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1. INTRODUCTION

1.1. Importance and background

Nowadays, tomato is the most popular and important vegetable crop grown all over the
world. European countries produce about 18 million tonnes of tomatoes two-thirds of the total
was produced in Italy and Spain (11.3 million tonnes) in 2021 (Eurostat, 2022). Almost all
tomatoes are processed into multi-food products except a small part consumed directly or traded
as raw commodities. In 2022, processing tomato production was 39.7 Mt worldwide and 16.9 Mt
in Europe (WPTC, 2022). Tomato production is influenced by the consumption demand. Tomato
is available year-round and provides significant health benefits. Quality is the most characteristic
of fresh or processed tomatoes. It is influenced by a variety of interactions, environmental factors
such as light, temperature, and irrigation supply, as well as nutrient component solution and crop
management. (Dorais 2007). The irrigation or water supply has a strong consequence on the yield
as well as the quality of processing tomatoes (Helyes et al. 2014b).

In 2015, FAO reported that the water supply for agriculture accounted for 70% of the
freshwater used in the world, mostly through irrigation. This has been essential for food
production since irrigation reduces drought risk and increases crop diversification, therefore it
also improves rural incomes. About a decade ago irrigated land in agriculture was about 20
percent but it contributed to 40 percent of global food production (FAO 2015). Processing
tomatoes requires 400-800 mm of water from transplanting to harvest (Steduto et al. 2012).

Drip irrigation is very efficient in saving water, but it can be increased by applying deficit
irrigation (DI) in the field (Selim et al. 2012). This irrigation method causes water stress to plants,
but if the yield reduction is lower than the benefit we get from the water saving or quality
improvement then the lower yield becomes less important (Johnstone et al. 2005; Pék etal. 2017).
Effects of DI vary year by year and it affects crops differently, moreover, soil also influences it.
The most common water deficit applied is 50% of evapotranspiration (Bakr et al. 2017), but other
rates can be used as well (Patané and Cosentino 2010). Other techniques include the application
of different DI rates in different vegetative stages (Nangare et al. 2016) or simply terminating
irrigation for the duration of different phonological stages (Kuscu et al. 2014; Lei et al. 2009).

In 2015, FAO reported that the water supply for agriculture accounted for 70% of the
freshwater used in the world, mostly through irrigation. This has been essential for food
production since irrigation reduces drought risk and increases crop diversification, therefore, it

also improves rural incomes. About a decade ago, irrigated agricultural land was about 20 percent



but contributed to 40 percent of global food production (FAO 2015). Processing tomatoes requires
400-800 mm of water from transplanting to harvest (Steduto et al. 2012).

Drip irrigation is very efficient in saving water by itself, but its efficiency can be increased
by applying deficit irrigation (DI) in the field (Selim et al. 2012). This irrigation method causes
water stress to plants, but if the yield reduction is lower than the benefit we get from the water
saving or quality improvement then the lower yield becomes less important (Johnstone et al. 2005;
Pék et al. 2017). The effects of DI vary year by year, and it affects crops differently; moreover,
soil also influences them. The most common water deficit applied is 50% of evapotranspiration
(Bakr et al. 2017), but other rates can be used as well (Patan¢ and Cosentino 2010). Other
techniques include the application of different DI rates in different vegetative stages (Nangare et
al. 2016) or simply terminating irrigation for the duration of different phonological stages (Kuscu
etal. 2014; Lei et al. 2009).

PGPRs have many benefits in the soil environment; they enrich all kinds of micro- and
macro-nutrients via nitrogen fixation, phosphate, and potassium solubilization or mineralization
(Adesemoye et al. 2008). They involve various biotic activities of the soil ecosystem to make it
dynamic for nutrient turnover and sustainable for crop production (Bhardwaj et al. 2014). Singh
and co-workers (2011) reported the application of biofertilizers as seed or soil inoculants, where
the microorganisms multiplied and participated in nutrient cycling, which benefited crop
productivity. In other research, PGPR has increased marketable yield significantly while reducing
the fertilizer demand for tomato (Adesemoye et al. 2009). Other researchers found that PGPR is
useful for enhancing tomato phytochemicals (Sabin et al. 2017), especially under stressful

conditions (Ruzzi and Aroca 2015).

1.2. Objectives

The purpose of this research was to determine the effects of different regimes of irrigation
combined with the PGPR application on the yield and quality of industrial tomatoes.
1. The effect of PGPR application and DI strategy on soil moisture and root microbial

activities

2. The effect of PGPR application and irrigation levels on the physiological response of

processing tomatoes

3. The effects of PGPR application and irrigation levels on the yield of processing tomatoes



4. The effect of PGPR application and irrigation levels on the fruit qualitative parameters of

processing tomatoes



2. LITERATURE REVIEW

2.1. Production of tomatoes

The tomato belongs to the genus Lycopersicon whose Latin name is Solanum lycopersicum L. It
is the second-most consumed and most valuable vegetable in the world after potatoes. The fruits
are consumed fresh in salads or processed in the industry (Costa and Heuvelink 2005). Fruits
provide an important source of antioxidant components, vitamins, and minerals (Fernandez-Ruiz
etal. 2011; Gulcin 2012; Helyes et al. 2012; Helyes et al., 2015). Tomato plants have their origins
in the tropical South America region; the plant has grown perennial herbaceous plant, but it is

often known as an annual crop.

Currently, the total tomato production in the world is around 118.7 million tons in 2021, and it
shows an increasing trend over years. The first country growing tomato is China, which accounted
for 34.7% of the total production at 64.768 million metric tons (mT). China devoted 1,107,485
hectares to tomato production in 2020, with a yield of 58.5 mT/ha. India stood in second place,
with a production of about 20.573 million mT on 812,000 hectares in 2020 and a yield average of
25.3 mT/ha. Turkey came in third with 13.204 million mT planted on 181,879 hectares and a 72.6
mT/ha yield. The United States came in fourth place with 12.227 million mT, 110,439 hectares,
and a yield of 110.7 mT/ha (https://www.tomatonews.com/).

According to data from the European Commission, total tomato production in the EU will fall by
3% year on year in 2022, to 6.2 million metric tons, due to a lack of irrigation water and increased
substitution to alternative, more competitive crops with lower financial risk. EU fresh tomato
imports increased by 14% in 2021 compared to 2020, which is expected to increase further in
2022. Morocco is the EU's largest supplier, accounting for 70% of total imports, followed by
Turkey. It was expected that the EU would import more tomatoes from Morocco in 2022 as
European tomato production is expected to fall due to rising input costs.

(https://www.mintecglobal.com/).

In 2011 and 2013, the quantities of processed tomatoes were approximately 34 to 35 million
tons, of which 24 to 25 million tons have been shipped each year to the final consumption (FAO
2015). The highest per capita consumption levels have been recorded for consumers in Australia

and New Zealand, North America (NAFTA region), and Europe. In these regions, the annual



quantities consumed accounted for about 22 kg/person/year. About 14.5 kg of raw tomato in
processed form have been recorded for a Group of countries including Iraq, Turkey, Iran, and the
Arab Peninsula. The regions of Mediterranean Africa, the EU, and non-EC Europe consumed on
average the equivalent of 11.5 kg of raw tomato in processed form. Per capita consumption in
Andean America, West Africa, Yemen, Central America, and Ukraine can be described as “low”

(Dossier 2014).

2.2. Processing of tomatoes

In 2016-17, the EU produced more than 18 million metric tons of tomatoes, of which 60% was
used in the processing industry. Spain, Italy, and Portugal accounted for 94 % of production for
processing. In the period between 2014 and 2016, EU production of fresh tomatoes remained
stable at 15kg per capita. It is expected to decline slightly to 14.4kg by 2030. In contrast, processed
tomatoes are expected to increase slightly by +0.4% per year until 2030. The consumption is
expected to increase from 20.5 kg per capita in 2014-2016 to above 21kg in 2030 (European
Commission Report 2017). The production of processed tomatoes is most often classified as one
of four major sub-categories: tomato paste, tomato sauces, ketchup, and other products which

mainly consist of puree, whole canned tomatoes, and juices. (Boriss 2005).

In Turkey, about 8.9 million tons of fresh tomatoes are processed every year. The processed
products are paste (80%), sliced tomatoes (15%), and the rest as ketchup, juice, and other
products. The farmers growing tomatoes got a net profit of 1,804 and 2,513 USD/ha on the
research area of 5.55 and 2.48 ha, respectively (Engindeniz 2007). In the US, the number of
processed tomatoes was 5—6 times larger than the number of fresh tomatoes. The fruits are
harvested by machinery and sold under contract. The average industrial tomato growing acreage
was 263,000 acres in 1980, increasing by 15 percent in 2004 to 301,600 acres. The production
value increased by nearly 100 percent over the same period; however, regarding dollars per pound,
the processing tomatoes had a lower market value compared to the fresh market tomatoes due to
a larger share of total crop value (Boriss 2005). In the 2020/21 season, Australia’s production of
industrial tomatoes was about 232,562 tons with an average yield of 55.4 mT per hectare, where
2,215 hectares were planted. Higher soluble solids achieved in that season averaged 5.01%, which

continues the trend in recent years. (http://www.aptrc.asn.au)
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The characteristic of processing tomato varieties is that a special type of tomato has different
growth habits compared to fresh-market tomatoes. The processing tomatoes are dwarf habit,
concentrated and uniform fruits setting and ripening, tough skins, and a high soluble solids
content. The varieties are also evaluated according to their production potential, the size of the
cluster, canopy, quality, and firmness to allow bulk transport and mechanized harvesting (Boriss
2005; Costa and Heuvelink 2005). Growing in an open-field system and are harvested by the
machinery often applied to processing tomatoes. Fruits are required to have a thick pericarp, a
small stem end, an absence of defects, and resistance to diseases. The report in the US showed
the harvested tonnage of industrial tomatoes is 5—6 times larger than that of the fresh market.
Fruits harvested in the field are transported to the manufacturing plant and transformed into paste

within 6 hours after harvest (Boriss 2005, Maria et al. 2017).

