91.14%)
was obtained on MS medium supplemented with 2.0 mg L™! Zeatin and 0.5 mg L™
IAA. Highest mean shoot derived from each calli (4.28 + 0.63) was also observed in
medium containing 2.0 mg L™ Zeatin and 0.5 mg L' TAA (Figure 5). All the three
cultivars studied had maximum callus induction frequency in MS supplemented with
2.0 mg L™ Zeatin and 0.5 mg L' TAA. Murashige and Skoog medium supplemented
with 1.0 mg/l IAA was used for root induction. Hortitom 2 and 3 had mean roots
per shoot (15 and 14) and mean root length (7.06 and 10.50 cm), respectively. This
was higher than the mean number of roots per shoot (12.75) and mean root length
(6.25 cm) obtained for Hortitom 1. In similar studies on in vitro regeneration stud-
ies on local cultivars kerewa, carrot, Hortitom 1, Hortitom 2, Hortitom 3 (Hortitoms
obtained from NIHORT) and commercial cultivars UC82B, roma and sakata, varying
degrees of success was achieved by Ajenifujah-Solebo et al. [unpublished data, 2024].
Seeds of six cultivars (Hortitom 1, Hortitom 2, Hortitom 3, Roma, UC82B, and Carrot)
were surface-sterilized using 3.5 and 2.5% sodium hypochlorite (NaOCI) for 20 min-
utes, with 2.5% NaOCl showing more effective sterilization and higher germination
rate across cultivars. Germination medium consisted of MS medium supplemented
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Figures.

In vitro regenevation of tomato cultivars Hovtitom 1 and Hortitom 2 through indirect organogenesis. (a) In vitro
germination. (b) Callus induction. (c) Callus regeneration. (d) Multiplication of seedling. (e) Shoot elongation.
(f) Root induction.

with 30 g/L sucrose [85]. Cotyledon explants from in vitro germinated seedlings were
excised into approximately 5 x 5 mm” sizes and cultured on different shoot regenera-
tion media (SRM A, B and C) for shoot or callus induction.

1.SRM A: MS + 0.1 mg/L IAA + 0.5 mg/L Zeatin Modified by Ajenifujah-Solebo
etal., [81].

2.SRM B: MS + 0.1 mg/LIAA + 1.0 mg/L Zeatin [81]
3.SRM C: MS + 0.1 mg/L NAA + 2.0 mg/L Kinetin [83].

At 8 weeks after culturing (WAC), responses varied across the three shoot regen-
eration media (SRMs), showing differences in explant survival, shoot formation and
callus induction (Table 7). SRM A demonstrated high explant survival rates, with
Hortitom 1 achieving the highest at 95%. Shoot formation ranged from 40% for Roma
to 70% for Hortitom 1 and Hortitom 2. Callus induction was minimal, with no callus
observed in most cultivars. SRM A was the most effective medium for direct shoot
regeneration. SRM B exhibited a broader range of explant survival rates, from 40%
for Hortitom 2 to 100% for Roma. Shoot formation rates were slightly lower than SRM
A, ranging from 40% for Hortitom 2 and UC to 70% for Roma. Callus induction was
slightly higher compared to SRM A, with UC recording the highest at 15%, indicat-
ing a balance between shoot and callus formation. SRM C was characterized by the
highest callus induction rates, with Carrot recording up to 75%. Explant survival rates
ranged from 30% for Hortitom 2 and Hortitom 3 to 100% for Roma. However, shoot
formation rates were the lowest among the three media, with the highest at only 25%
for Hortitom 1. This medium was most suitable for callus formation but less effective
for direct shoot regeneration. SRM A was, therefore, the most efficient for shoot
induction, while SRM C promoted callus formation, with SRM B showing a moderate
performance for both parameters.
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Variety Hormone combination Percentage calli Average shoot regeneration per calli
Hortitom 1 2 mg/l zeatin+0.5 mg/l IAA 91.14 4.28 + 0.63
1mg/l zeatin+0.5 mg/1 IAA 7132 225+ 045
2mg/1 BAP + 0.5 mg/1TAA 82.12 225+0.76
1mg/1 BAP + 0.5 mg/11AA 28.54 125+ 045
Hortitom 2 2 mg/l zeatin+0.5 mg/l IAA 94.28 513+0.7
1mg/l zeatin+0.5 mg/l IAA 85.04 3.05:04
2mg/1 BAP + 0.5 mg/1TAA 88.53 24408
1mg/1 BAP + 0.5 mg/11AA 35.50 170+ 0.5
Hortitom 3 2 mg/l zeatin+0.5 mg/l IAA 8743 4.03+0.65
1mg/l zeatin+0.5 mg/1 IAA 81.75 2.30+0.35
2mg/1 BAP + 0.5 mg/1IAA 76.31 2.09+0.78
1mg/1 BAP + 0.5 mg/l IAA 264 118+ 041
Table 7.

In vitro response of tomato varieties to callus induction.

These studies are essential and contribute to the knowledge base on the amenabil-
ity of the cultivars to invitro regeneration and genetic manipulation for subsequent
incorporation into tomato improvement breeding programmes in Nigeria. Despite
its benefits, tissue culture adoption in Nigeria faces challenges, including high equip-
ment costs [76], limited skilled personnel [77], inadequate infrastructure [80] and
low awareness among farmers [76]. Overcoming these barriers is crucial to leverag-
ing tissue culture’s potential for improving tomato production and addressing food
security challenges in the country.

9. Research and innovation landscape

The science, technology, and innovation policy of the Federal Ministry of
Innovation, Science and Technology (FMIST) provides for innovative approaches to
biotechnology research for agricultural productivity. On the strength of the above, it
is imperative to foster, facilitate or enhance the adoption, application, and diffusion
of biotechnology and genomics in agriculture with all its benefits, towards attaining
food security in Nigeria. The National Biotechnology Development Agency (NABDA)
is the focal institution with the mandate for research, promotion, coordination and
deployment of modern biotechnology [86]. Established in 2001, the Agency supports
sustainable development across the sectors of agriculture, health, industry, and the
environment promoting biotechnology innovation and commercialization of bio-
technology products for economic growth. It fosters sustainable utilization of bio-
logical resources, genetic resources conservation at the National Centre for Genetic
Resources and Biotechnology (NACGRAB) and advocacy and establishes mechanisms
for collaborative activities at national and international levels. Through partnerships
with organizations like the African Union Development Agency, NABDA is advancing
genome editing technology for agricultural research and academic programs. With
due accreditation by the National Biosafety Management Agency (NBMA) to engage
in modern biotechnology research, its collaboration with the National Horticultural
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Research Institute (NIHORT) is focused on improving Nigerian tomato varieties with
enhanced shelf life and resistance to bacterial wilt, leverages on biotechnology for
sustainable development.

NIHORT has the national mandate to conduct research into genetic improvement,
production, processing, storage, utilization and marketing of tropical fruits, veg-
etables, spices and ornamental plants of both nutritional and economic importance.
NIHORT was established in 1975 by the Food and Agricultural Organization (FAO)
as an agricultural research station and metamorphosed into a full-fledged horticul-
tural research institute under the Federal Ministry of Agriculture and Food security
with ARCN as the regulatory agency. NIHORT has since been engaged in basic and
applied botanical, horticultural and biotechnological research, providing Science
and Technology services in various sectors, spanning from plant resource identifica-
tion, documentation, and conservation to bioprospecting through development of
new biotech, microbial and agri-horticultural technologies, products and services
for industrial use and societal benefits. NIHORT has a unique blend of expertise in
classical and advanced plant breeding and biotechnology supported with state-of-art
laboratories and infrastructures. NIHORT is one of the NBMA-accredited laboratories
to carry out genome editing research in Nigeria. The institute has achieved several
significant milestones in technology development in the domains of development
of new crop varieties that are climate resilient, herbal health products, cosmeceuti-
cals, microbial technologies and floral crafts in recent years. NIHORT has recently
embarked on the use of genome editing to support conventional breeding efforts and
to enhance horticulture crops production. Breeding and the rapidly growing field of
genome editing will significantly boost the quantity and quality of horticulture crops.

Various tertiary academic institutions also contribute to tomato improvement
research in the country.

10. Regulatory landscape

Transgenic crops provide complementary solutions to the limitations of tradi-
tional breeding. The crops are however subjected to strict regulations regarding their
use, import, and export due to various socio-economic considerations. Ultimately, the
potential for positive impact by transgenic foods in global food security is dependent
on how the public and governing bodies view the technologies [87]. Currently, there
are numerous concerns on the use of transgenic crops, both supporting and opposing.
The availability of transgene-free, genome editing tools using site-directed nucleases
(SDN) has opened a new vista in the field of agriculture. The multifaceted impact of
gene-editing tools includes its benefits for human health (e.g., therapeutics, regen-
erative medicine), and opportunities to improve production qualities and disease
resistance of crops and livestock.

The Nigerian regulatory landscape is robust with the necessary procedures
and guidance instituted by the competent national authority, the National
Biosafety Management Agency (NBMA). The NBMA was established in Nigeria
in 2015 to provide regulatory guidance, and an institutional and administrative
mechanism for safety measures in the application of modern biotechnology in
Nigeria to prevent any adverse effect on human, animals, plants and environment
and for related matters to ensure the safe and responsible application of modern
biotechnology [88]. The Act was reviewed to make regulatory provisions for the
application of gene drive, genome editing and synthetic biology research [89] in
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the development of products and services for socio-economic development of

the country. The amendment empowers the Agency in the strict regulation and
monitoring of activities to prevent or mitigate any adverse effects associated with
using genome editing technology on humans, animals, plants and the environ-
ment. The Agency, through the NBMA Act, has developed risk management plans
and procedures through all stages of employing genome editing technology — from
containment activities in the development of products, confined trials, to com-
mercial release; including public awareness and socio-economic considerations.
The regulatory provisions require institutions to obtain accreditation and facility
certification to enable them to engage in modern biotechnology research and

also submit an application on the specific projects being undertaken in the facili-
ties. With the established procedures by the NBMA for the regulation of modern
biotechnology and gene editing research, the country is positioned to make
revolutionary strides.

11. Training and capacity building

Efforts to build biotechnology capacity in Nigeria have been bolstered through
various initiatives involving local and international partnerships. Continuous capac-
ity development in advanced biotechnology techniques is vital for fostering agricul-
tural innovation and achieving global competitiveness. A strategic approach is needed
to address knowledge and skills gaps across various stakeholders’ groups including
undergraduates, postgraduates and research professionals. This entails a phased plan
with short term (workshop, seminars and webinars); medium term (short courses,
hands on training) and long term (doctoral and postdoctoral fellowships) initiatives.
These programs aim to enhance the skills and expertise of students and research
scientists in their various institutions. Some of these include the following:

NABDA-ICGEB Collaborations: Nigeria’s membership of the International Centre
for Genetic Engineering and Biotechnology (ICGEB) provides access to cutting-edge
research facilities and fellowships for Nigerian scientists, with NABDA as Liaison and
affiliated Centre. These programs include PhD and postdoctoral opportunities, research
grants and technology transfer initiatives to foster innovation and collaboration.

African Plant Breeding Academy (AfPBA): Since its establishment in 2011, AfPBA
has trained over 161 African plant breeders representing 11 countries, including
Nigerians, in advanced plant breeding techniques. Its specialized CRISPR course,
coordinated by AOCC/UC Davis and other global partners, focuses on genome
editing applications in crop improvement. Participants gain practical experience,
including plasmid design and mutation validation, with an emphasis on developing
gene-editing proposals for application in their home institutions.

AUDA-NEPAD Genome Editing Advocacy: Launched in Nigeria in 2022, this
initiative promotes genome editing applications through stakeholder engagement,
policy advocacy and the establishment of collaborative platforms. Study tours,
capacity-building projects and a Community of Practice database support research
and development across participating African countries.