Processing tomato plants are grown either directly sown or transplanted, with the transplanting
method achieving more uniform plant emergence, density, and development. The sowing period
is carried on from the end of February until May in the Northern Hemisphere or from August to
mid-December in the Southern Hemisphere when the temperature of topsoil is 100C. The optimal
sowing depth is 2—4 cm, and the quantity is about 100 000 seeds per hectare (1-1.5 kg/ha).
Transplanting is carried out in a nursery in plug trays (25-35 mm diameter per seedling) at a
density of between 750 and 1 000 seedlings per m2, and the plants are transplanted at a rate of 25
000-33 000 plants per ha. Seedlings are commonly transplanted at the 4-5 true-leaf stage, 4—7
weeks after sowing. Seedlings should be short,150-200 mm, including the root clod, and less if
transplanting is done by machine, and have a thick stem base (diameter > 4 mm). Density ranges
from 2.5 to 3.3 plants/m2, and row spacing ranges from 0.75 m to 1.6 m. Depending on
temperature, tomatoes start to flower 25-40 days after transplanting or 35-50 days after
emergence. The life cycle of processing a tomato varies from 95 to 115 days. Tomato flowers
develop from buds situated on the axis of the angle between the leaf and stem. Flowers form in
sequence as the number of leaves increases on the stem, and flower and fruit initiation overlap

vegetative growth for the whole period (Steduto et al. 2012).

The yield has increased by more than 50 percent in California and the Mediterranean countries
over the past 30 years. A yield ranges from 60 to 120 tonne/ha for processing tomatoes. The
soluble solids content of the juice of the most widely used cultivars can vary between 4.2 and 5.5

percent. The factories require a minimum quality for processing tomatoes: a juice acidity range
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between 0.34 and 0.40 g/100 ml, reducing sugars between 2.5 and 3.0 g/100 ml, and Bostwick
consistency between 8 and 12 cm/30 s. Dry matter content of fresh fruit ranges from 4.0 to 7.0
percent. Harvest Index (HI, the ratio of yield measured as dry matter to total above-ground
biomass) normally ranges from 0.5 to 0.65 (Gary and Tchamitchian 2002; Steduto et al. 2012).

Considering the deficit irrigation turns Rinaldi et al. (2015). research on the AQACROP system
on the processing of tomatoes. The results show that net income oscillated between 1,280 € ha -
1 and 3,420 € ha-1 for seasonal irrigation water amounts equal to 170 and 570 mm/s, with the
highest income at 370 mm (4,011 € ha-1). Applying the deficit water treatment allows adequate
fresh fruit yield, water saving, and a net income compared with that obtained with irrigation at

fixed times, and stable profitability over the years (Rinaldi et al. 2011).

2.3. Situation of tomato production in Vietnam.

Tomato was first cultivated in Vietnam 100 years ago. Recently the government of Vietnam
established a project for manufacturing and processing of tomatoes for domestic and
international markets. The objective was to produce 33,000 tons of concentrated tomatoes. The
factory was built in Hai Phong, and the tomato planting area is planned in an area of 1,200—
1,500 ha in the Red River Delta (Binh et al. 2014). Nowadays, the Government has announced
the target for vegetable export, for this aim tomato is one of the object vegetables for export
together with other kinds of vegetables such as cucumber, corn, and bean. For this reason, the
tomato area has been increasingly expanded in recent years from 15,000-17,000 ha annually
with the production of 15 — 17 tons/ha and more than 30 tons/ha in some intensive farming areas
(Institute of Vegetables and Fruits, 2000).

Due to dietary habits, people almost consumed tomatoes fresh. Therefore, a potential market and
the need for input in the processing industry have promoted the development of tomato
cultivation. In 2010, the Government established a project for manufacturing and processing
tomato using domestic and export. The objective was to produce 33,000 tons of concentrated
tomatoes. The factory was built in Hai Phong and the tomato planting area is planned in an area
of 1,200 — 1,500 ha in the Red River Delta ( Binh et al. 2014).

In Vietnam, tomato is highly sensitive to several biotic and non-biotic stresses. Fungal diseases
(especially early blight, late blight, and Fusarium wilt), bacterial infections (bacterial wilt,
bacterial spot, etc.), and virus diseases (tobacco mosaic virus, leaf curl, spotted wilt, etc.) are
serious problems. Abiotic stress like extreme temperature, salinity, drought, excessive moisture,

and environmental pollution, also affect tomato yield. The yield can decline during the summer
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due to the hot and humid climate. In North Vietnam in winter, the temperature is about 100 C or
less, so the plants suffer chilling injury when exposed. Tomato fields might suffer from flooding
due to frequent heavy rains from April to October (https://openjicareport.jica.go.jp).

The current processing cultivar, Hong Loan, is commonly used due to its wide adaptability.
VL2000, an American F1 crossbreed, is being popularly grown in North Vietnam. MV1 was
recognized in 1996 as a good check for heat tolerance in the spring and summer of the year.

VL2200, an American crossbred, is a favourite variety in tomato-growing areas (Vien 2003)

2.4. Plant characteristics and vegetative growth.

2.4.1. Tomato plant characteristics

Tomatoes can be grown under different conditions, but the most suitable are high altitudes, with
low humidity and high luminosity. In different altitudes and regions, the crop can be cultivated
differently. Tomato plants may be grown for the whole year, with heights ranging from 500 to
900 m. At an altitude less than 300 m, it is preferably cultivated in the winter, and at an altitude
above 1200 m, it is best cultivated in the summer. Tomatoes can be grown under different
conditions, but the most suitable are high altitudes, with low humidity and high luminosity. In
different altitude regions, the crop can be cultivated differently; a tomato plant may be grown for
the whole year at an altitude of 500-900 m (Da Silva et al. 2008). In tropical and temperate
climates, the cultivation of tomatoes takes place in open fields or greenhouses. During the growth
period, the temperature had a great impact on the growth rate. In the germination phase, the ideal
temperature is 16-29°C; from 21-240°C is the ideal average temperature for plant development,
and for fruit set, the optimum temperature is 24°C during the day and 14-17°C at night.
Temperatures between 20 and 24°C during the day and around 18°C at night are ideal for the
formation of lycopene. The necessary time from germination to anthesis is around 45 days in a
warm climate with the right light intensity and 90—100 days to reach the beginning of fruit ripeness
(Helyes et al. 2014a).

There are three types of cultivated tomatoes: indeterminate, semi-determinate, and determinate.
Indeterminate plants are tall, frequently more than 2 m high, with vegetative growth continuing
much longer after the start of flowering than in the other two types. Fruit ripens gradually, starting
from the basal fruit clusters (Costa and Heuvelink. 2005; Da Silva

et al. 2008).
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Semi-determinate plants are less tall than the former, reaching a maximum height of 0.9—-1.5 m.
Their characteristic is that the main fruit clusters ripen together, but the plant will also continue
to produce additional fruit. Indeterminate and semi-determinate tomatoes need to be staked or
trellised, are grown for the fresh market, and are harvested by hand. Determinate types, like the
so-called bush tomato, mostly rest on the ground and have a relatively concentrated flowering and
fruit setting lasting only about three weeks. In this period, vegetative growth continues. Most fruit
of determinate cultivars matures in a relatively short period, and for this reason, they are suitable
for mechanical harvesting. Processing tomato cultivars are bred for firmness and strong skin and
are of the determinate type.

Tomato plants are dicots and grow as a series of branching stems, with a terminal bud at the tip
that does the actual growing. The plant varies and may reach up to 3 meters in height depending
on the growth habit, and the primary root may grow several meters in length. The stem is angular
and covered by hairy and glandular trichomes that confer a characteristic smell. Almost tomato
plants have compound leaves, which are typically comprised of five to nine leaflets. Leaflets are
petiole and dentate. All leaves are covered by glandular, hairy trichomes (Costa and Heuvelink.

2005).

The tomato fruit is classified botanically as a berry. Size varies from small cherry types with only
two divisions of the ovary (locules) to large multilocular beefsteak types. The fruit shapes range
from round to oblate (flat-round) with fresh market tomatoes while processing tomatoes are more
elongated (oblong) or pear-shaped. Fruit colour can be yellow, orange, pink, red, or even white.
The red colour comes from the pigment lycopene, while the orange and yellow colour comes from
the beta-carotene pigment (Costa and Heuvelink. 2005). The fruits can be either bilocular or
multilocular, inside the locular cavities are located 50 to 200 seeds and are enclosed in gelatinous
membranes. On average, the diameter of seeds is small (5 x 4 x 2 mm) and lentil shaped. The
outer skin is a thin and fleshy tissue comprising the remainder of the fruit wall and the placenta.

(OECD 2017).
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2.4.2. Nutritional value of tomatoes

Fresh and processed tomato products make a significant contribution to human nutrition owing to
the concentration and availability of several nutrients in such products and to their widespread
consumption. Composition tables show that ripe tomatoes (Lycopersicon esculentum, Mill.)
contain 93-95% water and low levels of solid matter. Tomatoes usually contain from 5.5 to 9.5%
total solids, of which about 1% are in the skins and seeds (Canene-Adams et al., 2005). The
percentage of soluble solids in tomatoes varies over wide limits for some reasons, such as variety,
the character of the soil, and especially the amount of irrigation and rainfall during the growing
and harvesting seasons. In as much as tomato products, such as pulp and paste, are evaporated to
a specific percentage of solids, their yield per ton of tomatoes varies with the composition of the
raw tomatoes used in their manufacture. In tomato juice, the fraction of insoluble solids (cellulose,
lignin, pectin substances) varies from 15 to 20% of total solids (Costa and Heuvelink. 2005; Da
Silva et al. 2008; Marti et al. 2016).

Oxidative processes have been linked to numerous human protections against certain pathologies,
with many substances derived from vegetable products, including tomatoes. These substances
have differing functions, such as free radical scavengers, singlet oxygen quenchers, metal
chelates, and inhibitors of enzymes involved in the formation of the active species of oxygen.
Research has demonstrated that the antioxidant activity of some tomato components provides a
protective effect against some types of cancer and ischaemic heart diseases (Marti et al. 2016).
Fresh tomatoes and other processed tomato products contribute significantly to human nutrition
owing to the concentration and availability of several nutrients in these products and their
widespread consumption. Ripe tomato fruit contains 93-95% water and 5.5-9.5% total solids
(Table 1). Free sugar is the main part of the soluble solids; they are predominantly reducing
sugars. The reducing sugars are mainly glucose and fructose. The total sugar content of fresh
tomatoes is found to vary from 2.19 to 3.55%. Tomato juice contains eight organic acids: malic
acid, citric acid, tartaric acid, succinic acid, acetic acid, and oxalic acid. Malic acid was found to
be the major organic acid in fresh juice whereas pyrrolidone carboxylic acid was found to be the

major organic acid in processed juice.
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Table 1. Composition of mature-green and ripe tomato per 100g.

Component Mature - green Ripe
Water (%) 93.0 93.5
Calories 24.0 22.0
Protein (g) 1.2 1.1
Fat (g) 0.2 0.2
Carbohydrates

Total (g) 5.1 4.7

Fibre (g) 0.5 0.5
Ash (g) 0.5 0.5
Calcium (mg) 13.0 13.0
Phosphorus (mg) 27.0 27.0
Iron (mg) 0.5 0.5
Sodium (mg) 3.0 3.0
Potassium (mg) 244.0 244.0

Source: Jones, 1999.

Ripe tomatoes are relatively rich in antioxidants: vitamin C (160-240 mg/kg-1), lycopene (30—
200 mg/kg-1), provitamin A carotenes (6—9 mg/kg-1), and phenolic compounds; flavonoids (5—
50 mg/kg-1), and phenolic acids (10-50 mg/kg-1). Also present in small quantities are vitamin E
(520 mg/kg) and trace elements such as copper (0.1-0.9 mg.kg-1), manganese (1-1.5 mg/kg),
and zinc (1-2.4 mg/kg), which are present in several antioxidant enzymes (Canene-Adams et al.
2005). Whole, red-ripe tomatoes contain nearly all the vitamin C activity in the reduced ascorbic
acid form. Dehydro-ascorbic acid has been reported to constitute 1-5% of the total ascorbic acid
in tomatoes. The ascorbic acid concentration in fresh, ripe tomatoes is about 25mg per 100g
(Daood et al. 2013; Canene-Adams et al. 2005).

Many tomato products contain a high amount, and there are good sources of potassium, folate,

and vitamins A, C, and E. Tomato products also consist of many beneficial micronutrients,
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including carotenoids and polyphenols. Carotenoids, such as the red pigmented lycopene, [-
carotene, a pro-vitamin A compound; phytoene, and phytofluene are all found in abundance in
raw tomatoes and tomato products. Tomatoes also provide small amounts of the B vitamin
complex: thiamine, niacin, and riboflavin (table 2). A study by Adame et al. (2001) also reported
the connection between increased tomato consumption and reduced risk for both cardiovascular
disease and prostate cancer. (Canene-Adams et al. 2005).

Giovannucci et al. (2002) reported on tomatoes and tomato products as contributing to a rich
source of lycopene, neurosporene, gamma-carotene, phytoene, and phytofluene. Because of their
potent antioxidant properties, tomato carotenoids have been reported to be positive against cancer
(Giovannucci et al. 2002). Consumption of food containing carotenoids, lycopene probably
protected against cancers of the mouth, pharynx, and larynx, and also lung cancer. Food
containing -carotene would most likely protect against esophageal cancer, while lycopene would

protect against prostate cancer (Canene-Adams et al. 2005).

Table 2 Major vitamins and antioxidant compounds of tomato and tomato products

Tomato products (per 100g)

Raw Tomato Tomato
Catsup . Tomato soup
tomatoes juice sauce
Potassium, mg 237 382 229 331 181
a-tocopherol, mg 0.54 1.46 0.32 2.08 0.50
Vitamin A, [U 833 933 450 348 193
Vitamin C, mg 12.7 15.1 18.3 7.0 27.3
Total folate, ng 15 15 20 9 7
-carotene, pg 449 560 270 290 75
a-carotene, g 101 0 0 0 0
Lycopene, pg 2573 17007 9037 15152 5084
_— .
Lutein + zeaxanthin, 123 0 60 0 L

ug
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Phytoene, ug 1860 3390 1900 2950 1720

Phytofluene, pg 820 1504 830 1270 720

Source: Canene-Adams et al 2005

Giovannucci et al. (2002) reported on tomato and tomato products contribute to rich source
of lycopene, neurosporene, gamma-carotene, phytoene, and phytofluene. Because of potent
antioxidant properties, tomato carotenoids have been reported positive against cancers
(Giovannucci et al. 2002). Consumption of food contain carotenoids, lycopene probably protected
against cancers of the mouth, pharynx, and larynx, and also lung cancer. Food containing 3-
carotene would most likely protect against esophageal cancer, while lycopene would protect

against prostate cancer (Canene-Adams et al. 2005).

2.5. Impact of stress on tomatoes plant

Soil is a complex and dynamic system that supports plant growth. Plants grow and are
influenced by a variety of stresses in the soil environment during development, which
significantly reduces agricultural production. These stresses are biotic, such as those caused
by plant pathogens and pests (viruses, bacteria, fungi, insects, nematodes, etc.), and abiotic,
including salinity, drought, flooding, heavy metals, temperature, gases, and nutrient
deficiency or excess. Abiotic stresses are considered to be the main source of yield reduction
(Nadeem et al. 2014). Tomato is high water demand for both its vegetative and reproductive
growth, especially during the flowering and fruit enlargement stages; therefore, water
(drought stress) and temperature stress can have major negative impacts on canopy

development, biomass production, and yield (Jangid and Dwivedi 2016).

2.5.1. Drought stresses

Stress is a disadvantageous condition in the plant that is influenced by external factors such as
low and excess water supply, high and low temperature, and light, which lead to a contrary effect.
Today, the global climate is changing in many regions, raising the temperature and atmospheric
CO2 levels. Temperature changes are the main factor altering rainfall patterns; the lack of
precipitation often triggers agricultural and hydrological droughts worldwide (Dai 2011; Osakabe

et al. 2014). Many studies have been conducted on the effect of drought stress on plant biomass
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and seed production. It could occur losing more than 50% of the potential production (Helyes et

al. 2014a; Mafakheri et al. 2010; Ozbahce and Tari 2010; Santisopasri et al. 2001).

Water stress affects tomato plants in various ways, such as reduced growth and leaf surface area,
flower shedding, lack of mineral absorption, fruit size reduction, fruit splitting, puffiness, and
many physiological disorders related to calcium deficiency, such as blossom end rot, poor seed
viability. The effect of drought stress and salinity level on tomato seeds reduces their germination
percentage. Foolad and Lin (1997) experimented with tomato seed germination and found a
reduction in seed weight due to osmotic stress (Foolad and Lin 1997; Singh et al. 2012).
Decrease in soil water status, plants have many anatomical and physiological changes to reduce
the effect of stress. The root system increases the synthesis of abscisic acid (ABA)—the
concentration rises up to 50 times more than in leaves. ABA has a significant role in signal
transduction under water stress conditions; it regulates stomatal behaviour and reduces
transpiration rate by closing stomata. Increased drought status promotes root growth and
overshoot growth in plants. Under water stress conditions, ABA also regulates the root-to-shoot
ratio of the tomato plant. The root: shoot ratio increases during a water deficit condition, it
enhances the capacity of the plant to absorb more water and minerals (Osakabe et al. 2014).
Drought, when combined with other types of stress, has a complex effect on plant growth and
development. The cell division and enlargement lead to a reduction in vegetative and reproductive
growth. Leaf area and stem length get reduced due to the decrease in cell size. A decline in leaves’
size, a lower aperture, a drop in the number of stomata, cell wall thickening, cutinization of the
leaf surface, and a developed conductive system (increase in the number of large vessels) are
some alterations that occur in plants exposed to drought. Optimal leaf area development and
stomatal opening are essential factors for optimal photosynthesis in plants. The main effect of
drought stress on plant morphology is size reduction. A low photosynthesis rate is one of the most
important factors in the reduction of plant size and biomass production (Jangid and Dwivedi 2016;
Osakabe et al. 2014).

Productivity and yield are strongly affected by drought stress. Crop yield is severely reduced
under drought stress, and this might be attributed to drought-induced reduced stomatal
conductance, reduction in CO2 assimilation rates, photosynthetic pigments, small leaf size,
reduced stem extension, disturbed plant water relations, and reduced water use efficiency. Uptake
of mineral nutrition is also reduced under low soil water conditions i.e., nitrogen, sodium, sulphur,

potassium, magnesium, and calcium. Many scientific studies have revealed that under low water
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conditions, tomato plants have reduced yield and fruit size (Bakr et al. 2017; Helyes et al. 2014a;
Helyes et al. 2012; Helyes et al. 2015).

Lycopene is an antioxidant that plays an important role in the biosynthesis of carotenoids. It is
responsible for the red color in tomato fruit and processed products (Helyes et al. 2014a).
Experiments done by Liu et al. (2011) and Helyes et al. (2014) supported the finding that lycopene
decreased between well irrigation and the control quality parameter in tomato genotypes under
drought stress conditions and that there was a significant increase in lycopene content during

water and salinity stress.