H3ABioinformatics Network (H3ABioNet): As part of the H3Africa initiative,
NABDA serves as a node for H3ABioNet in Nigeria, offering computational infra-
structure, training and resources in bioinformatics. This program has significantly
advanced genomic research, supporting African scientists in data analysis and capac-
ity building.
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Nigeria tertiary institutions: Offer graduate and post graduate programs in
biotechnology-related disciplines. The innovative Core Curriculum Minimum
Academic Standards (CCMAS) instituted by the National Universities Commission
(NUC) provide a framework for standardizing and structuring university programs
in Nigeria, blending theoretical knowledge with practical skills, and encourages the
inclusion of emerging technologies, such as biotechnology in the curricula to ensure
graduates are globally relevant.

These collective efforts, among several others, are shaping a robust biotechnol-
ogy landscape in Nigeria, enhancing research capacity, promoting innovation, and
addressing critical agricultural challenges.

12. Tomato CRISPR-Cas9 genome editing research in Nigeria

Agriculture remains a critical sector for economic development and food security
In Nigeria. For tomato improvement, NABDA and NIHORT are championing bio-
technology solutions, including CRISPR-Cas9 to address agricultural challenges and
specifically to improve the tomato crop. Both institutions are building capacities and
developing pipelines for genome editing research. The objective is to apply CRISPR-
Cas9 genome editing to produce tomatoes with enhanced disease resistance and
prolonged shelf-life without foreign genetic material. Nigeria has developed guide-
lines for gene editing, and crops produced by genome editing that do not contain any
foreign DNA are regulated as those produced by conventional breeding or by natural
mutation.

Genome editing offers the ability to make precise and targeted changes in the
DNA of a cell or an organism using specific enzymes. The DNA of an organism can be
altered and result in modifying traits similar to natural mutation. Several tools includ-
ing meganucleases, zinc finger nucleases (ZFNs), TAL effector proteins (TALENSs)
and RNA-guided nucleases (RGENSs) or CRISPR (clustered regularly interspaced
short palindromic repeats)/Cas9 have been developed to target genome editing in
plants and other organisms [90]. With genome editing, the DNA can be altered
without the integration of any foreign gene into the genome; hence, the product is
regulated as conventional. Using this method, several species of crops with interest-
ing characteristics have been produced [91]. Among the genome editing techniques,
CRISPR-Cas9 stands out as the most frequently used because of its efficiency, stabil-
ity, ease of design, speed, cost-effectiveness, precision and ability to edit several genes
at once. CRISPR-Cas9 genome editing has emerged as a transformative tool in global
agriculture, enabling precise modifications of plant genomes to improve yield, pest
resistance, modify some physiologic processes such as ripening and climate adaptabil-
ity. CRISPR-Cas relies on creating double-stranded breaks (DSBs) at particular sites
and activating DNA repair pathways via either non-homologous end joining (NHE])
or homology-directed repair (HDR). The NHE] pathway is a mechanism that is prone
to errors, causing random insertions, deletions and substitutions (indels) at the cut
sites, resulting in frameshift mutations and specific gene knockouts. On the other
hand, the HDR process employs a similar DNA repair template to facilitate accurate
genomic alterations, including gene knock-in, gene replacement and the insertion of
foreign genes or DNA sequences. Based on the repair process, three kinds of editing
results can be obtained: site directed nuclease 1 (SDN1), SDN2 and SDN3. SDN1
occurs when NHE] induces random modifications in the gene, leading to changes
in gene function or resulting in gene silencing or knockout. SDN2 utilizes a repair
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template that aligns with the DSB, leading to specific indels or nucleotide replacement
via HDR. SDN3 employs a more extended repair template compared to homologous
sequences to fix the DSB, facilitating the precise insertion of foreign genes [90].
Multiple steps are involved in the gene-editing procedure using the CRISPR-Cas9
technique including designing of gRNAs, the introduction of CRISPR reagents into
plant systems, transformation, and analysis of edits in the transformed lines. First,
the reference genome for the crop to be edited is located; whole genome sequences
for solanaceous crops (tomato, potato, pepper and eggplant) are available at: https://
solgenomics.net/. Gene(s) of interest are identified, sequenced and ensured their
proper alignment with the target genome. Next, the gRNAs are designed using several
software such as CRISPR-P V2.0 [91, 92]. Then, a search for CRISPR vectors in
plasmid repositories is done to assemble the gRNAs and CRISPR/Cas9 cassette [93].
The transformation vectors are introduced into the plant using either Agrobacterium-
mediated transformation or biolistics.

12.1 Extending tomato shelf-life

The fragility and short shelf span of tomatoes facilitate wastage across the tomato
value-chain in Nigeria. Inadequate logistics and storage facilities have further
increased the wastage, resulting in considerable post-harvest losses of between 45 and
70% recorded for tomato in Nigeria [94]. These losses have resulted in increased levels
of importation; in 2023, Nigeria’s tomato imports increased significantly, with a 105%
rise from the previous year [4] reduction in farmers’ gross profit margin from ~80 to
~17% [95], thus discouraging local processing. In recent years, many processors have
exited the market, primarily due to unavailability of fresh tomatoes [10]. In 2023,
Nigeria imported tomato puree and paste from China 4105.3 tons, with Singapore and
Italy supplying 208.9 tons and 162.6 tons, respectively [4]. Local cultivars of tomatoes
in Nigeria have largely remained undeveloped despite available and documented
technologies for improvement.

Fruit softening is a key component of the irreversible ripening process, contribut-
ing to the palatability necessary for frugivore-mediated seed dispersal. Maintaining
firmness and shelf life in fruit has often involved in slowing down the rate of ripen-
ing, early harvesting and controlling atmospheres to limit respiration and ethylene
synthesis, but these can reduce quality [96]. Understanding the genetic basis of fruit
softening and ripening is central to improving shelf life and quality. Ripening-related
textural changes are linked to cell wall metabolism, with key modifications including
the breakdown of pectin and hemicelluloses, leading to reduced cell adhesion and cell
wall swelling [97, 98]. Research aimed at extending the shelf-life of tomatoes using
CRISPR-Cas9 technology to edit fruit ripening-related genes and associated cell wall-
modulating proteins is ongoing at NABDA. The GRAS proteins, derived from three
members of plant-specific family of putative transcription factors GAI (gibberellic
acid insensitive), RGA (repressor of GAI), and SCR (scarecrow) [99], play a critical
role in fruit development and growth. The expression of the fruit shelf-life regulator
(SIFSR), identified as a novel GRAS gene, specifically increased during fruit ripening,
but was significantly decreased in the tomato mutant ripening inhibitor (rin). The
expression of multiple cell wall modification-related genes, PG (polygalacturonase),
TBG (tomato p-galactosidase), CEL (cellulase), and XYL (B-D-xylosidase) reduced in
SIFSR-RNAI tomato fruits, significantly enhancing fruit shelf-life [100]. Conversely,
overexpression of SIFSR in mutant rin gave rise to upregulated expression of the same
genes significantly shortening the fruit shelf-life (Figure 6).
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Proposed model of SIFSR gene function in tomato fruit shelf-life regulation [101].

Also, the tomato fruit ripening-specific lateral organ boundaries (LOB) TF, SILOB1,
up-regulates a suite of cell wall-associated genes during late maturation and ripen-
ing of locule and pericarp tissues. SILOBI repression in transgenic fruit impedes
softening, while overexpression throughout the plant under the direction of the 35 s
promoter confers precocious induction of cell wall gene expression and premature
softening. Finding alternative ways to extend tomato fruit shelf-life without reduc-
ing the quality is critical to ensure the accessibility and likeability of this commodity
worldwide. Improving fruit firmness in tomato fresh-market varieties directly impacts
their shelf-life potential. The on-going research is exploring single and simultaneous
knock-out of SIFSR and SILOBI identified to regulate a suite of cell wall degrading
enzymes to confer longer shelf-life characteristics to local tomato cultivars in Nigeria.

12.2 Developing tomato with bacterial wilt resistance

Management of bacterial wilt (BW) with pesticides is not a viable option because
the pathogen survives in the soil for many years and has a wide host range [102].
Host resistance is the single most effective management strategy associated with BW,
and planting resistant cultivars is the cheapest, simplest and most environmentally
friendly approach to limit losses [36]. Many candidate genes conferring tolerance
to biotic and abiotic stresses have been successfully manipulated by gene modifica-
tion and editing techniques such as RNA interference, insertional mutagenesis and
clustered regularly interspaced short palindromic repeat (CRISPR) associated protein
9 (Cas9) [103]. Hence, with the advent of CRISPR/Cas9 genome editing, fast and
efficient breeding has become possible in tomato breeding.
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Negative regulators of plant disease resistance, which may be considered host sus-
ceptibility (S) genes, represent good targets for genome editing. Susceptibility genes
are utilized by the pathogen during colonization and infection. They are vital in meet-
ing the pathogen’s metabolic or structural requirements, contributing to sustenance
and pathogen proliferation [100]. A characteristic of S genes is their conservation
between species. In contrast to dominant resistance genes, loss of function of S genes
can potentially lead to recessive inherited, broad-spectrum, and durable resistance
[104]. It has been reported that the loss of function of S genes — Walls Are Thin 1
(WAT1) and Downy Mildew Resistance 6 (DMR6) - in tomato leads to high tolerance
to genetically distinct strains of a broad spectrum of bacteria including the bacterial
pathogen Clavibacter michiganensis (Cm) [105]. The function of WAT1 and DMR6 as
S genes is possibly conserved across plant species and its loss of function can provide
broad-spectrum resistance to vascular pathogens (Figure 7).

CRISPR/Cas9 has emerged as one of the most promising techniques for knocking
out disease susceptibility genes in a variety of plants to increase tolerance/resistance
to various diseases. This research leverages on using CRISPR/Cas9 technology to
precisely edit key S genes such as Walls Are Thin 1 (WAT1) and Downy Mildew
Resistance 6 (DMR6).

The following gene sequences SOlWAT1 Gene ID — Solyc01g100890. 4.1 and
SolDMR6 Gene ID - and Solyc03g080190.3 were downloaded from Sol genomics.
Primers were designed, and the corresponding gene sequences were amplified
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Manipulation of plant susceptibility (S) genes by bacterial pathogens [106].
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from the farmers preferred Nigerian tomato cultivars and sequenced. The
sequences were aligned, and gRNAs were designed in the conserved regions and
synthesized as oligos. The CRISPR-Cas9 construct is currently being generated
and will be delivered to tomato cells by Agrobacterium-mediated genetic transfor-
mation. Plantlets will be generated, characterized by sequencing to check the type
of edits. Edited events will be screened in the greenhouse for resistance to bacterial
wilt. Events showing resistance will be backcrossed to produce foreign DNA-free
plants. Thereafter, the foreign DNA-free events will be subjected to multi-location
field trials. Promising lines will be selected and multiplied for distribution to
farmers.

13. Recommendations

To advance tomato improvement in Nigeria, efforts should focus on optimizing
and standardizing tissue culture protocols tailored to local cultivars. Available and
referenced protocols, which demonstrated high shoot induction efficiency, should
be refined further to enhance regeneration across various cultivars. Integrating gene
editing techniques, such as CRISPR-Cas9, into established protocols will enable
the development of pest-resistant, drought-tolerant, and high-yielding varieties.
Infrastructure development is critical and may require the upgrade of existing
facilities into regional plant biotechnology laboratories to support commercial
applications and integrating it into national breeding programs, as well as fostering
collaboration.

The ongoing CRISPR-Cas9 research to address challenges such as bacterial
wilt resistance and extending shelf life should be supported with well-equipped
laboratories and trained personnel. Strengthening collaborations among research
institutions, biotechnology companies, international research bodies and farmers
will accelerate the domestication and adoption of these technologies, thus facili-
tating knowledge exchange on advanced genome editing tools and technologies.
Furthermore, the centralisation and proper management of existing repositories
for genetic resources and protocols will enhance the efficiency and scalability in
research and application.