2.5.2. Salt stresses

Salt stress has enormous influences on the growth and yield of tomatoes. To cope with stress,
the plant responds differently depending on the germplasm, lines, and cultivars. (Foolad and
Lin 1997). An important indicator of how plants responded to salt stress was shoot length;
there was a remarkable decrease in the fresh and dry weight of tomato shoots in response to
salinity stress. The plants declined in the number of leaves, length of leaves, and dry matter
accumulation along with increased NaCl concentration and free proline content. Salinity stress
also caused an increase in cytotoxic ions (Na+ and Cl-) and Ca2+, with a corresponding

reduction in K+ concentrations (Silva and Neto 2015).
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2.5.3. Flood stress

Flooding is an environmental stress that is related to precipitation, especially in soils with poor
drainage. The tomato is identified as a sensitive crop to flooding stress. Lower leaves of the
stem, including yellowing and senescence, are indicators of flooding injury in plants and
typically appear 4-6 days after flooding. Flooding in tomato plants results in reduced leaf
elongation, leaf epinasty, and the formation of adventitious roots, and an increase in diffusive
resistance consequently resulting in wilting of leaves. Kramer (1951) reported that the middle
leaves of tomatoes showed epinasty curvature 2448 h after flooding and tomato plants will
recover from flood stress through the formation of new adventitious roots. In flooded tomato
plants, stomatal closure is a protective mechanism where it is controlled by root-to-shoot
signalling regulation. Stomatal closure is due to increased leaf water potential, less
photosynthetic activity, and a shortage of oxygen in the roots. So this protective mechanism
decreases the damage to the plant system by increasing the root resistance to water entry from

the soil (Kramer 1951).

2.5.4. Heat stress

An increase in ABA level was observed when tomato plants were subjected to constant
stressful temperatures (Daie 1980). Tomato plants develop a strong defense mechanism
through the accumulation of phenolic compounds against stress at 350 °C, which is above the
optimal temperature of 250 °C (Rivero et al. 2001). Heat stress decreases the sugar
concentration of tomatoes (Rosales et al. 2007). Under heat stress, heat shock proteins in the
cytoplasm protect protein biosynthesis (Miroshnichenko et al. 2005). Chloroplast heat shock
protein has been reported to have a dual role in the tomato as it protects photosystem II from
oxidative damage and is involved in the colour change of fruit stored at low temperatures

(Neta-Sharir et al., 2005).

2.6. The importance of PGPR and Phylazonit fertilizers in plants

Bacteria are vital components of soils, and many biotic activities of the soil ecosystem involve
bacterial synthesis to make it dynamic for nutrient turnover and sustainable for crop
production (Ahemad and Kibret 2014). Bacteria also responded to plant growth by mobilizing
nutrients in soils, producing numerous plant growth regulators, protecting plants from

phytopathogens by controlling or inhibiting them, and improving soil structure (Hayat et al.
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2010; Ahemad and Kibret 2014). The PGPR (plant growth promoting rhizobacteria) bacteria
presenting around/in the plant roots are mobilizing, transforming, and solubilizing the
nutrients more than those from bulk soil, therefore, they are crucial for soil fertility (Ahemad
and Kibret 2014).

The action mechanisms of PGPR depend on the location of the rhizosphere bacteria
surrounding the root system. While bacteria are provided with mechanical support, facilitating
water and nutrient uptake, plant roots also synthesize, accumulate, and secrete a diverse array
of compounds. Plant roots also secrete chemical attractants for a vast number of
heterogeneous, diverse, and actively metabolized soil microbial communities. There was a
wide range of chemical compounds secreted by plant roots that modified the chemical and
physical properties of the soil and thus, regulated the structure of the soil microbial community
near the root surface (Dakora and Phillips 2002; Bhattacharyya and Jha 2012; Ahemad and
Kibret 2014). These compositions depended on the physiological status and species of plants
and microorganisms. It promoted the plant's symbiotic interactions and inhibited the growth
of the competing plant species. Also, microbial activity in the rhizosphere affects rooting
patterns and the supply of available nutrients to plants.

PGPR has been classified according to their functional activities as (i) biofertilizers
(increasing the availability of nutrients to plants), (ii) phytostimulators (plant growth
promotion, generally through phytohormones), (iii) rhizoremediators (degrading organic
pollutants), and (iv) biopesticides (controlling diseases, mainly through the production of
antibiotics and antifungal metabolites) (Somers and Vanderleyden 2004).

PGPR microorganisms are classified on their functional groups: nitrogen-fixing groups, that
enhance the N uptake of plants, categorized as symbiotic N2 fixing bacteria, and non-
symbiotic (free living, associative, and endophytic) nitrogen-fixing forms such as
cyanobacteria (Anabaena, Nostoc), Azospirillum, Azotobacter, Gluconoacetobacter
diazotrophicus, and Azocarus etc. Bacterial genera like Azotobacter, Bacillus, Beijerinckia,
Burkholderia, Enterobacter, Erwinia, Flavobacterium, Microbacterium, Pseudomonas,
Rhizobium, and Serratia are reported as the most significant phosphate solubilizing bacteria
group (contributing to plant phosphorus (P) uptake) (Bhattacharyya and Jha 2012; Bishnoi
2015).

A number of researchers have experimentally demonstrated the role of PGPR in agricultural
production. Bashan et al (1995) suggested that the dose distribution in the field depends on
the concentration of PGPR in the biofertilizer, the kind of microorganisms present in the

product, and the crop. In the case of cereals, the biofertilizer made of N-fixing bacteria or
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PGPR has a dose that varies from 1 to 3 kg hal and from 10 to 15 kg hal for vegetables with
biofertilizers containing PGPR and AMF. For fruit crops, the applied dosage is 10 to 50 g
plant/day with solid products or 3 to 5 kg/ha/day with liquid products. The treatment
frequency and times depend on vegetable and fruit crops.
In the case of PGPR, repeated applications occurred 3—4 times during the growing season,
with an interval of 2—4 weeks.
The study on the germination of Asparagus officinalis L. revealed significant differences in
percentage between fertilizer treatments and controls (Ge et al. 2016). The Nitroxin
biofertilizer, comprising Azospirillum and Azotobacter, mixed with 30% vermicompost
showed the greatest positive impact on the fresh and dry weight of root and shoot. Application
of PGPR on seed germination of Crataegus pseudoheterophylla Pojark plants were also
investigated. The PGPR treatments were Azotobacter chroococcum, Azospirillum lipoferum,
Pseudomonas fluorescens, B. subtilis, and combinations.
Results showed a higher percentage of seed germination (18.33%) and speed of germination (4.82
numbers per day) for treatments containing all bacterial inoculants (Fatemeh et al. 2014).
Inoculation of Burkholderia sp. 7016 on tomato seedlings in a PDA plate after 7 days at 280 °C
showed a significant increase in root length, root fresh weight, and dry weight of 38.79, 64.28,
and 100%, respectively; while the stem diameter, plant height, shoot fresh weight, and dry weight
were increased by 11.33 to 32.31%. The results of the field experiments showed that the treatment
enhanced the tomato yield and significantly promoted the activities of soil urease, phosphatase,
sucrose, and catalase (Gao et al. 2015).
Greenhouse tomatoes were treated with Bacillus licheniformis biofertilization and nitrogen
fertilization. Treatments wused nitrogen fertilization (NF) or nitrogen combined with
biofertilization (BF) with nitrogen doses: 0, 25, 50, 75, and 100%. The results indicated increased
lycopene content with the nitrogen dose in the BF treatments, and lower lycopene contents in the
NF treatments. The contents of hydrophilic antioxidant compounds (vitamin C and total phenols),
as well as antioxidant activity (DPPHe scavenging capacity and FRAP), increased as the nitrogen
dose was reduced. In addition, B. licheniformis had a positive net effect on the synthesis of
flavonoids by the plant at a 75% nitrogen dose (Ochoa-Velasco et al. 2016).
The bio-fertilizer Phylazonit from Phylazonit Ltd. (Nyiregyhdza, Hungary) contains
bacteria: Pseudomonas putida, Azotobacter chroococcum, Bacillus circulans, Bacillus
megaterium with germ number: 109 pieces.cm-3, the suggestion of the producer for all arable and
horticultural plant cultures in the amount of 10 to 20 1/ha, with 100 to 300 1/ha water quantity,

applied on the whole land surface prior to seeding, planting and immediately worked into the soil,
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or by means of a special device with 20 to 40 1/ha quantity of liquid applied on the whole surface
then mixed into the seedbed, or injected in the bed simultaneously with the seeding (‘“Phylazonit
Introduction” 2017). Previously, it was found that Phylazonit applied in wheat, corn, and
cucumber in a climate chamber significantly increased the total root length, biomass production,
and nutrient uptake.

Application of the bio-fertilizer Phylazonit MC resulted in significantly larger root length and the
number of lateral roots per plant in comparison with those of the control plants ( Gajdos

et al. 2009).