Awareness campaigns and farmer engagement programs will be essential to
promote the benefits of tissue-culture-derived plants, the safety and benefits of
genome-edited crops, alongside policy interventions to increase funding, provide
subsidies for equipment and incentivize private sector participation. Additionally,
the existing gene-editing guidelines should be periodically reviewed to incorporate
global advancements, ensuring advances in research and commercialization of
genome-edited crops. These measures, combined with enhanced policy support and
investment in infrastructure, will enhance the efforts aimed at improving tomato
production in Nigeria.

14. Future directions

The integration of tissue culture with genetic engineering, marker-assisted
selection and OMICS tools with conventional breeding techniques will revolutionize
tomato improvement in Nigeria. Emphasis should be placed on breeding resilient
varieties to meet the challenges of climate change for food security and sustainable
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agriculture. Future directions should explore the simultaneous improvement of
multiple traits in tomatoes, such as drought tolerance, pest resistance and improved
nutritional content, leveraging the versatility of CRISPR-Cas9. Expanding research

to include indigenous tomato varieties will also ensure that solutions are tailored to
local needs and environmental conditions. Multi-location field trials and farmer-led
participatory assessments will be critical for identifying and deploying high-perform-
ing, disease-resistant and shelf-stable tomato lines, contributing significantly to food
security and agricultural sustainability in Nigeria.
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Chapter 4

Variation in Agromorphological
Traits and Phenolic Compounds,
Vitamin C Contents, and
Antioxidant Activity in the Fruits
of Mexican Tomato Landraces

Araceli Minerva Vera-Gugmdn, Monica Lilian Pévez-Ochoa,
José Cruz Carrillo-Rodriguez and José Luis Chdvez-Servia

Abstract

Exploration of the genetic potential of Mexican tomato landraces has followed a
variety of routes, such as the characterization of agromorphological traits and fruit
composition within the extensive genetic diversity preserved on farms by traditional
farmers. In this context, the objective of this study was to evaluate the agromorpho-
logical variation and fruit composition of tomato landraces from southern Mexico via
three reference experiments under greenhouse conditions with 95, 17, and 27 popula-
tion samples, representing an active collection of tomato landraces. First, agromor-
phological characterization (95 samples) was conducted, and later, fruit composition,
that is, the contents of lycopene, total phenolic compounds, total flavonoids, and
vitamin C, were analyzed via spectrophotometry, where antioxidant activity was
determined via DPPH and FRAP methods. In the first experiment, six groups of
phenotypic diversity were recorded on the basis of agromorphological traits. In the
second experiment, fruit composition was influenced by the crop cycle and interac-
tions among populations and crop cycles. The third experiment allowed us to elucidate
the high variability among the evaluated populations, some of which presented higher
values than those determined for the control variety Floradade. All the populations
characterized and evaluated came from farmers’ plots, where their own genetic mate-
rial was selected every crop cycle without the intervention of plant breeders.

Keywords: flavonoids, fruit quality, lycopene, on-farm conservation,
phenotypic diversity
1. Introduction

The evolution of cultivated species or plant genetic resources takes different
evolutionary routes depending on the genetic background of domestication and
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diversification; these backgrounds respond to strategies of adaptation to anthropo-
genic and agroecological pressures in ecogeographic contexts, where distinctive or
differential characteristics continue to develop and the in situ/on-farm evolutionary
dynamics continue and are revalued and preserved by growers, conservators, and
consumers as part of the biological evolution of the cultivated species [1].

Local varieties of tomato or tomato landraces have specific characteristics and dif-
ferent population genetic structures depending on their phylogenetic origin and the
diversification and recombination of the species. For example, the theories of origin
of the cultivated tomato suggest that the central region of Mexico and the coastal
areas of Ecuador and Peru are probable regions where domestication took place [2],
and the probable wild parent forms such as Solanum lycopersicum L. var. cerasiforme
and S. pimpinellifolium L. are still preserved in situ in these regions, although the
intermediate forms prior to the current tomato, S. lycopersicum L. var. lycopersicum,
are unknown [3, 4], implying recombination between wild and cultivated forms.
This is not the case in regions that are neither centers of origin nor diversification [5],
where some tomato landraces were derived phylogenetically from old improved vari-
eties (heirloom tomatoes) or from varietal introductions over the last few decades of
the last century, for example, the diversity of European traditional tomatoes reported
by Pons et al. [6].

Tomato landraces are preserved by the individual and/or collective decisions of
growers and consumers, who note one or more distinctive morphoagronomic char-
acteristics of the plant and/or fruit quality valued by consumers in terms of flavors,
aromas, textures, and special colors in the fruit for fresh consumption or in the
preparation of dishes. Landraces are the result of adaptations to specific agroecologi-
cal conditions that are typically low in inputs, present high heterogeneity, respond to
local tastes (sensory properties) or taste needs, are important components of agro-
biodiversity, provide ecosystem services, and require different contingent valuations,
which are applied to commercial varieties [7-9].

Adaptations to particular edaphoclimatic conditions, biotic pressures, agronomic
selection, the appearance of mutations (e.g., multiple flowers fused to generate mul-
tilocular fruits), the development of different gastronomic cultures related to the use
of fresh semi-green, ripe, and dry varieties, types of fruits of short or long shelf lives,
and, over time, regional culinary traditions (e.g., Europe, the Mediterranean region,
Central Asia, and North, Central, and South America, among others) that together
have led to all the tomato landrace diversity documented to date [6, 10-17].

Mexican tomato landraces in the hands of small producers have developed desir-
able agronomic traits for breeding programs, for example, resistance to the bacterium
Candidatus Liberibacter solanacearum [18], resistance to soil pathogens enabling use
as a rootstock for commercial varieties [19], tolerance to stress in saline soils [13],
and high genetic diversity in terms of traits of agronomic interest and fruit quality
[20, 21]. The selection of fruits for characters important to culinary use, which has
been carried out by traditional farmers in the different indigenous communities of
Mexico, has yielded particular properties of flavors to recreate traditional Mexican
gastronomy, for example, various types of “moles,” sauces, soups, salads, and accom-
paniment of various meats [22-24]. In this work, a description of the variability and
phenotypic diversity based on plant, physiological, and fruit characteristics is pre-
sented, complemented with a laboratory evaluation of the content of soluble solids,
pH, titratable acidity, reducing sugars, lycopene, vitamin C, and antioxidant activity
of 95 populations of tomato landraces native to Southeast Mexico cultivated by farm-
ers from different indigenous groups or native peoples (Figure1).
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Figure 1.
Documentation of diversity and collecting of samples of tomato landraces from indigenous communities in
Oaxaca, Mexico.

2. Phenotypic, genetic, and biocultural diversity of tomato landraces

The greatest diversity of Mexican tomatoes is conserved iz situ/on-farm, forming
a portion of the agrobiodiversity of traditional agricultural production systems and
between communities and families of indigenous communities, constituting part of
their biocultural heritage [25]. The producers of traditional varieties of tomato are
usually over 50 years old and have little schooling, but they have been sowing the
same varieties from seed for more than 10 years that they grow repeatedly in small
plots of 10-40 rows of up to 100 m in length using manual cultivation practices and/
or with a yoke. The fruits selected for seeds must satisfy the characteristics of color,
size, and flattened-multilocular shapes, which are peculiar to local or regional variet-
ies (Figure 1) and differ substantially from commercial saladette, ball, or processing
tomatoes. Production is essentially destined for self-consumption, sales between
neighbors, and local and regional markets and is rarely marketed in formal shopping
centers. However, these types of small to large or very large fruits are appreciated in
Mexican gastronomy [24, 26, 27].
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In a collection of 95 population samples of local tomato varieties grown by tradi-
tional farmers in Oaxaca, Mexico, characterization and evaluation were performed
under greenhouse conditions on the basis of 10 descriptors for tomatoes from the
International Plant Genetic Resources Institute (IPGRI) [28]. In a principal compo-
nent (PC) analysis, 92.0% of the total variance (1199.1) was captured in the first two
components (PCs); average fruit weight (eigenvector 0.992), fruit width (0.334),
fruit length (0.187), number of locules (0.063), and the weight of fruits per plant
(0.014) were strongly associated with the first main component (PC1), and fruit
width (0.843), mean fruit weight (—0.377), fruit length (0.313), number of locules
(0.120), and average number of fruits per bunch (0.025) were strongly associated
with PC2 (Figure 2). The described variability revealed that the characteristics of
shape, size, and weight help establish a continuum from small to large fruits, shown
from left to right in Figure 1. Fruit size was also associated with a greater number
of locules (fasciated FAS, lcn2.1 gene) and a flattened shape with shoulders due to
the fusion of two or more flowers, as described by Muilos et al. [29]. All the popula-
tion samples described here have these characteristics of fruit shape but differ in
dimension.

The traditional varieties of tomato in the hands of producers and conservators
and/or indigenous communities follow different population directions according
to the needs of specific agroecological adaptations, resistance or tolerance to biotic
stress, and preferences in terms of fruit characteristics. Among the distinctive char-
acteristics of traditional Mexican tomato varieties, fruits with multilocular flattened
shapes and red-pink shoulders and of various weights and sizes, but with a shorter
shelf life than those of commercial varieties used for processing, predominate. These
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Figure 2.

Principal component analysis based on plant, physiological, and fruit traits was used to describe the variability of
95 populations of Mexican tomato landraces graphed using the two principal components (PCs).
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forms are consistent with the Chilean Limachino tomato preserved by small produc-
ers, which also has a shorter shelf life [15]. Additionally, in both countries, it is usually
cut and consumed as ripe and fresh fruit.

On the basis of the characterization data described above and standardized by
variable and population, a hierarchical grouping cluster analysis was performed by
Ward’s method, where six phenotypic diversity groups were classified according
to the variation in plant, physiological, and fruit characteristics (Figure 3). In the
reproductive phases from flowering to fruit ripening, the phenotypic groups differ
in flowering and fruiting or fruit settling, and the populations show indeterminate
growth and differ in weight, dimensions, and number of fruits per cluster, with
variations of 6-12 locules per fruit. Villena et al. [30] noted that different farmers
can plant different populations of the same recognized local variety (landrace), and
their specific differences are due to the mass or individual selection made by each
producer. There may even be agromorphological differences between populations
and high variability within populations, but together, they help preserve the local
variety in situ.

Traditional tomato producers from the same or different communities obtain
seeds by exchanging seeds or fruits or by acquiring fruits from local markets where
local varieties are sold. This process invariably generates different flows of germ-
plasms and genes in different directions that also carry susceptibility to diseases
or pests [15, 23, 30]. However, with more distant cultivating communities or with
reduced seed exchange, the genetic flow decreases, and diverse phenotypic—genetic
groups are formed. Among the tomato populations from south-southeastern Mexico,
six significantly different phenotypic groups were distinguished in terms of repro-
ductive phenology, plant height, fruit dimensions and weight, fruit yield per plant,
number of fruits per cluster, and number of locules in the fruit (Table 1).