According to other researchers, Phylazonit increased the extractable NO-3 in sandy soil,
decreased the negative effect of wheat straw, helped in the decomposition of wheat straw, and
caused a significantly higher amount of organic nitrogen (Kovacs 2010). When Phylazonit was
applied to maize, it led to a significant rise in the bacteria count compared with the control and

improvements in soil properties (Makadi et al. 2007).
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MATERIALS AND METHODS

3.1. Experimental fields and plant material

Open field experiments were conducted in 2015, and 2016 on two locations of the Institute of
Horticulture’s farm at the Hungarian University of Agricultural and Life Sciences, G6dollo,
Hungary; 47.594292, 19,359758 (Location 1) and 47.577380, 19.379573 (Location 2). The
experimental design was laid out as a randomized block with three irrigation level blocks: Full
irrigation (IR100), deficit irrigation (IR50), and no irrigation (IR0). The drip irrigation system
supplied the amount of water required according to the crop’s daily water demand. The
experiment design was two ways factorial design with three levels of PGPR — Phylazonit
inoculation and three levels of irrigation (Figures 1, 2, and 3). In both growing seasons 2015 and
2016, we used the hybrid processing tomato: Uno Rosso F1 (United Genetics Seeds Co. Hollister,
CA, USA) for our plant materials. Seedling raising have been carried out in plastic trays (each
seed each hole) in the greenhouse on the 15th of April using the Klasmann TS3 substrate (content
white sphagnum peat 80%; frozen black sphagnum-peat 20%) for one month. Seedlings were

transplanted into the field on the 17th of May in both years.

Control
Phyl +

Phyl ++

Figure 1. Experimental farm design and location of growing season 2015
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47.57T7T131IN, 19.379739E

Control
Phyl +

Phyl ++

Google

Figure 2. Experimental farm design and location of growing season 2016

The tomato plants grew in tree blocks with four replications per treatment. Seedlings were
arranged in double (twin) rows with a distance of 1.6 m between the bed center and 0.4 m between
the twin rows and 0.2 m between the plants (Figure 3).

Experiment 1 in 2015: The experiment had done on the old farm of the Horticulture
Institute at Szent Istvan University (SIU), G6do116, Hungary (47.593609N, 19.354630E). The
experimental field was on brown forest soil composed of sand, a sandy-clay mixture of sandy
loam, in a texture consisting of 69% sand, 22% silt, and 9% clay, 1.57 g cm-3 bulk density, 19%
field capacity, neutral in pH, free from salinity (0.16 dS m-1) and low in organic carbon, NO-3 N
(5 gkg-1), P205 (15 g kg-1), K20 (35 g kg-1).

Experiment 2 in 2016: The experiment was carried out on the new farm of the Horticulture
Institute at Szent Istvan University (SIU), Szaritopuszta, G6dollo, Hungary (47.577131N,
19.379739E). The soil was brown forest soil, loamy in texture (41% sand, 47.5 silt, and 11.5%
clay) with a bulk density of 1.49g/cm3, 25% field capacity, free from salinity (0.212 dS m-1) and
low in organic matter, containing NO-3 N (8.6 g kg-1), P205 (8 g kg-1), K20 (56.7 g kg-1).
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Figure 3. The diagram of Phylazonit inoculation and irrigation control in two years’ experiment.

3.2. PGPR material and treatments

The commercial Phylazonit produced in Hungary (https://phylazonit.hu/) have been used in two
years experiment. According to the manufacturer, Phylazonit is a mixture of Pseudomonas putida,
Azotobacter chroococcum, Bacillus circulans, Bacillus megaterium produced by Phylazonit Ltd.
Seedlings were inoculated with 1% Phylazonit MC® (Phyl+) or not (control). One-half of the
inoculated seedlings has been inoculation again by adding 1% of the solution to the drip irrigation
system (Phyl++). PGPR Phylazonit MC® contained living bacteria as follows: Bacillus
megatherium var. Phosphaticum, as phosphorus mobilizes bacteria in a concentration of 1-2 x
108 cm-3, and Azotobacter chroococcum as free-living N2 fixing bacteria, in a concentration of

1-2 x 109 cm3.
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Figure 4. Commercial Phylazonit product.
(https://phylazonit.hu/termek/phylazonit-organic-tk/)

3.3. Metrological data.

Temperature and precipitation forecasts were obtained from the National Metrological

Institute (http://www.met.hu/en/idojaras ). We used it to determine the daily water demand from

plants according to the daily average air temperature and rain-fall. In the growing season 2015,
we found a good distribution of the precipitations, and four heavy rains happened. In opposite to
the 2015 growing season, tomatoes plants experienced more heavy precipitations and cooler

temperature during 2016.

3.4. Irrigation supply.

There were two different irrigation regimes (IR), the calculation of the air temperature based on
the weather forecast data from the National Metrological Institute.

According to Pék and co-workers (2014), the optimum irrigation supply (IR100) was estimated
from the expected daily average temperature (in °C) divided by five expressed in millimeters
(Equation 1); deficit irrigation (IR50) supply calculated by haft of optimum irrigation. Tomato

plants were given a water supply three times a week through a drip system (Figure 3).

Equation 1: Optimum water supply (IR100)

Tmax + Tmin
IO:( 2 )

Io: optimum water supply (mm).
T max: daily maximum temperature (°C)
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T min: daily minimum temperature (°C)

In 2015, the field got 186.3 mm of water due to the rainfall. For this reason, the control block
(IRO) - no irrigation block — received only 186.3mm of water supply from rain. The deficit
irrigation block (IR50) had got 50% of the required water demand, and a total of 316.3 mm, which
included the rainfall, and the optimum irrigation supply (IR100) received a total of 436.3mm with

the rain amounts (Figure 5).

Growing season 2015
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Figure 5. Meteorological and irrigation data during tomato vegetation period in 2015.
In the growing season of 2016, we have done the same procedure for the irrigation regulation.
The amount of water was determined based on the air temperature and implemented through the
drip irrigation system. We applied three levels of water supply in the experiment: no irrigation
block (IR0) that received 296mm of rain; deficit irrigation (IR50) block got 50% of the calculated
water demand with a total of 388mm that included the rainfall; and optimal irrigation (IR100)

block got a total of 480mm including the precipitation (Figure 6).
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Growing season 2016
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Figure 6. Meteorological data during tomato vegetation in 2016 from May to August.

3.5. Plant nutrition

During a 2 -years experiment, the plants' fertilization demand and plant protection were conducted
following Helyes and Varga (1994). Every week, 5 grams of Ferticare (14-11-25) per square meter
have been added to the cultivated area through the drip irrigation system to provide plant nutrition.
Ferticare 14-11-25 is a complex granulate chlorine-free fertilizer manufactured by YARA
Company. Ferticare fertilizer was added 7 times for each growing season. Table 3 shows the
number and amount of nutrients per plant, doses, or calculation (Bakr, 2018.) The total amount
of different macronutrients per square meter follows: 791 mg of total N, 616 mg of P20O5, 1407
mg of K20, 238 mg of SO3-, and 126 of MgO and six different micronutrients: 5642 ug of Fe,
5642 ng of Mn, 1127 pg of B, 564 pg of Cu, 564 pg of Zn, and 112 pg of Mo through the drip
irrigation system. We applied such a nutrition program to fulfill the fertilizer demand of the crop.
In 2015, we added 25 grams of NovaTech® premium 15+3+20 (+3+10) before transplanting the
field. NovaTech® manufactured by COMPO EXPERT from Germany, it is supported with DMPP
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(3,4—dimethylpyrazolphosphate) that reduces the N-leaching and nitrification, ke active phase of
DMPP to 4-10 weeks (depending on temperature and humidity of soil), and the transformation of
ammonium to nitrate.(http://agro.house/en-GB/Products/Details/1192)

Table 3 Amounts of macro and micro — nutrients (ug plant') provided during the experiment.

. Weekly Macro - nutrients Total Macro - nutrients
Nutrients content 7 y
(mg plant™) (mg plant”)
14% Total N 113 791
11%P20s 88 616
25%K>0 201 1407
4.5%S057 34 238
2.3% Mg O 18 126
. Weekly Macro - nutrients Total Macro - nutrients
Nutrients content 7 y
(ug plant”) (ug plant”)
0.1%Fe 806 5642
0.1%Mn 806 5642
0.02%B 161 1127
0.01%Cu 80.6 564
0.01%Zn 80.6 564
0.002%Mo 16.1 112

Source: Bakr, 2018

In 2015, we also added 25 grams of NovaTech® premium 15+3+20 (+3+10) previously
before transplanting the field. NovaTech® manufactured by COMPO EXPERT from Germany;
it supported with DMPP (3,4—dimethylpyrazolphosphate), which can reduces N-leaching and
nitrification, active phase of DMPP about 4 to 10 weeks, (depending on temperature and humidity

of  soil) the transformation of ammonium  to nitrate.(http://agro.house/en-

GB/Products/Details/1192)
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3.6. Harvesting

In 2015, harvest was done two weeks earlier in the no irrigation block (IR0-block); because

the tomato plants faced severe water deficit stress; and therefore, shortened their growth

period. The first harvest of IRO-tomato plants was on 11™ August and then on 25th August by

IR50 and IR100. In the 2016 season, unlike the previous season, we harvested all the samples

after 100 days of growing.

Ten tomato plants for each replicate were cut off at the soil surface. Their total fresh weight

of them was measured immediately. Then, the fruits were removed from the shoots, and the

shoot weight of each sample from all replicates and treatments was recorded. The fruits were

classified into marketable, green, and rotten fruits, and recorded the weight and number of

total, marketable, and rotten fruits.

3.7. Field measurements

Field measurements depended on the weather conditions. In a 2-year growing, all the

measurements were taken through the same process. However, for the first crop, the period of

water stress was longer, and the measurements were taken more frequently than in the second

crop.
v

Soil water content was measured continuously during the growth period and before
irrigation.

Stomata conductance was recorded during the fruit setting on the 19th, 26th of June, and
13th of July in 2015, and on the 13th of July in 2016. Four readings per plant and four
plants in each subplot with 4 replications in each treatment (4 leaves * 4 plants * 4
replications).

Single-Photon Avalanche Diode (SPAD) readings were taken once on the 3rd of July in
2015, and the 13th of July in 2016. Four readings per plant and four plants in each subplot
with 4 replications in each treatment (4 leaves * 4 plants * 4 replication).

Chlorophyll fluorescence measurements were done every week on the 19th, 26th of June
3rd, 30th of July, and 6th of August in 2015, and the 29th of June; 6", and 13th of July in
2016. One reading per plant for one plant in each subplot with 4 replications in each
treatment. (1 leaf * 1 plant * 4 replications).

Leaf water potential (wL) was evaluated in 3 consecutive weeks in 2015 (on the 19th, 26th
of June, and 3rd of July), and once (on the 13th of July) in 2016. One reading per plant
and four plants in each subplot with 4 replications in each treatment (1 leaf * 4 plants * 4

replications).
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v Canopy temperature was measured every week on the 12th, 19th, 26th of June 3rd, 30th
of July, and 6th of August in 2015, and the 22nd, 29th of June, 6, and 13th of July. Four
readings per plant and four plants in each subplot with 4 replications in each treatment (4

leaves * 4 plants * 4 replications)

3.7.1. Soil water content

We measured the soil water content by a digital soil moisture meter PT1 (Kapacitiv Kft.,
Budapest, Hungary) (Figure 7) at six different soil depths (5, 10, 15, 20, 25, and 30 cm) before
watering. Soil water content was taken continuously during the plant development and prior to

irrigation.

Figure 7. Digital soil moisture meter PT1

3.7.2. Stomatal conductance

The water loss from the plant's leaves was detected using a porometer Delta-T, type AP4 from
the UK. The equipment can measure the stomata conductance or stomata resistance account to
the diffusion conductance. It compares the humidification within the chamber to readings from

the calibration plate. (Figure 8).
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Figure 8. Porometer Delta-T, type AP4.

3.7.3. Relative chlorophyll index

The relative chlorophyll index of the tomato leaves was measured by “Konica Minolta SPAD-
502 (Figure 9); it is a rapid and non-destructive method to determine chlorophyll content in the
field. A significant correlation between chlorophyll content and Single-Photon Avalanche Diode
(SPAD), so SPAD values could be used for Nitrogen content in leaves (Martinez et al., 2015).
The SPAD meter evaluates the difference between the transmittance of a red (650 nm) and an
infrared (940 nm) light through the leaf, generating a three-digit SPAD value (Uddling et al.,
2007).

Figure 9. Single — Photon Avalanche Diode (SPAD) device.
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3.7.4. Chlorophyll fluorescence.

The chlorophyll fluorescence of the plants was determined by the PAM 2500 portable
fluorimeter (Walz-Mess und Regeltechnik, Germany) (Figure 10). During the development stage,
the measurement had done at midday on fully developed top leaves of a single plant in each
replicate. The leaf clips were placed on the leaves for 35 minutes for dark adaption before
performing measurements. The maximum photochemical quantum yield of PSII was
characterized by the Fv/Fm ratio using the fast kinetics method in the Pam Win 3.0 software (Van

Goethem et al. 2013).

Figure 10. PAM 2500 device. (Source: Internet)

3.7.5. Leaf water potential (v leaf)
Leaf water potential (y leaf) was measured by a pressure bomb (PMS Instruments Co., Corvallis,

OR USA) (Figure 11). Four replications per treatment were sampled in both years, all samples

were selected in newly matured leaves at midday for three consecutive weeks (Gonzalez, 2001).
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Figure 11. Pressure bomb device.

3.7.6.  Canopy surface temperature measurement (°C)

Canopy surface temperature was determined by the infrared thermometer technique (Raytek
Raynger MX4, Santa Cruz, CA, USA) (Figure 12) which allows faster and more precise
measurement without touching the plant (Bdcs et al. 2009). The device can read from -30 to
9000C with accurate (+ 1% in reading) (https://www.farnell.com/datasheets/44260.pdf). The

measurements have done weekly 6 times in 2015 and 4 times in 2016.

Figure 12. Infrared thermometer device. (Source. Internet)
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3.7.7.  Water use efficiency.

Water use efficiency (WUE, kg m-3) was calculated as the ratio of marketable yield on a fresh
weight basis at harvest (FW, t ha-1) and total water used (ET, m3 ha-1), as measured by water

balance as it is shown in Equation 2.

Equation 2: Water Use Efficiency (WUE)

WUE=(Total Yield (ton per hectare)/(Total water consumed (cubic per hectare)

Total Yield (ton per hectare)
WUE = .
Total water cosumed (cubic per hectare)

3.8. Laboratorial measurements

3.8.1. Proline

The determination of proline was conducted as described by Bates et al., 1973. Proline
concentration was determined according to the acid-ninhydrin method - mature leaves (at the
fruit setting stage) were chosen from 4 marked plants in one subplot and four subplots per
treatment. Proline content was measured during the water stress period on 3rd July 2015 and
15th July 2016. A 0.5g of the leaf (a mixture of 4 leaves in each subplot) was ground in a
mortal with the presence of a small spoon of quartz sand and 5 ml of 3% sulfosalicylic acid.
The crude extract was centrifuged at 3000 rpm for 10 min, and the supernatant was added 2ml
of acid-ninhydrin, 2ml of ortho-phosphoric acid (6 Molar), and 2ml of glacial acetic acid.
After that, it was incubated for one hour in the underwater bath at 1000C. Incubated tubes
were left for Smin at room temperature to finish the reaction. Spectrophotometer (Shimadzu
U-2900, Tokyo, Japan) was used to record the absorbance of the extracts at 520nm. Proline
concentration in the extracts was estimated using the calibration curve for proline standards

(Figure 13) based on the fresh weight (Claussen, 2005).
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Proline standard calibration curve
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Figure 13. Standardization of proline curve.

3.8.2. Soil microbial activity

Total microbial activity was measured according to the fluorescein diacetate hydrolysis (FDA)
method (Green, Stott, and Diack 2006). It is an accurate and simple method to estimate soil
microorganisms. The protocols to assess fluorescein diacetate hydrolysis activity was reported by

Adam and Duncan (2001).

3.8.3. Root colonization determination

We selected four plants randomly from subplots in the same treatment with soil core 25x25x25
cm and dug them out for investigation of root colonization. Then, the representative subsample
of the roots regarding different treatments was cut into 10 mm pieces, and five randomly chosen
pieces in each sample were stained by Trypan Blue. The stereomicroscope at x100 magnification
was used to estimate the internal fungal structure and the percentage of root length colonized was
determined by the gridline intersect method (Phillips and Hayman, 1970; Giovannetti and Mosse,
1980).
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3.8.4. Analysis of carotenoid components and vitamin C.

Extraction of carotenoids

Carotenoid extraction was done according to the method of Daood et al (2013). Five grams of
well-homogenized tomato has been taken in triplicate followed by disintegration in a crucible
mortar in the presence of quartz sand. The water was then removed by adding 25ml of methanol
along with the repeat disintegration of the aggregating bulk. After the addition of 60 ml of a 1:5
Methanol: dichloroethane solution, the mixture was transferred quantitatively into a 100 ml
conical flask. The mixture was shaken up for 15 min by a mechanical shaker. A few drops of
distilled water were added to separate the two phases. The pigment-containing lower layer was
separated in a separating funnel, dried over anhydrous sodium sulphate, and passed into a round-
bottom flask. The organic solvent was evaporated with vacuum by rotary evaporator (IKA®
RV10, Sigma-Aldrich Ltd., Budapest, Hungary) at a maximum of 40C and the residues were re-
dissolved in 5ml of HPLC grade acetone.
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Figure 3. HPLC profile of tomato carotenoids separation on cross-linked ISIS column using
gradient elution of water in acetone: 1: neoxanthin, 2: zeaxanthin, 3: lycopene
epoxide, 4: lycoxanthin, 5: lycopene, 6: 9-cis-lycopene, 7: tetra-dehydrocarotenoid,
8: 13-cis-lycopene, 9: B-carotene, 10: cis- B -carotene, 11: antheraxanthin di-ester,
12: Lycophyll di-ester. (Source: H.G. Daood, 2013)

Extraction of ascorbic acid.

Ascorbic acid was extracted from 5 grams of well-homogenized tomato by crushing it in a

crucible mortar and shaking it for 15 min with a 3% metaphosphoric acid solution. The mixture
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was filtered through filter paper and purified by a 45-um nylon syringe filter before injection into

the HPLC column.

e i
1 234567 8 910111213141516 17 18

Minutes

Figure 4. HPLC separation of Ascobic Acid on Nucleosil C18 aqua (Nautilus) column.

HPLC equipment and conditions.

A Chromaster liquid chromatograph (Hitachi, Japan) consisting of a Model 5110 Gradient pump,
a Model 5210 auto sample, and a Model 5430 photodiode array detector was used. Operation and
data processing were performed by EZ Chroma Elite software.

The separation of carotenoids was done on cross-linked C-18, 3 um, 150x4.6 mm column using
a gradient elution of water in acetone as described by Daood et al., (2013). The column effluents
were detected at their maximum absorption wavelength for identification and quantification. The
retention properties and spectral characteristics of the detected peaks were compared with some
available standard materials like lycopene, and B-carotene equivalent based on their spectral
characteristics.

As for ascorbic acid, separation was performed on C-18, 240 x 4.6mm, 5 um column under ion-
pair chromatographic conditions optimized and validated by Daood et al., (1994). Ascorbic acid
was identified using standard material (Sigma-Alrrich, Budapest), from which stock and working

solutions were prepared for getting the calibration curve.
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Figure 5. HPLC separation devices.

3.8.5. Soluble solid content estimation.

The soluble solid content was determined by the Digital Refractometer Kriiss DR 201-95 (Kriiss

Optronic, Hamburg, Germany), the values are reported as a percentage.