1-01,1-09, 1-25, 1-42, L-04, L-09, L-44, L-55, L-59, L-
67,L-87,L-93, L-95,L-126, X-13,X-14 y X-15 (G1)

1-07, I-56, L-10, L-85, L-92, L-109, L-121 y L-123 J
G2)

1-02,1-23,1-35, 1-40, 1-41, 1-51, I-52, L-61, L-117, L-
132, L-134, L-140, L-166 y X-08 (G3)

I-14, L-05, L-06, L-07, L-12, L-13, L-14, L-16, L-17,
L-32, L-71, L-96, L-108, L-119, L-120, L-124, L-

125, X-01, X-03, X-04, X-05, X-06, X-07, X-09,X-10

¥y X-12 (G4)

L-15, L-18, L-25 y L-103 (G5)

1-03,1-06,1-08, 1-10,1-12,1-15,1-17,1-18,1-19, 1-20,

1-29, 1-30, 1-31, 1-32, 1-33, 1-34, |-38, [-45, 1-54, L-
08, L-146, L-150, L-153, L-165, L-167 y L-168 (G6)

Figure 3.
Phenotypic dendrogram of 95 populations from Mexican tomato landraces using v* semipartial distances and
Ward’s clustering method.
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Descriptor Fvalues Groups of phenotypic diversity in the landraces
1 2 3 4 5 6

Days to flowering’ 371 36.0a’ 331b 317b 317b 22¢ 314b
Days to fruiting’ 14.9* 486a  459ab  45.0b 439b 38.2c 44.0b
Days to maturing' 9.5** 110.5a 110.1a 98.1b 107.6a 107.2a 105.3a
Plant height at 90 dat! (m) 12.9** 195b 216a 215a 218a 2.08a 2.08a
Number of fruits per cluster 1874 21d 12e 4.6a 26¢ 1.8d 38b
Fruit yield/plant (kg) 598.7** 0.561c¢ 0.593¢c 1.263b 0.562 ¢ 0410d 1.766 a
Fruit weight (g) 2874 S5l4c 101.7a 629b 441c 433c 97.7a
Fruit length (mm) 190.4** 409b 416b 424b 353c 411b 51.2a
Fruit width (mm) 140.3* 48.1e 64.0b 533 cd 50.3de 56.3 ¢ 71.7a
Number of locules 105.0** 57¢ 10.1b 76¢ Z3c 82¢c 11.3a

Days after transplant (dat);
%in rows, means of groups followed by same letter indicate no significant differences (Tukey’s test, p < 0.05);
The highest values are in bold, and the lowest values are underlined.

Table 1.
Significance of the F values of the analyses of variance and mean comparisons between phenotypic diversity
groups of the dendrogram in Figure 3.

The variation and differences between the phenotypic diversity groups described
here are similar to those described in different countries. For example, among 24
Greek tomato landraces, the variation in the polar and equatorial diameters of the
fruit ranged from 45.7 to 65.5 mm and 4.6 to 76.1 mm, respectively, with four to eight
locules per fruit and yields of 0.485-2.471 g per plant [14]. Among traditional local
Romanian tomato populations, the fresh weight of the fruit ranged from 68.0 to
131.0 g [16]. This finding indicates that each region of traditional tomato cultivation
follows its own evolutionary dynamics under domestication and anthropic pressures
and responds to local consumer demands. However, local initiatives to undertake
conservative genetic improvement programs that strengthen iz situ conservation and
improve cultivation using local criteria are incipient.

3. Fruit composition of traditional tomato varieties from South-
Southeastern Mexico

Tomatoes (Solanum lycopersicum L.), native to Mexico, are consumed fresh or in
foods prepared according to traditional cuisine practices. Native tomatoes are a source
of phytochemical compounds that influence the flavor of the fruit and its nutritional
and nutraceutical properties [31]. The composition of tomato fruits varies according
to their genotype, origin, management conditions, environmental factors, etc. [8, 32].
Tomato landraces are distributed mainly in the south-southeastern region of Mexico
and can be found in various shapes, colors (pink, orange, red), and flavors [24].
Although native tomato is highly accepted by consumers locally and regionally, little
is known about their phytochemical composition in terms of population, origin, and
crop cycle. In this sense, the variation in the composition of 17 populations of tomato
landraces originating from Oaxaca, Mexico, was evaluated via cultivation in a green-
house for two cultivation cycles under a randomized block design with four repetitions.
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The parameters evaluated in the composition experiment were soluble solids
(°Brix), pH, titratable acidity, and reducing sugars according to AOAC [33] methods
and lycopene and vitamin C contents determined via spectrophotometric means [34,
35]. Significant differences were found in the results (p < 0.01) for soluble solids
(°Brix) in the pulp and juice, lycopene contents (fresh and dry weight basis), and
reducing sugars due to the effects of the crop cycle, population, and cycle—population
interaction; for pH and titratable acidity, differences were only observed between
populations and the cycle—population interaction; and for vitamin C, differences were
only observed between crop cycles (p < 0.01) and populations (p < 0.05) (Table 2).
In terms of the magnitude of the variance, the crop cycle had a greater effect on the
phytochemical compounds than did the population (genotype) and the cycle-popula-
tion interaction (C x P). These findings indicate that environmental factors during
the crop cycle influence the accumulation of metabolites in tomato fruits.

In the comparison of crop cycle averages (Table 3), the values of °Brix (pulp and
juice), reducing sugars, and vitamin C were greater in cycle 1 (summer); in contrast,
the lycopene content (fresh weight, FW, and dry weight, DW) was greater in cycle 2
(fall), whereas pH and titratable acidity were not significantly different. These find-
ings indicate that the environmental conditions of each cycle affect the accumulation
of these metabolites and that the increase in vitamin C content is not necessarily
related to increases in lycopene content. These results are in contrast to the results for
commercial varieties, where a direct relationship between lycopene and vitamin C
has been observed previously and where both compounds are related to temperature
[36, 37]. The results presented here for the fruit composition between populations
indicate that there are no specific patterns; for example, the L-019 population pre-
sented a relatively high °Brix and lycopene content (FW and DW) but had relatively
low vitamin C content; L-109 excelled in °Brix, pH, reducing sugars, and vitamin C;
L-09, in °Brix and titratable acidity; and L-059, L-061, and L-096 presented high val-
ues for vitamin C. The variation in the composition between populations suggests that,
among native kidney tomatoes, there are phenotypes with different origins or that
producers and conservators have maintained them accordingly isolated and that they
have significantly differentiated from the best-known traditional varieties [38, 39].

Variables Source of variation CV (%)
Cycle (C) Population (P) CxP Rep./C Error

°Brix pulp 11.03** 1.69** 0.89** 0.03™ 0.101 73
°Brix juice 327 2.00** 1.28** 0.01™ 0.099 73
pH 0.023" 0.070** 0.027* 0.007" 0.011 24
Lycopene fresh weight 14.00* 61.45* 24.54** 1.12™ 263 11.2
Lycopene dry weight 87033.3** 31467.9** 6415.2** 1819.5" 1494 11.5
Titratable acidity <0.001™ 0.089** 0.011** <0.001™ 0.002 10.8
Reducing sugars 10.82** 0.84** 0.71** 0.03* 0.07 13.6
Vitamin C 1.36** 0.84* 0.41™ 0.01™ 0.188 16.5

"Not significant (p > 0.05); * significant at p < 0.05; ** significant at p < 0.01; CV = coefficient of variation.

Table 2.
Significance of the square means of the analysis of variance in the phytochemical evaluation of 17 populations
and genotypes of tomato landraces cultivated under greenhouse conditions for two crop cycles.

67



89

Cycle/pop. °Brix pH Lycopene’ Titratable acidity” Reducing sugars Vitamin
2
Pulp Juice FW DW ¢
Comparisons between crop cycles
Cycle1 5.16 479 434 14.19 273.5b 0.34 2.88 9.81
a' a a b a a a
Cycle2 417 4.18 4.22 14.52 348.0 0.40 1.75 6.75
b b a a a a b b
Comparison between populations/genotypes
L-010 4.47 4.34a-d 420 c-e 12.89 3326 0.36 211 7.35
a-cl dg b-f c-g a-c a-e
L-016 4.29 412b-e 4.25bc 15.65 358.7 041 1.67 570
a-d bc b-d c d-g b-f
L-019 4.59 ab 4.82 4.20 c-e 21.62 461.9 0.39 195 4.28
a a a cd cf f
L-025 4.64 ab 4.62 413 c-e 11.44 257.8 0.50 2.03 538
a fg g b b-d d-f
L-040 392 3.66e-g 4.27 bc 1517 3771 0.32 1.62 7.60
d-f b-e be e-g e-g a-e
L-043 435 4.41a-d 415c-e 1711 386.8 041 1.89 4.87
a-d b b [ cf ef
L-05 4.51 4.47 a-d 4.21b-e 13.30 299.8 0.53 1.56 5.54
a-c c-g d-g b f-h c-f
L-059 4.08 4.07 c-e 418 c-e 11.72 296.6 0.38 1.86 9.06
c-e fg e-g c-e cg a
L-061 4.20 399d-f 4.29a-c 13.94 3378 0.35 1.82 9.32
a-d cf b-e cg cg E
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Cycle/pop. °Brix pH Lycopene” Titratable acidity’ Reducing sugars Vitamin

2
Pulp Juice FW DW ¢

L-067 4.74 4.62 4.23b-d 13.00 281.5 0.32 2.44 8.45
a a d-g e-g e-g ab a-c

L-087 3.57 340 4.23b-d 11.66 3375 0.33 148 395
fg g fg b-e d-g gh f

L-09 4.65ab 4.78 4.07 1540 3255 0.61 179 570
a e b-d cf a cg b-f

L-091 4.69 ab 4.55ab 4.24b-d 12.89 2754 fg 0.60 1.98 6.05
e-g a c-e b-f

L-095 3.79 4.07 4.26 be 11.40 280.2 0.32 172 8.00

e-g c-e g e-g e-g c-g a-d

L-096 341 3.58 4.09 de 16.62 454.6 a 0.37 120 9.04
g fg b c-f h a

L-109 4.76 4.63 4.44 15.31 326.3 0.31 2.48 9.21
a a a b-e cf fg a a

L-110 4.64ab 4.48a-c 4.36ab 15.38 3216 0.30 2.51 8.46
be cf g a ab

"Within the columns, the means between cycles and populations followed by the same letter (below) ave not significantly different (Tukey’ test p < 0.05);
2ycopene in FW and DW, fresh and dry weight, respectively, vitamin C in mg 100 g™, and titratable acidity in % citric acid.
The highest values are bold, and the lowest values are underlined.

Table 3.

Average soluble solid content, pH, lycopene content, titratable acidity, reducing sugar content, and vitamin C as a function of the crop cycle and population/genotype of tomato

landvaces cultivated under greenhouse conditions.
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The composition of the 17 native tomato populations varied in terms of their °Brix
value in the pulp, from 3.41 to 4.76; °Brix value in the juice, from 3.40 to 4.82; pH,
from 4.07 to 4.44; lycopene content (FW), from 11.4021.62 mg 100 g; lycopene
content (DW), from 257.8 to 461.9 mg 100 g L titratable acidity, from 0.30 to 0.61%;
reducing sugar content, from 1.20 to 2.51%; and vitamin C, from 3.95 to 9.32 mg
100 g™

In terms of the crop cycle-genotype/population interaction, there were no
significant differences in vitamin C content; that is, the environmental conditions
did not affect vitamin C biosynthesis or lead to differences between populations
(Table 4). For the other compounds, significant differences were observed in the

Pop./Cycle °Brix pH Lycopene’ Titratable Reducing Vitamin
e —_— L3 2 2
Pulp  Juice FW  DW acidity® sugars ¢
L-010/2 4.47 4.34 4.20 12.89 332.6 0.36 211 735
d-g' d-h cf e-g cf e de a
L-016/2 4.29 412 4.25 15.65 358.7 041 167 571
d-h f-i b-f b-e b-e c-g e-h a
L-019/2 4.59 4.82 4.20 21.62 461.9 0.40 1.95 4.28
cf b-d cf a a d-h d-g a
L-025/2 4.64 4.61 413 11.44 2578 0.50 2.03 5.38
b-e b-f d-f f-i f-h be d-f a
L-040/1 3.87 323 4.31 9.52 242.5 0.27 1.70 —
gj k a-d h-i g-i k d-h
L-040/2 3.94 3.80 4.26 17.05 4219 0.35 1.59 760
] h-k b-f be ab f-k e-h a
L-043/1 4.63 4.17 415 14.48 3117 0.46 2.25 3.36
b-e e-i d-f cg d-g b-d cd a
L-043/2 4.26 4.49 415 1799 4119 0.39 177 5.38
d-h c-g d-f b a-c d-i d-g a
L-05/2 4.51 4.47 4.21 13.30 299.8 0.53 1.56 5.54
d-g c-g cf d-g d-h ab f-h a
L-059/1 5.43 4.50 4.07 11.25 228.0 043 3.21 10.03
a c-g f g-i h-i c-f ab a
L-059/2 3.63 392 4.22 11.87 3195 0.37 141 8.73
h-j 2 cf f-i d-g e-j gh a
L-061/1 5.20 423 4.27 12.87 272.8 0.44 2.72 10.09
a-c d-h b-f e-h f-h c-e bc a
L-061/2 3.87 391gj 4.30 14.30 359.5 0.33 1.52 9.07
2 a-e c-g b-e g-k f-h a
L-067/1 5.57 5.70 410 949 1733 0.35 3.39 9.86
a a ef i i f-k a a
L-067/2 4.47 4.25 4.28 14.17 3176 0.32 212 8.00
d-g d-h b-f c-g d-g h-k de a
L-087/2 3.57 3.40 4.23 11.66 3375 0.34 1.48 3.95
ij jk cf fi cf f-k fh a
L-09/2 4.65 4.78 4.07 1540 325.9 0.61 179 571
b-e b-e f be df a dg a
L-091/2 4.69 4.55 424 12.89 2754 0.60 1.98 6.05
b-d cg b-f e-h f-h a d-f a
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Pop./Cycle °Brix pH Lycopene” Titratable Reducing Vitamin