Figure 6. Digital refractometer devices.
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3.9. Statistical analysis

Analysis of variances was conducted in two ways ANOVA, the software IBM SPSS Statistics for
Windows, Version 22.0. (IBM Hungary, Budapest, Hungary) was used to run statistical analyses.
The main effects were: Phylazonit inoculation (referred to as Phyl), Phyl with three levels
(Control, Phyl+, Phyl++), and Irrigation supply (herein referred to as IR) with three variants (IR0,
IR50, and IR100).

As a prerequisite for the statistical test, the assessment of the normality of the data was done by
the Shapiro test. Due to our equal variances across groups, the Levene test was conducted to verify
the homogeneity assumption.

The means of four replications were separated by the least significant difference (LSD, P
< 0.05). In case of significant interaction between Phyl and IR, Tukey’s HSD post hoc test was
performed to determine significant differences among the treatments. Before data analysis
percentage values for root colonization were arc-sine [square-root (X)] transformed. Pearson
correlation coefficient is used to assess the direction and the strength of the linear relationships
between (0Brix content, and marketable yield), (Soluble solid yield, and marketable yield),

(proline content, and leaf water potential), (Canopy temperature, and Stomatal conductance)
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4. RESULTS AND DISCUSSION

Our results had recorded in non-inoculated (Control), pre-transplant inoculation at sowing
(Phyl+), and field inoculation at transplant (Phyl++), but only non-inoculated (Control), and field-
inoculated at transplant (Phyl++) will be present in our work here because of the results in pre-
transplant inoculation at sowing (Phyl+) (Appendices: Appendix 1 & 2: total biomass, WUE,
SPAD, proline, canopy temperature. Appendices 4: the relationship between marketable yield and
Brix°. Appendices 5 & 6: total carotenoid; lycopene, [I-carotene, and Ascorbic acid did not give

promising results compared to non-inoculated (Control) in two years.

Human activity (industry, transport, agriculture) has contributed to an increase in greenhouse
gases emission which is the main cause of changes in climate conditions such as increasing
temperature and reduction in precipitation in some areas, a rise in floods, and prevalence of
hurricanes in other areas (Giannakoula and Ilias 2013; Garofalo and Rinaldi 2015; Pefa-Gallardo
et al. 2019.). PGPR (plant growth-promoting rhizobacteria) have informed by numerous authors
on the positively affected plant tolerance to drought stress and plant-associated microorganism
(Kloepper and Schroth 1981; Compant et al. 2010; Bhattacharyya and Jha 2012; Zivcak et al.
2016). In our two years field experiments, PGPR inoculation at transplant enhanced yield, growth,
and water use efficiency under both deficit irrigation and full irrigation levels compared to control
(non-inoculation) and pre-transplant at sowing (Appendices 1; 2; 3; 4; 5; 6) which is in agreement

with previous studies of processing tomatoes (Helyes et al., 2012; Bakr et al., 2017 b ).

In the case of the first experiment (season 2015), the farm has been used for many years for field
studies. In opposite, in the case of the second experiment (season 2016) the field was left fallow
for several years. There were differences in texture, field capacity, and water-holding capacity.
The first experimental farm got lower holding water capacity and exhaust of nutrients, especially
the microelements. Therefore, we have provided the first farm NovaTec® fertilizer (25 grams in
each square meter) at the beginning of transplanting. Thus, plants received these elements: 605
mg of total N, 403 mg of P205, 806 mg of K20, 323 mg of SO3-, and 97 mg of Mg O. In addition
to three different micronutrients: 242 pg of Fe, 81 ug of B, and 40 ug of Zn.
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4.1. Effect of irrigation on the water stress induction and soil water content

In the first eight weeks of seedling, tomato plants received the optimum with water supply in
2015. Different irrigation treatments started in the first week of June. A precipitation of 186.3 mm
was measured, which did not cover the crop demand. The control block (IRO) got 186.3mm of
water during the vegetative development. For this reason, the control tomato plants block (IR0)
got stress by drought during the growing season. In the optimum (IR100) and deficit (IR50)
irrigation treatments , the plants received 436.3 and 316.3 mm of water, respectively, including
precipitation. The soil had water content range between 0.14-0.17, 0.11-0.14 and 0.07 — 0.10,
corresponded to 73-89%, 58-73%, and 37-52% of field capacity in IR100, IR50 and IR0 blocks
respectively. In the last three weeks, the average temperature was high (Figure 5), and it paired
with low precipitation, which caused drought for processing tomato in 2015, which is usual in

Hungary (Figure 18).
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Figure 18: Soil moisture content during growing season 2015

In the second growing season of 2016 differed significantly from 2015, we started the irrigation
after 5 weeks from transplanting because of the temporal distribution of precipitation. There was

heavy rain in the middle of July and throughout the crop season, so the total precipitation amount
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was 296 mm for plants in the rain-fed control. In the optimal (IR100) and deficit (IR50) irrigation,

the plants received 480 mm and 388 mm of irrigation water, respectively. These values included

296 mm of rain (Figure 6). With the calculation of the volumetric water content, the field capacity

ranged between 84-108%, 60 -76 %, and 52 — 68% corresponding to 21-27, 15- 19, and 13 — 17

% of volumetric water content in IR100, IR50, and IR0 blocks respectively. The farm’s soil was

loamy in texture (consisting of 41% sand, 47% silt, and 11.5% clay) with a bulk density of 1.49

g.cm3, and 25% of field capacity (Bakr, 2018). Throughout the growing season of 2016, there

was a high level of precipitation combined with the high-water holding capacity of the soil,

therefor the plants did not face the water stress in the control or deficit water supply (Figure 19).
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Figure 19: Soil moisture content during growing season 2015
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4.2. Effect of irrigation on the root microbial activity

Some PGPR is free-living bacteria that occupy the tissues of living plants and cause unapparent
and symptomatic infections. The bacteria play an important role in enhancing plant growth under
stress and non-stress conditions (Nadeem et al. 2014; Zahir et al. 2004; Glick et al. 2007).
Mechanisms of plant growth promotion include nitrogen fixation, phosphorus solubilization,
siderophores production, plant grown regulators. (Berg 2009; Nadeem 2014). The dominant
bacteria of PGPR are Pseudomonas, Enterobacter, Bacillus, Variovorax, Klebsiella, Burkholderia,
Azospirillum, Serratia, and Azotobacter (Kaymak 2010; Nadeem, et al 2014). The colonization
of roots by inoculated bacteria is an important step in the interaction between beneficial bacteria
and the host plant.

We collected the samples randomly from above 20cm of the field experiments soils by using the
wet sieving technique. In the first season, we estimated 3 to 4 spores in each gram soil and 4 to 5
spores in the second season. According to Maguro et al., 2015 and Bakr, 2018, the natural
occurrence in agricultural soils in Hungary dominates by the Glomeracea family. Research work
by Smith and Read (2008); Bakr (2018) showed that although the number of spores of root
bacteria present in soil was not high, it plays an important role in newly cultivated crops even
though the soil was left bore for several years.

PGPR root colonization found at harvest was similar to the colonization rate in Mycorrhizal
inoculation (Bakr, 2018) or PGPR treatment (Cortivo et al. 2018). PGPR treatment slightly
enhanced root colonization in inoculated plants even without irrigation treatment. Despite slightly
higher colonization from Phyl++ plants from 65.2 to 68.3% in un-irrigation (IR0) to full irrigation
(IR100) in 2015 and the highest colonization percent recorded in deficit irrigation (IR50) at 70.5%
in 2016, however, there was no significant difference in the effect of PGPR combined with
irrigation control (Table 4) in PGPR treatments. It may be related to the increase of efficient
microbes, which displace the root—colonizing microorganism (Kloepper and Schroth, 1981). The
importance of displaced microorganism is to percolate the water, increase the water uptake by the

roots, or increases the water uptake by the whole plant (Lawrence et al. 1987).

In the first growing season, fluorescein diacetate (FDA) hydrolysis showed higher microbial
activity in soil with no irrigation block. The deficit and optimal irrigation levels had no significant
effect on fluorescein diacetate (FDA) hydrolysis although it had a slight increase. The increased
microbial activity in deficit irrigation block (Table 4) may be related to the positive interaction

between the PGPR and Mycorrhizal microorganisms (Bardi and Malusa, 2012; Malusa and
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Ciesielska. 2015). Unlikely, in the 2016 season, the PGPR-Phyl++ inoculation did not enhance

microbial activity in the root system (Table 4); the only explanation is a higher level of

precipitation compared to results in the 2015 growing season.

Table 4. Effect of Irrigation level and PGPR application on Root colonization level (%) of
processing tomato and soil microbial activity.

R. Col. (%) A
Water supply Treatments (um p-nitrophenol g™ hr™)
2015 2016 2015 2016

Control 5454+ 6 47.0%+ 18 0.78%2+0.11 1.25%84+0.2

RO Phyl ++ 65.20£7 65714 0.79%+0.13 124203
Control 49.0% £3 53.0%+13  0.70%+0.07  1.14%£0.1

e Phyl ++ 68.5%+£9  70.5%+£9 062003  1.14°%03
Control 54.8% £ 6 49342+ 8 0.624% + 0.08 1.1242+£0.2

IR100 Phyl ++ 6838249  68.8B148 0.624+0.03 124403

Phylazonit treatments (Phyl++)
Irrigation levels (IR)
(Phyl++) * (IR)

ksk

ns

ns

kk

ns

ns

sk

*

ns

ns

ns

ns

Means with same letters are not significantly different at (P<0.05) as determined by Tukey’s HSD test
(Mean = SD, n=4). Significant of source of variation (ns= not significant, * P< (.05, ** P<(0.01, *** P<
0.001). Capital letters represent Phylazonit inoculation, small letters represent Irrigation levels effect.
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4.3. Effect of Phylazonit inoculation on physiological responses of tomato plants

4.3.1. Maximum photochemical yield and relative chlorophyll index

In 2015, the maximum photochemical yield (Fv/Fm) was recorded higher in the plants which
received water supplied (IR50 and IR100) blocks than in non-inoculated or no water supply blocks
(IR0). The maximum photochemical yield was the lowest value (0.69) in control plants with no
irrigation (IR0), which means that during this stage of development, the plants were under heat
stress or without water. However, Phyl++ inoculated treatment increased the photosynthetic
efficiency at all irrigation levels (Table 5), improving plant growth and reducing the damage of
photosynthetic apparatus in Phyl++ plants under drought stress (Delfine et al. 2000; Baker and
Rosenqvist 2004; Thankappan et al. 2019). In the growing season of 2016, the maximum
efficiency (Fv/Fm) values of PSII were higher in deficit irrigation plants (IR50), and there were
no significant differences from other treatments, which means no photo-oxidative damage neither

in fully irrigated nor in unirrigated plants (Table 5).