_ - L 2 2
Pulp  Juice FW DW acidity’ sugars c

L-095/2 3.79 4.07 4.26 11.40 280.2 0.32 172 8.00
h+j f-i b-f f-i e-h h-k d-h a

L-096/2 341 3.58 4.09 16.62 454.6 0.37 120 9.05
i i-k ef b-d a e-j h a

L-109/1 5.43 5.23 4.51 16.80 3172 0.29 3.12 10.58
a ab a bc d-g j-k ab a

L-109/2 4.09 4.03 4.36 13.81 3353 0.34 1.84 7.84
d-i £ a-c cg cf f-k d-g a

L-110/1 5.26 5.04 bc 4.45 16.03 276.3 0.30 3.03 11.01
ab ab b-e f-h i-k ab a

L-110/2 4.02 392 428 14.72 367.0 0.30 1.98 592
e 2-j b-f b-f b-d i-k d-f a

'In the columns, means followed by the same letter (below) are not significantly different (Tukey’s test p < 0.05);
“lycopene in FW and DW, fresh and dry weight, vespectively, vitamin C in mg 100 g, titratable acidity in % citric acid.
The highest values are bold, and the lowest values are underlined.

Table 4.

Interaction of crop cycle and genotype/population in terms of soluble solid content, pH, lycopene content,
titratable acidity, veducing sugar content, and vitamin C content in the fruits of tomato landraces grown under
greenhouse conditions.

crop cycle-population interactions. For example, populations L-040, L-043, L-059,
L-061, L-067, L-109, and L-110 presented relatively high lycopene contents in cycle
2, and L-059, L-067, and L-110 presented relatively high contents of soluble solids
and reducing sugars in cycle 1. The interaction results revealed that the accumulation
of some metabolites in tomato fruits depends on the environmental conditions of
cultivation and the response of the population (genotype) to these changes.

Native or local populations or genotypes (landraces) are characterized by high
phenotypic heterogeneity between and within genotypes. Cebolla-Cornejo et al. [40]
highlighted the importance of evaluating the environmental effects and interactions
between populations and the environment to estimate intrapopulation variation. For
example, Divéky-Ertsey et al. [41] evaluated the effects of genotype and genotype x
environment interactions on the phytochemical composition of Hungarian tomato
landraces grown in open fields and microtunnels for two consecutive years and
determined that variations in microclimatic conditions in different years had greater
effects. The location and production system of the quality and bioactive parameters,
such as soluble solids, acidity, lycopene, phenolic compounds, and antioxidant activ-
ity, depend on the evaluated genotype.

In a second evaluation of the content of phenolic compounds, lycopene, vitamin
C, and antioxidant activity in 27 populations of tomato landraces from Oaxaca,
Mexico, they were also planted and cultivated in greenhouses but in a single evalua-
tion cycle. The determination of total polyphenols, total flavonoids, and antioxidant
activity (2,2-diphenyl-1-picrylhydrazyl (DPPH) and fluorescence recovery after pho-
tobleaching (FRAP) methods) was performed using UV-visible spectrophotometric
techniques described by Benzie and Strain [42], Lin and Tang [43], and Singleton and
Rossi [44]. The traditional tomato populations were significantly different (p < 0.01)
in terms of °Brix value, pH, vitamin C content, lycopene content, total polyphenol
content, flavonoid content, and antioxidant activity (DPPH and FRAP) on a wet
basis (Table 5). Different outstanding populations of one or more compounds were

71



Solanum lycopersicum L. — Research Methods, Approaches, and Perspectives

Pop.ID °Brix pH Vit. C? Lycopene Polyphe- Flavo- Antioxidant act®
3 s 14
nols noids DPPH FRAP
Sq.Means 825"  0.127** 0.527** 1.96** 0.008** 0.017** 0.098** 0.136**
1-08 6.47 397 6.11 15.86 0.223 0.051 0.918 0.841
a-e' cg b-g a-d a-e a-c a-d a-f
I-31 7.37 3.88 8.24 14.44 0.198 0.047 0.897 0.746
a-c fg b-g a-f c-e a-c a-d a-f
I-35 6.32 3.86 8.49 14.52 0.234 0.040 1.012 1.048
a-e g a-g a-f a-e be a-c ab
1-38 5.55 3.97 9.23 9.10 0.224 0.031 0.803 0.493
c-e c-g a-g fg a-e c cd f
1-42 6.22 3.99 3.46 11.56 0.199 0.029 0.871 0.818
b-e cg fg d-g c-e c a-d a-f
I-51 513 3.99 9.76 9.40 0.192 0.016 0.914 0.799
de cg a-f e-g c-e c a-d a-f
X-01 6.28 4.30 12.43 17.85 0.225 0.029 0.800 0.727
b-e a ab a-c a-e c cd a-f
X-02 6.04 4.27 766 14.60 0.213 0.051 0.843 0.586
c-e a b-g a-f b-e a-c b-d cf
X-03 491 4.24 4.63 14.01 0.209 0.025 0.801 0.496
e ab cg b-f b-e c cd f
X-04 6.73 411 12.37 12.70 0.240 0.037 0.814 0.603
a-e be ab c-g a-e be cd b-f
X-05 727 4.08 11.03 19.06 0.246 0.048 0.973 0.968
a-c cd a-d ab a-d a-c a-d a-e
X-06 6.07 4.09 11.69 1731 0.215 0.038 0.803 0.541
c-e cd a-c a-c b-e be cd d-f
X-07 8.12 4.04 15.53 16.33 0.269 0.093 1.069 1.052
ab c-e a a-d ab a ab ab
X-08 549 4.02 6.02 16.39 0.211 0.027 0.791 0.634
c-e cf b-g a-d b-e c cd a-f
X-09 5.05 4.06 9.54 12.43 0.185 0.021 0.806 0.536
de c-e a-g cg de c cd ef
X-10 6.27 4.07 6.80 14.78 0.228 0.029 0.776 0.707
b-e c-e b-g a-e a-e c d af
X-12 7.00 4.02 6.70 19.62 0.200 0.047 0.770 0.683
a-d cf b-g a c-e a-c d a-f
X-13 6.77 4.04 446 16.21 0.177 0.042 0.756 0.556
a-e c-e d-g a-d e be d d-f
X-14 6.42 4.08 9.69 15.95 0.206 0.027 0.829 0.764
a-e cd a-g a-d b-e c cd a-f
X-15 8.32 4.04 10.83 1745 0.280 0.079 1.089 1.096
a c-e a-e a-c a ab a a
COMP5 6.40 3.95 377 13.23 0.207 0.026 0.868 0.745
a-e d-g e-g cg b-e c a-d a-f
HCS-106A 573 3.92 375 13.13 0.203 0.039 0.917 1.002
c-e e-g e-g c-g c-e bc a-d ad

72



Variation in Agromorphological Traits and Phenolic Compounds, Vitamin C Contents...
DOI: http://dx.doi.org/10.5772/intechopen.1008991

Pop.ID °Brix pH Vit. C Lycopene” Polyphe- Flavo- Antioxidant act®
3 i34

nols noids DPPH FRAP

HCS-24 6.02 3.99 251 1248 0.239 0.037 0.977 0.871
c-e c-g g cg a-e bc a-d a-f

HCS-37 6.38 4.00 441 13.21 0.254 0.052 0.852 0.812
a-e cg d-g cg a-c a-c b-d a-f

HCS-38 6.90 4.08c 3.65 12.82 0.193 0.026 0.855 0.744
a-e d e-g c-g c-e c c-d a-f

HCS-39 6.37 4.02 12.55ab 15.57 0.222 0.020 0.969 1.022
a-e cf a-d a-e c a-d a-c

Floradade 5.59 4.05 6.46 775 0.186 0.022 0.900 0.658
c-e c-e b-g g de c a-d a-f

In the columns, means followed by the same letter (low) are not significantly diffevent (Tukey’s test p < 0.05);
ycopene and vitamin C in mg 100 g™ fresh weight (fw);

3pob/phenols in mg equivalents of gallic acid g’l fw;

“flavonoids in mg equivalents of quercetin g™ fu;

°FRAP and DPPH in ymol equivalents of Trolox g’l fw.

The highest values are bold, and the lowest values are underlined.

Table 5.
Phytochemical composition and antioxidant activity in the fruits of 27 populations of tomato landraces grown
under greenhouse conditions.

identified; for example, the X-15 population excelled in °Brix, total polyphenols, and
antioxidant activity (DPPH and FRAP); X-01 and X-02, in pH; X-07, in vitamin C and
flavonoids; and X-12, in lycopene (Table 5). The values of these populations exceeded
those of the commercial variety Floradade, which was used as a control, indicat-

ing that the native tomato populations are sources of phytochemical compounds of
nutritional and nutraceutical interest for food and health purposes.

The following average value ranges were observed between populations for the
phytochemical compounds: soluble solids, 4.91-8.32°Brix; pH, 3.86-4.30; vitamin C,
2.51-15.53 mg 100" g; lycopene, 9.10-19.62 mg 100~ g; polyphenols, 0.177-0.280 mg
1007} flavonoids, 0.016-0.093 mg 1007%; antioxidant activity determined via the
DPPH method, 0.756-1.089 pg of Trolox 100" g; and antioxidant activity determined
via FRAP, 0.496-1.096 g of Trolox 100" g. The values of these components were
very similar to or greater than those reported in other kidney tomato populations of
the Sierra Sur, Istmo, Sierra Norte, and Central Valleys of the State of Oaxaca, Mexico
[45]. For example, the X-15, X-12, and X-07 populations in this study presented
higher contents of soluble solids, lycopene, and vitamin C on a fresh basis, respec-
tively, than the tomato populations mentioned previously. Bioactive compounds are
highly influenced by the environment, management conditions, genotype or variety,
and interactions between them [46, 47]; however, in such studies, populations of
landraces with high variability in fruit or plant traits, even within the same popula-
tion, are more or less constant in composition. Medina-Dzul et al. [48] also reported
high variation between populations of native tomatoes in southern Mexico in terms of
lycopene, total phenols, and flavonoids, which they attributed essentially to environ-
mental effects rather than to the genotype.

Growing traditional tomatoes helps preserve the flavors of interest to their grow-
ers and has recently been revalued, as the characteristic flavors, aromas, textures,
and colors of traditional tomatoes are associated with a wide range of antioxidant
compounds (phenolic compounds, lycopene, and vitamin C), which help in the
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prevention of cardiovascular and chronic degenerative diseases [49]. The frequent
consumption of these native tomatoes among the rural Mexican population has a
strong impact on human health, and among these communities, there are families
who continue to preserve traditional diets and are recognized as the longest-living in
the community. Together, traditional tomato plants have local and regional value, and
their loss of diversity is due to sociocultural factors such as the food transition and
more urban ways of life.

4, Remarks

First, one of the main contributions of Mexican tomato farmers and conserva-
tors under domestication and the continued cultivation under their production
principles is the contribution to on-farm/in situ agrobiodiversity, which exceeds
the amount of diversity preserved ex situ or in gene banks. This diversity of
tomatoes is closely linked to Mexican gastronomic diversity, recognized by the
FAO/UNESCO as an intangible heritage of humanity. The decades-long absence
of formal institutional tomato genetic improvement programs in Mexico has
allowed the almost natural or regional resurgence of tomatoes for traditional uses;
however, this does not indicate that transnational seed companies dominate the
market, with the planting of varieties mainly for export purposes to the United
States or Canada, and the south-southeastern region of Mexico, where subsistence
farmers predominate, is thus not of interest to transnational seed companies. In
summary, tomato exporters to the United States are mainly located in the central-
northern region of Mexico, and those from the central-south-southeastern region
produce for the national, regional, or local markets; however, in this region, the
greatest diversity of tomatoes is preserved because wild forms occur close to the
cultivation plots, even when their presence is only observed during the season or
after the rainy season.

In the ecogeographic context of the origin of the diversity described for the
populations evaluated for characterization and preliminary agromorphological
evaluation, different differential traits of their close parents can be distinguished.
For example, at least six groups are phenotypically distinguished as having a simi-
lar fruit shape (shoulder blade) but differ in fruit size and number of locules, for
example, large fruits 5.1 and 7.2 cm in length and diameter compared with small
fruits 3.5 and 5.6 cm in length. This is an obvious way to recognize the variability
in fruit sizes in the field, but it also influences reproductive physiology and plant
characteristics.

In terms of fruit composition, the experiments performed in this study helped
characterize the wide variability in pH, soluble solids (°Brix), titratable acidity,
reducing sugars, lycopene, polyphenols, flavonoids, vitamin C, and antioxidant
activity among populations of local tomato varieties or farmers’ varieties. In these
traditional agrosystems, the conscious and unconscious introduction of wild forms
and the subsequent selection of farmers in their cultivation plots promote differ-
ent degrees of recombination [27]. The frequency of recombination also influences
the composition of the fruit between populations, as the composition of the fruit is
influenced by the effects of the crop cycle or crop conditions and genotypic/popula-
tion—environment interactions; however, these populations consistently have a short
shelf life. Based on the studies carried out, a genetic improvement program with local
objectives and purposes has been initiated.
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Chapter 5

The Experience in Planting Solanum
lycopersicum: Organic Cultivation

in East Siberia, Transgenesis and
the Connection with Plasticity of
Tomato Genome Expression

Natalya Igorevna Rekoslavskaya, Rurik Salyaev,
Tatyana Kopytina, Irina Sotnikova and Irina Mokschonova

Abstract

The technology for large-scale production of vine-ripening tomatoes is well
developed for greenhouses and even for open ground in the Irkutsk region. The climate
of Eastern Siberia is characterized by early frosts until about mid or late May in spring
and from mid-August in autumn. Therefore, until the 1960s, growing tomatoes in
Siberia was a difficult task both on farms in villages and in industrial agriculture, since
the old style glass-covered greenhouses were not reliable and did not provide protec-
tion against low outside temperatures. It was only when long tunnel-type greenhouses
with electrical heating covered with polymer film were used to cover greenhouses
where large-scale tomato growing became successful. Tomato is widely used for
scientific research purposes, especially for microcloning, micropropagation, and
genetic transformation in vitro experiments, and for studying leaf-stem morphogenesis
and embryogenesis. When conducting these experimental studies, different mediums
using phytohormones and micronutrients were proven to be quite useful. Tomato
plants were used for developing “edible” vaccines against HIV-1, HBV and HPV. The
plasticity of tomato and its high survival rate under various abiotic stresses are due to
the presence of a huge endogenous pool of the precursor of auxin biosynthesis.

Keywords: tomato propagation, green houses, iz vitro cultivation, “edible” vaccines
against HIV, HBV, HPV, N-malonyl-D-tryptophan

1. Introduction

1.1 Organic cultivation of tomato in Irkutsk region of East Siberia

Tomato is a heat-loving plant introduced from Central and South America and was
used as an ornamental plant. In the nineteenth century, tomato came to Europe to be
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grown as a cultivated plant in garden, including Russia. To date, tomato cultivation
has reached approximately 60% of all areas used for growing vegetables, including
greenhouses.

The annual need for tomatoes for humans is 25-30 kg per year, since tomato is
arich source of vitamins, antioxidants and beneficial alkaloids, such as tomatine,
esculesin, lycopene, which have high medicinal use.

The climate of Eastern Siberia is characterized by early frosts until about mid
or late May in spring and from mid-August in autumn. Until the 1960s, tomatoes
were not grown in open ground in vegetable farms and industrial production. Only
with the use of polymer films for covering tomatoes in film tunnel greenhouses has
the cultivation of tomatoes become a highly profitable and highly agro-economic
production (Figure1).

Figure 1.
Tunnel greenhouse with film coating on a wire frame for growing tomatoes from April to October.

Figure 2.
High-tech production of tomato fruits in a tunnel greenhouse at the field site of SIPPB SB RAS. Photo made by V.
A. Korotkoruchko.
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TOMAT, - '

B OTKPBITOM FPYHTE
W TENNHLLAX

HA CAJOBOM YHACTKE
MUPKYTCKOMW OBJNIACTH

Figure 3.
The cover of the book of the author Yuri Fedorovich Palkin: “Tomato in open ground and greenhouses in garden
plots of the Irkutsk region”. Publishing Haus “Oblmashinform”. Irkutsk, 2004 (in Russian) [1].

Heated film greenhouses made it possible to grow tomatoes from April to
November, which turned out to be economically advantageous for obtaining mass
harvests of up to 70 tons of tomato fruits per hectare (Figure 2).

The use of new promising agricultural technologies made it possible to bring
tomato production to a level that fully satisfies the demand of the population.

Since 1970, the head of the Laboratory of Plant Productivity Physiology, SIPPB SB
RAS, Doctor of Agricultural Sciences, Professor Yuri Fedorovich Palkin and his team,
have developed innovative technologies for obtaining high and early yields of tomato
fruits in film greenhouses for usage among the local population of Irkutsk and the
surrounding region (Figure 3).

Currently, a powerful infrastructure has been created in the Irkutsk region—electri-
cal, water supply networks, roads on a vast territory of 40 thousand hectares to obtain
high and early yields of tomato fruits ripened on plants, regardless of natural conditions.

The purpose of the chapter was to demonstrate the wide possibilities of experi-
mental work with tomatoes, using their high qualities of stability, plasticity, survival
under unfavorable conditions and in harsh conditions of transgenesis.

2. Cultivation of tomato in vitro

2.1 Materials and methods

2.1.1 Compositionof tissue culture media and mixtures of vitamins and
microelements used

Seeds of Solanum lycopersicum Mill. var. Ventura were sterilized in a 2% sodium
hypochlorite solution for 15 minutes and then washed with 3 portions of sterile
distilled water for 5-10 minutes each wash.
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Sterilized seeds were laid out on 1 MS agar media in Phytakon or Magenta ves-
2

sels and placed under low light in a plant room. After 12-14 days (but no late), the
seedlings were divided into cotyledons and hypocotyls, which were laid out without
additional sterilization on appropriate media containing sucrose, macroelements
according to Murashige and Skoog, vitamins, growth regulators and phytohormones.
To avoid the release of endosymbionts from explants into agar medium, 10 mg/1
AgNO; and 8 mg/1 K] were added to the MS medium.

The work used phytohormones, at concentrations: 0.1-5 mg/1 indolylbutyric acid
(IBA), 1-2 mg/1 2.4-dichlorophenoxyacetic acid (2.4-D), 1-5 mg/l benzylaminopurine
(BAP), 1 mg/1 gibberellin (GA) and 25 mg/l epibrassinolide (Bras).

2.1.1.1 Compositions of the media
Murashige and Skoog (MS) medium (basic salt) [2], g/I:

« KNO; =19

NH,NO; = 1.65

CaCIz. ZHzo =044

KH,PO,4 = 0.17

MnSO, 4H,0 = 0.0223

Heller’s medium (ammonium-free) [3], g/1

CaCl, = 0.057

KCl=0.75

* MgSO, = 0.122

NaNO; = 0.6

e NaH,PO, = 0.11

McCown’s medium (reducing) [4], g/1
* CaCl, = 0.073

e Ca(NO3),=0.6

* KH,PO4 = 0.17

* K,S0,=0.99
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* MgSO, = 0.181

* NH,NO; = 0.4

Microelements according to Murashige and Skoog [2], mg/1:
* H;BO;=6.2

e MnSO, 4H,0 =223

ZnSO4 4H,0 = 8.6

CuSOy4 5H,0 = 0.025

CoCl, 6H,0 = 0.025

* Na,MoOy, 2H,0 = 0.25

Fe-chelate solution, g/l:

* FeSO4 7H,0 = 27.8

e NaEDTA 2H,0 = 37.3

Vitamins according to Murashige and Scoog [2], mg/l:
¢ Meso-inositol = 100

e Thiamine = 10.0

¢ Nicotinic acid = 0.5

e Pyridoxine = 0.5

Vitamins according to Kao and Michayluk [5], mg/1
¢ Nicotinamide = 1

¢ Ascorbicacid = 1

e Vitamin A = 10

e Vitamin D3 = 0.5

* Ca-pantothenate = 0.01

e Vitamin By, = 0.2

* p-Aminobenzoic acid = 0.01

* Biotin = 0.005
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e Choline chloride = 0.5
* Riboflavin = 0.1
Antibiotics, mg/l:

e Kanamycin = 25-100
* Cefotaxime = 50-100
* AgNO; =10

«Kj-8

3. Results

3.1 The searches for zones of 12-day-old tomato seedlings sensitive to the action of
phytohormones

In order to induce dedifferentiation in the cotyledons and hypocotyls of tomato
seedlings and obtain calli capable of shoot regeneration, it was necessary to take
12-day-old seedlings. At later times, the mitotic index in explants sharply decreased
and the ability to induce dedifferentiation and regeneration decreased significantly.

To determine the zones with the highest sensitivity to phytohormones, hypocotyl
explants with removed roots and separated cotyledons were laid out on agar MS
medium, containing 1 mg/1 BAP, 1 mg/1 IBA and 25 mg/1 Bras, 10 mg/l AgNO; and
8 mg/1 KJ (Figure 4).

As can be seen in Figure 4(1), cotyledons laid flat and explants without roots began
to grow on the side or part of their surface that was adjacent to the agar. In explants, the
hypocotyl zone under the cotyledons turned out to be the most sensitive to phytohor-
mones. Predominantly, it was due to the growth of this zone that the explant bent by 90°
(Figure 4(2)). The twice increase in the concentrations of BAP and IBA led to the for-
mation of calluses on the cut end of separated cotyledons (Figure 4(3)). The addition of
1 mg/12,4-D to the medium resulted in root formation in the cut zones (Figure 4(4)). If
the BAP concentration was increased to 5 mg/1, then callus formation did not occur, but
direct organogenesis began in the cut zone (Figure 4(5)). In hypocotyl segments, direct
organogenesis began in the cut zone of basal part (Figure 4(6)). An excess of cytokinin
is indicated by the blueness of the explants, which arose as a result of a lack of phospho-
rus in these objects under these conditions (Figure 4(5) and (6)).

Therefore, the increase in concentrations of BAP was more responsible for the
dedifferentiation and callus formation of isolated cotyledons (Figure5).

With a decrease in BAP concentration, leaf-stem organogenesis began on morpho-
genic calli (Figure 6).

When morphogenic calli of tomato cotyledons were transferred to a hormone-free
medium, a rapid burst of organogenesis and rhizogenesis began (Figure 7).

Figure 8 shows the mass development of explants and regenerants after transfer
on hormone-free 1/2 MS medium. For mass production of regenerants, it was neces-
sary to reduce the amount of ammonia nitrogen to prevent the accumulation of toxic
ammonia in vessels or use ammonia-free media.
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Figure 4.
The sensitivity response of organogenesis of tomato explants of 12-day-old seedlings to different phytohormones in
MS medium +AgNO; + KI + Bras. NeN¢ (1,2)—balanced concentration of 1 mg/l BAP and 1 mg/l IBA; (3)—

increased BAP to 2 mg/l and IBA to 2 mg/l; (4)—the addition of 1 mg/l 2,4-D; (5, 6)—increased BAP to 5 mg/I.

Figure 5.
The dedifferentiation of cotyledons and calluses formation in the presence of increased level of BAP. MS medium

+AgNO; + KJ + Bras.

Upper in the center: stock tomato cotyledons callus (2 mg/1 IBA + 5 mg/1 BAP).

For mass rooting of regenerants, the use of 0.5 mg/l ABA was successful
(Figure9).

During the accommodation of the regenerants to open air, the lid of the Magenta
vessels was opened, starting from 5 minutes, gradually increasing the opening inter-
vals during about 2 weeks (Figure 10).

The regenerants, strengthened after accommodation in air in Magenta vessels,
took root well after being placed in a greenhouse and gave a good harvest (Figure 11).
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Figure 6.
Beginning of leaf-stem morphogenesis on movphogenic cotyledon calli with a decvease in BAP concentration.

Figure 7.
A burst of leaf-stem organogenesis and rhizogenesis after the transfer of morphogenic calluses on hormone-free

MS medium.
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Figure 8.
Developing of in vitro plantlets from vegenerants of tomato cotyledons calluses in 1/2 MS free of phytohormones.

Figure 9.
Mass rooting of regenerants induced by 0.5 mg/l ABA: NeNe (2 and 3). N (1)—control without 0.5 mg/l ABA.

3.2 Development of oral plant “edible” vaccines against dangerous infectious
diseases on the basis of tomato fruits

3.2.1 The concept of an “edible” vaccine based on transgenic plants

In 1990, WHO and a group of philanthropic organizations established the
Children’s Vaccine Initiative with the goal of creating a safe, heat-stable, oral vaccine
widely used.
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Figure 10.
Rooted plantlet preparation to open air before transfer to open air condition. 1/2 MS without hormones.

Figure 11.

The view of the harvest produced by tomato vegenerants var. Ventura in vitro. To the left—in greenhouse, to the
right—picked red tomatoes var. Ventura obtained from three tomato plants. The inscription on tomatoes (to the
right): The harvest of regenerants R1, R2 and R4.

In 1992, Drs. Ch. Arntzen and H. Mason (USA) introduced the concept creating an
“edible” vaccine based on transgenic plants for the production and delivery of antigens.

3.2.2 Advantages of plant transgenic “edible” vaccine
1. Obtaining antigen in large quantities in a relatively pure form; expression in seeds;
2. Cheapness of the “edible” vaccine; delivery in absence of “cold chain”;

3.Oral administration and induction of a mucosal immune response with the pro-
duction of mucosal antibodies.

3.2.3 Development of binary “edible” vaccine against HIV-1 and HBV

The genetic construct of p35STBI-HBSAg was created in “Vector” (Koltzovo,
Novosibirsk region, Russia) by professor S.N.Shchelkunov and his team
(Figures 12 and 13).
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Figure 12.

Development of binary “edible” vaccine against HIV-1 and HBV on the basis of transgenic tomato plants.
(A)—Method of tomato regenerant obtaining by “flamingo bill” [6], (B)—the sequence of the chimeric gene TBI
compiled from nucleotides -encoded B-cell epitopes (pink) and T-cell epitopes (green). The HBS fragment of
HBV was joined to C-terminal of TBL
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Figure 13.

Genetic evidences of insertion and expression of the TBI gene in transgenic tomato plants of To and T1
generations. (1)—PCR (A) and Southern blot hybridization (B) with DNA isolated from To plants; (2)—PCR
with DNA isolated from T1 plants; (3)—RT-PCR with RNA isolated from To plants. The numbers indicate the
numbering of plants. C—control nontransformed plants.

744 bp—the size of primer to the fragment of TBI. A.t.—vector Agrobacterium
tumefaciens EHA105 harboring plasmid pBIN p35STBI-HBS (Figure 14).

The amount of antigenic protein TBI-HBS synthesized in tomato fruits was in the
range of 20-150 ng per 1 g of total soluble protein. As a result, these vaccine transgenic
plants produced fruits that developed a high antibody response during oral immuniza-
tion of mice after feeding freeze-dried fruits transgenic for TBI-HBSAg [7-9].

The work with mice was approved at a meeting of the bioethical council of the
Federal State Budgetary Institution of Science and the Siberian Institute of Plant
Physiology and Biochemistry of the Siberian Branch of Russian Academy of Sciences
(Meeting of the bioethical commission No. 9 of October 30, 2019). When keeping
mice, the standard conditions prescribed in GOST 33215-2014 and 33,216-2014 were
observed (Figure15).

3.2.4 Development of oral vaccine against HBV

The construct pBINPreS2-S was synthesized by Professor S.N.Shchelkunov and
his team (“Vector,” Koltzovo Novosibirsk region, Russia).
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Figure 14.
Transgenic tomato plants var. Ventura with the gene TBI-HBS as an “edible” vaccine against HIV-1 and HBV in
greenhouse (left) and in the chamber of phytotron (vight).

Vaccination
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@
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Figure 15.
Induction of antibody synthesis after an oral vaccination of mice. Red line is the level of antibodies to TBI-HBSAg
in mice blood serum. Blue line is the level of control ones. Absorbance at A450 is extinction at 450 nm.

HBV envelope proteins are encoded by the genes: preS1-S2-S (L), encoding the
large domain PreS1-S2-S (L), preS2-S (M), encoding the middle domain PreS2-S (M),
and s (S), encoding small domain—the main surface antigen of HBsAg. The addition
of PreS2 protein to S (HBsAg) enhances the immune response after vaccination.

In this work, genetic constructs with the p35S-preS2-S genes were used to trans-
form tomato plants.

The direct infection of agrobacteria A.t. EHA105 harboring pBINPreS2-S of mor-
phogenic calluses produced tomato plantlets with impaired morphology (Figure 16).

Therefore, it was decided to transform 12 dayold tomato explants of the Ventura
variety by direct infection of the Agrobacterium construct with pBINPreS2-S by
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Figure 16.
Rooted tomato regenerant with the gene PreS2-S HBV selected on MC with 100 mg/l kanamycin.

injection into the apex of the explant, followed by strict selection on MS medium con-
taining 100 mg/l kanamycin (Figure 17). This method was named the transformation
of explants in apex or in planta.

As can be seen in Figure 18(A) and (B), tomato regenerants formed a good yield
of fruits, which were used to produce tomato vaccine material with PreS2-S for oral
vaccination of mice.

DNA isolated from transgenic tomato fruits revealed PCR amplifications in
size corresponding to the boundaries of the primers (Figure 19). The amount of
PreS2-S synthesized in tomato fruits was in the range 20-200 pg per 1 mg of total

Figure 17.
Selection of transformed with PreS2-S HBV coat protein regenerants (explants) on the MS medium with 100 mg/l
kanamycin.
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Figure 18.

(A) Transgenic vegenerants var. Ventura with fruits expressing PreS2-S HBV growing in green house. (B) Harvest
obtained from transgenic tomato plants with the PreS2-S gene (left) and freeze-dried tomato fruit material used
for vaccination of mice (vight) in ovder to obtain blood serum against HBV.

soluble protein (TSP). This amount of PreS2-S antigenic protein was sufficient to
vaccinate mice (Figure 20).

Freeze-dried vaccine material from transgenic tomato fruits was easily eaten by
laboratory mice, and oral vaccination occurred. Mice were orally vaccinated twice
with the interval of 1 month. Each mouse received approximately 500 pg of PreS2-S
as a result of this oral vaccination (Figure 21).

3.2.5 Development of the therapeutic oval vaccines against HPV

According to WHO forecast (Global Cancer Observatory), the number of cancer
cases by 2045 year will increase by at least 75% or by 1/3 (one third) compared to
2022 year (Figure 22). Since there are no particular reasons for such a decrease in
immunity: global disasters, sharp environmental deteriorations or a drop in the level,
and quality of life of people, there is probably an unaccounted critical factor that
quite significantly reduces the anti-cancer innate protection of humanity.
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Figure 19.

PCR with primers to the fragment of 200 bp of PreS2-S. NeN? (1,2,3,4,5)—used DNA isolated from individual
transgenic fruits. Line (6)—control, H,O, line (7)—A. tumefaciens plasmid DNA pBINPreS2-S. Line (8)—
standard, DNA ladder 100 bp.

Figure 20.
White laboratory conventional mice happily ate vaccine material from tomato fruits with transgenic PreS2-S and
were easily ovally vaccinated.

Such a hidden and dangerous agent could be the papillomaviruses, which are
practically present in every person in the form of “warts on aleg” and does not seem
to pose a visible danger in the future.

Therefore, it was decided to study the possibility of creating an “edible”
vaccine based on the fruits of transgenic tomato plants. The advantages of a plant
transgenic vaccine are safety, low cost, easy transition to commercialization due to
the possibility of mass production of the vaccine, and the absence of the need to
maintain a “cold” vaccination chain and infrastructure in case of pandemics and
environmental disasters.

To create the preventive edible vaccines and therapeutic vaccines, genetic con-
structs were created in which the main component was the cucumovirus replicase
RdRp, thanks to which it was possible to obtain a high yield of target products up to
25-30% of the total soluble protein and successfully vaccinate laboratory experimen-
tal mice (Figure 23). Constructs were synthesized in GenScript (USA).

95



Solanum lycopersicum L. — Research Methods, Approaches, and Perspectives

3
=
3 2 o
= -
© ©
(4] oo
¥ 'O
A
(o}
I
: e i
0l m
C HBsAg 1 2 1 2 4 2 41 2 4 2
200 1 day 7 days 30 days 69days 110 days
nM after vaccination
Figure 21.

The dynamics of the content of PreS2-S in blood serum of mice orally vaccinated with tomato vaccine material
(2) and in blood serum of nonvaccinated mice (1). C—negative control; 200 nm HBSAg standard in the presence
of standard 20 nm IgG to HBSAg.
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Figure 22.
Cancer development forecast by 2045 year made by Global Cancer Observatory (WHO).

The suspension of A. tumefaciens harboring pBINRdRP HPVs was injected into
large (>200 g) tomato fruit directing into loculuses and left for 2-3 weeks in cold
chamber (6-8°C). After the transformation iz fruto was completed, the synthesized
target proteins were extracted with buffer and used for analysis.

Quantitative analysis of the synthesized in fruto target proteins L1 is presented in
Table1.

Quantitative determination of antigenic proteins was carried out using enzyme-
linked immunosorbent assay (ELISA) using the following primary antibodies:
HPV16 E2 Antibody (TVG 261, sc-53,336) (Santa Cruz Biotechnology. Inc., USA),

96



The Experience in Planting Solanum lycopersicum: Organic Cultivation in East Siberia...
DOI: http://dx.doi.org/10.5772/intechopen.1011502

LB

p35sRARPp3sstevH P Vr7610LU G Trass

Transformation in fruto 12 Eg 4 For the development
16 E7 | of therapeutic vaccine

6 L1

16 L1 For the development
18 L1 of prophylactic vaccine
31 L1

45 L1

Figure 23.
Genetic constructs and the bioreactor for the synthesis in fruto of antigenic HPVs proteins created on the basis of
tomato transgenic fruits.

Type Content L1, Content L1, Content L1,
p/mg TSP p/g dry weight /g fresh weight
HPV6 L1 254+0.1 1174 £ 1.2 47+01
HPV16 L1 254+0.3 1178 £ 1.6 47+01
HPVI8 L1 263:1.0 1176 + 0.3 47+01
HPV311L1 259+07 1195+1.2 48+01
HPV45 L1 267+ 0.6 119211 47+01
HPV16 E2 253+05 1183+ 14 47+01
HPV16 E6 243+0.8 1176 + 0.7 48+02
HPV16 E7 251+0.9 1186+ 0.6 4803
Table 1.

Main characteristics of the quantitative content of antigenic proteins by type of candidate vaccine against the most
types of human papillomavirus HPV16 L1, HPV18 L1, HPV31 L1, and HPV45 L1 synthesized in fruto.

HPV16 E6/18 E6 Antibody (C1P5, sc —460) (Santa Cruz Biotechnology, Inc., USA),
Papillomavirus 16 E7 Antibody [SPM405] (GenWay Biotech, Inc., USA).

In general, we can say that the quantity of synthesized antigenic proteins was
approximately the same, since their genes were placed in almost identical genetic
constructs with the same regulatory genes and compositional elements. The amount
of “early” antigenic proteins E2, E6, and E7 was about 20% of the TSP. Therefore, we
can assume that the plant expression system we have developed based on transgenic
tomato fruits is promising for the synthesis of “early” antigenic proteins of viral
origin and suitable for obtaining these proteins in the required quantities for the
purpose of their use in the development of oral therapeutic vaccines against cervical
cancer.

In fruto-synthesized quantities of target L1 envelope proteins of highly carcino-
genic HPV types were used for oral vaccination of mice.
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The average age of mice keeping in laboratory conditions is 2 years. Therefore, as
can be seen in Figure 24, a high level of antibodies against the L1 envelope proteins of
highly carcinogenic viruses 16, 18, 31, and 45 types was maintained almost through-
out the whole life of orally vaccinated mice.

3.2.6 Immunogenecity and anticancer activity of HPV16 E2 made in tomato vival
expression synthesis on the base of tomato fruits

Although for all structural “early” antigenic proteins of papillomaviruses E2,
E6, and E7, it is known that they are capable of activating the immune system and
T cell immunogenesis, and some studies even show the antitumor effect of HPV
E6 and E7. Of greater interest to us was the “early” protein HPV16 E2, which is
assessed as a tumor suppressor and a blocker of the expression of oncoproteins
E6 and E7.

Moreover, the super tumor suppressor HPV16 E2 instantly destroys the mem-
branes of HeLa cancer cells, and E6 and E7 are capable of only aging HeLa cells, which
at the same time lose adhesion and proceed to flotation.

In order to study the antitumor effect of HPV16 E2, an experimental model of
primary tumors formation was developed in mice injected with HeLa cancer cells.

After injection of HeLa cancer cells into the right side of mice, only an increase
in the size of the testes was observed externally a month later. In some males, the
enlargement of the testes reached a fivefold value, especially if there were damage to
the back of the male’s body due to fights between males (Figure 25).

After oral vaccination of male mice with vaccine material of transgenic tomato
fruits containing about 500 pg of the HPV16 E2 protein, a decrease in the size of the
testes by almost half was observed the very next day. This rapid response to vaccina-
tion can hardly be attributed to the activation of gene expression and subsequent
protein synthesis. Most likely, the HPV16 E2 protein includes pre-existing mecha-
nisms for repairing defects in carcinogenesis.
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Figure 24.

The dynamics of the antibody immune vesponse in blood serum of oral vaccinated mice after the administration
of “edible” vaccines against HPVs of 16, 18, 31 and 45 types. Control—the level of antibodies in the blood serum of
nonvaccinated mice.
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Figure 25.

Genitals and testis of male mice ave presented in the picture. Top row—normal healthy male mice. Middle row—
after 3 months of the injection of 100 ul of cancer HeLa cells into hips. Bottom row—after 1 month of the oral
administration with tomato fruit vaccine materials containing 500 ug of HPV16 E2 to mice from the middle row
that were injected with HeLa cells.

On the other side, in spermatozoa in the radial zone of the head there is a receptor
for the main envelope protein of papillomaviruses L1 syndecan-1, due to which HeLa
cells gather to the receptor zone.

The HeLa genome contains 6 intact HPV18 genomes and up to 50 papillomavi-
ruses’ DNA fragments.

After two subsequent oral vaccinations, the size of the testes returned to normal
within 2 weeks.

It should also be noted that during infection and subsequent vaccination of
males (as well as vaccination of females), no negative phenomena were noted
in the behavior of males, even if they ran in a cage, fed and played with
swollen testes.

After opening the abdominal cavity of infected mice, significant changes were
discovered in the lungs, revealing an increase in their size by 1.8-2 times (Figure 26,
second row).

As can be seen in Figure 26, injection of mice (both males and females) with HeLa
cancer cells led to tumor growth of the lungs (Figure 26, second row). Vaccination of
mice led to normalization of the lungs and a decrease in tumor formation (Figure 26,
third row). Feeding mice with tomato fruit vaccine material containing the HPV16
E2 gene did not change the appearance of the lungs or cause tumor formation
(Figure 26, bottom row).

In these experiments, isolation of the lungs was only possible by using tweezers
and holding the heart connected to the lungs. Since the lungs have a fragile surface
and a sticky coating, it was possible to isolate the lungs intact only by holding them
with hearts together with tweezers.

It was found in our studies that injection of HeLa cancer cells led to a decrease
in the synthesis of interferon, T cell receptor, CD4/CD8 T lymphocytes, as well as
apoptotic enzymes: granzyme B, perforin, and granulysin [10].

Vaccination of mice or treatment of isolated lungs with vaccine material from
tomato fruits transgenic for the HPV16 E2 gene dramatically increased the synthesis
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Figure 26.

View of lungs isolated together with hearts from control mice (top row), lungs from mice injected with HeLa
(second row), lungs from mice first injected and then vaccinated with HPV16 E2 (third row), lungs from mice
vaccinated only (bottom row) with HPV16 E2.
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of interferon, T cell receptor, and generation of CD4/CD8 T lymphocytes, and also
activated the synthesis of apoptotic enzymes: granzyme B, perforin, and granulysin
up to 1000-10,000 times [11].

The question arises as to what role HPV16 E2 plays and what happens when HeLa
cells, which cause testicular and lung tumors in mice, encounter the HPV16 E2 protein.

It was demonstrated that immediately after adding 30 pl of the supernatant of the
transgenic tomato homogenate with HPV16 E2 (30 pl of supernatant of centrifuged
transgenic tomato homogenate and 20 pl of 0.4% trypane blue, i.e., death indica-
tor dye) to HeLa cells, staining of the HeLa cells and their flotation occurred due to
membrane destruction and disruption of adhesion to the slide of the preparation [12].
This suggested a disruption of the vital functions of HeLa cells and their transition to
alatent, surviving state even close to dye.

To understand what was happening in addition to membrane destruction, a frac-
tion of nuclei was isolated from HeLa cells in HEPES buffer (20 mM Hepes, pH 7,4,
10 mM KCl, 2 mM MgCl,, 1 mM EDTA) and Western blot hybridization of HeLa
nuclei and HPV16 E2 protein was performed (Figure 27).

Infection with papillomaviruses causes DNA damage: unpaired ssDNA and
dsDNA, double DNA breaks, base duplexes, and many other errors and abnormali-
ties that activate a variety of DNA repairs. The key protein and repair sensor is the
TOPBP1 protein. HPV16 E2 binds to TOPBP1 in the fraction of isolated nuclei of
HeLa cancer cells and activates DNA repair (Figures 27 and 28) [13-16].

The distinctive ability of tomato plants to create “edible” vaccines is the ability
to accept genetic constructs that realize the synthetic capabilities of tomato fruits to
produce high quantities of heterologous proteins.

When creating “edible” vaccines, varieties of tomatoes with a high content of raw
protein (about 7%), the so-called “ketchup” varieties, such as Ventura, Japanese crab,
Altai pink, and other pink-fruited tomatoes, were used.
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Figure 27.
Western blot hybridization of the isolated nuclei of HeLa cancer cells with HPV16 E2 (antibody used: HPVi5 E2
Antibody, TVG 261, sc-523,338, Santa Cruz Biotechnology, Inc., USA [11]).

Figure 28.
Western blot hybridization of isolated nuclei of HeLa cancer cells with an antibody to TOPBP1 (antibody used:
PAD8o1Rao01 polyclonal antibody to TOPBP1 (vat), Cloud - Clone, China).

4. On the racemization of tryptophan, alanine, and other amino acids in
connection with the plasticity and adaptability of tomato plants

The tomato is a unique work of nature, which has created a plant capable of
withstanding numerous environmental stresses and environmental impacts, while
remaining a highly productive and well-growing plant in unfavorable environmental
conditions, especially drought and soil salinity, and also characterized by high specia-
tion in form, size, and quality of fruits.
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Despite the fact that the pathways of phytohormone biosynthesis have been stud-
ied and precursor genes and genes at the final stages of phytohormone biosynthesis
have been identified, none of the studies have obtained successful results in stimulat-
ing growth, development, and productivity as a result of the insertion of these genes
and their subsequent expression.

Apparently, the famous plant physiologist and specialist in hormonal regulation of
plants, a Professor at the University of Edinburgh Dr. Anthony Trewawas, was right
that “Phytohormones are just metabolic drive belts” (personal communications at the
conferences, 70-80 years of the twentieth century).

Growth, development, and productivity are multifactorial processes encoded not
just by individual genes, but by entire gene clusters and even contigs, which are a set
of gene clusters responsible for the encoding and development of traits and biosyn-
thetic pathways, leading to the stimulation of growth, development, and increased
productivity of agricultural plants.

No one has yet been able to co-organize genomic fragments or DNA contigs to
create a truly “green revolution” in agriculture.

But in all likelihood, this co-organization exists, and the genes in the contigs are
located together, since under certain favorable conditions there are rapid activation of
growth and an increase in yield.

We were the first to show that when tomato plants wilt at the stage of 4-5 true
leaves with moisture loss up to 50-60%, the synthesis and accumulation of the auxin
biosynthesis precursor N-malonyl-D-tryptophan, which represents its reserve form,
occurs [17].

Racemization of amino acids is a bypass way of preserving amino acids by con-
verting them into a non-proteinogenic form and eliminating the possibility of being
involved in protein biosynthesis.

N-malonyl-D-tryptophan accumulates in very large quantities, approximately
in the range of 0.5-1 mg per 1 g fresh weight when developed tomato leaves wilt. In
this case, an amount of indolyl acetic acid precursor is synthesized that is 10,000-
100,000 times greater than the plant cell’s needs for stimulating cell division. Tomato
plants tolerate wilting quite well and, when watering is resumed, they activate growth
and development, and bear fruit very successfully.

Direct application of such large quantities of indolyl acetic acid is highly toxic and
can lead to plant death. After watering is resumed, the synthesis of N-malonyl-D-
tryptophan continues for some time and then it disappears in the tissues of tomato
leaves.

A similar pattern of N-malonyl-D-tryptophan accumulation occurs during the
ripening of tomato seeds and wheat grains. During germination, N-malonyl-D-
tryptophan continues to be synthesized and disappears with the acceleration of
growth processes in tomato and wheat seedlings.

It is possible that N-malonyl-D-tryptophan takes part in the co-organization of
entire gene clusters, the activation of which leads to enhanced growth and develop-
ment, as well as productivity.

Auxin effects are known to be concentration dependent. But due to the toxicity
of the breakdown products of indolyl acetic acid, this phytohormone cannot be
added in large quantities. But the presence of N-malonyl-D-tryptophan, generally
non-toxic, in large quantities is not a damaging factor, and the released malonyl
radical is involved in the synthesis of malonyl-Co A, an important metabolite of
energy metabolism. Since a correlation has been identified between the synthesis and
accumulation of N-malonyl-D-tryptophan and the most important growth processes,
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such as growth activation in the post-stress period after drought, during seed ripen-
ing and germination, it is possible that large amounts of this bound form of auxin
precursor could participate in promoting of co-organization of contigs when stimu-
lating plant growth.
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