SPAD stands for Soil-Plant Analysis Development; SPAD value correlates with leaves'
chlorophyll content. The high SPAD reading value revealed the low water and chlorophyll
concentration simultaneously in the leaf (Wood et al., 1973; Nemeskéri and Helyes. 2019). In our
experiment, SPAD reading reached a higher value in the Phyl++ inoculation samples than that in
the control samples under no irrigation (IR0) and deficit irrigation (IR50) in 2015 (Table 5). These
results are supported by Puangbut et al. (2017) and Adriano et al. (2018), who found higher
chlorophyll content in inoculated plants under drought-stress conditions. The higher chlorophyll
content is accompanied by photosynthetic efficiency improvement. Unlike in the growing season
2015, Phyl++ inoculation has been found not to affect the leaf chlorophyll content or SPAD values
in the growing season 2016 (Table 5) in irrigation treatments (IR50 and IR100). This result is
supported by the research on Arbuscular Mycorrhizal (AM) fungus inoculation in processing
tomatoes (Bakr et al., 2018). Under the same conditions, AM fungus inoculation plants had no
effect on chlorophyll content and SPAD value. It was approved that in two blocks (deficit and
optimal water supplies) the irrigation treatments did not cause drought stress to the tomato plants

grown in 2016.
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Table 5. Effect of field Phylazonit inoculation and tree irrigation levels on maximum

efficiency of PSII and SPAD of processing tomato leaves.

Maximum efficiency of PSII

. SPAD
Irrigation Treatments (Fv/Fm)
levels
2015 2016 2015 2016
Control 0.69% £ 0.08 0.75%£0.01 46.14 £ 0.8 53.84°+1.9
IRO
Phyl ++  0.70%%+ 0.04 0.76%% £ 0.02 50482+ 25 5454+ 1.4
Control 0.76%°+0.01 0.78% £ 0.01 47.74%+ 0.9 50.0%+ 1.4
IR50
Phyl +  0.79%°+0.02  0.80%°% 0.02  49.5%+19 5028 +£2.7
Control 0.76%° + 0.03 0.774 £ 0.01 48.04+ 1.7 47.14 £ 1.0
IR100
Phyl ++  0.788°+0.05 0.7744 £ 0.02 47240 £ 1.5 4924+ 1.6
Phylazonit (Phyl++) ok ok * ns
Irrigation levels (IR) ook ns ns ok
(Phyl++) * (IR) ns * ns ns

!Means with same letters are not significantly different at (P<0.05) as determined by Tukey’s HSD test (Mean +
SD, n=4). Significant of source of variation (ns= not significant, ¥ P<0.05, ** P<0.01, *** P<(0.001). Capital
letters represent PGPR inoculation; small letters represent Irrigation levels effect.

4.3.2. Stomatal conductance and canopy temperature
Stomatal conductance is a measure of the degree of stomatal opening. It can be used as an

indicator of the water status in the plant (Gimenez, et al. 2005). According to Ferreira and
Katerji (1992), stomatal conductance can be measured on the first leaf above the terminal
cluster, which well characterizes the water status of the whole plant. Stomatal conductance
reflects also the water stress levels in plants caused by water deficits. In the control treatment
with no Phyl++ inoculation, the average of stomatal conductance was 10.2 mmol m-2 s-1 in
IR0, 18.7 mmol m-2 s-1 for the deficit irrigation (IR50), and 30.6 mmol m-2 s-1 for the
optimal irrigated treatment. In 2015 and in 2016, the values were 31.1, 31.5, and 30.6 mmol
m-2 s-1, respectively (Table 6). The data showed that in 2016 irrigation treatments had no
effect on stomatal conductance. The explanation for this is that the heavy seasonal rain
exceeded the plants’ water requirements in some periods of the growing season of 2016.

In our research, we took the stomatal conductance measurements within three consecutive

weeks when the daily temperature ranged between 25-300C and the light intensities were

higher than 300 pmol m-2 s—1, which avoided any unexpected changes in the porometer
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readings. Phyl++ treatments have significantly increased the stomatal conductance at deficit
irrigation supply levels (IR50) from 18.7 to 23.9 mmol m-2 s—1 in 2015 and 31.5 to 33.6
mmol m-2 s—1 in 2016 (Table 6). It slightly enhanced the stomatal conductance in all
irrigation (IR50 and IR100) treatments compared to the control block (IR0) in the two years
of experiments. This result agreed with the research on processing tomatoes with Mycorrhizal

treatments from Bakr, 2018 and Bocs et al. 2009.

Table 6. Effect of field Phyl++ inoculation and tree irrigation levels on Stomatal conductance

(mmol ms!) and Canopy temperature (°C).

Stomatal conductance Canopy temperature

Iriigation Treatments (mmol m_zs-l) (OC)
evels
2015 2016 2015 2016
Control 10242+ 1.5 31.14+ 1.2 36.74°+ 2.4 25.142+ 1.0
1RO
Phyl ++ 10.84%+ 1.6 30244+ 0.7 3494+ 12 25.14%+ 0.7
Control 18.74°+ 1.3 31.5%+£1.0 31.6%%+ 0.9 25442+ 0.5
IR50
Phyl++ 23982123 33.6%° £ 0.6 30482+ 1.0 23.94°+0.8
Control 30.6%°+ 1.8 30.6%+ 0.8 28.0%%+ 0.6 25242+ 0.6
IR100
Phyl ++ 3254+ 1.2 31.0%+0.6 27.9%84+ 0.5 25.842+0.5
Phylazonit (Phyl++) ok * o ns
Irrigation levels (IR) Hoxk ns Hork ns
(Phyl++) * (IR) Hokok ns Hk *

!Means with same letters are not significantly different at (P<0.05) as determined by Tukey’s HSD test (Mean +
SD, n=4). Significant of source of variation (ns= not significant, * P<0.05, ** P<0.01, *** P<(.001). Capital
letters represent PGPR inoculation; small letters represent Irrigation levels effect.

Table 6 shows us the significant difference between irrigation treatments and unirrigated control.
There was an upward tendency in the range of control, deficit, and fully irrigated plants, the more
water supplies they had, the lower the canopy temperature became in the 2015 growing season.
In control plants (IR0), the canopy temperature was 36.7 °C, for the deficit irrigated plants (IR50)
it was 31.6 °C and for the fully irrigated plants (IR100) it was 28.0 °C. The reason that higher air
temperature in 2015 led to higher canopy temperature could be the lack of water in plans. In 2016

the canopy temperature was lower than in 2015 and there were no significant differences between
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the irrigation blocks. Phyl++ inoculated plants had a more efficient decrease (from 31.6 to 30.4
°C)under IR50 (Table 6). The relationship between canopy temperature and stomatal conductance
had reversed a trend in both seasons; canopy temperature correlated very strongly and negatively
(r = 0.95) with the stomata conductance in the 2015 season and related to stomatal conductance
in a weak negative (r = 0.28) relationship with stomatal conductance (Figure 20.) in 2016 growing
season. Although under non-irrigated conditions (IR0) Phyl++ inoculation decreased the canopy
temperature, which was associated with low stomatal resistance in 2015 under deficit irrigated
conditions (IR50) e.g. 30.9°C canopy temperature in control plants was associated with lower
stomatal conductance (18,67 mmol m-2s-1) than the Phyl++ treated plants where the same
temperature associated with higher stomatal conductance (24.28 mmol m-2s-1) (Figure 20).
Vapor loss and CO2 assimilation were determined by stomatal conductance in plant leaves, and
canopy temperature Aas a direct influence on photosynthesis and biomass production. Phylazonit

inoculation plants had the same photosynthesis efficiency under deficit irrigation (IR50).

51



2015

38
&
36 <~ %
-~
2
-~
~ 34 <
S ‘e R
-~
o 32 * S <
~—
® 30 o) 05 e A
5 o) <4
= - A~ AL & IR0-Control
A\

é o TSNS L eIR0-Phyk
> 26 O IR50-Control
2 y =-0.3629x + 39.226 S
S 24 r =-0.95 R
= AIR100-C
Q -Control

22 AIR100-Phyl++

20

7 9 11 13 15 17 19 21 23 25 27 29 31 33 35

Stomatal Conductance (mmol m2s1)

28 2016

27
—_ A
o
< 26 N
et @) <
= L 2 A
= --e__, FNge
5 25 A N N
2 O . = —-———__ _
§ o = = GIR0-Control
t 24 ° e © ° @ IR0-Phyl++
e y =-0.1596x + 30.082 OIRS0-Control
= r=-0.28 ® IR50-Phyl++
o 2 ATR100-Control
AIR100-Phyl++
22
29 30 31 32 33 34 35 36

Stomatal Conductance (mmol m2s)
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4.3.3. Leaf water potential

Plants manage drought stress by reducing water vapor and increasing water uptake, stomatal
closure, smaller leaf area (leaf size and/or leaf number), and strengthened root system were
strategies to avoid drought stress (Chaves et al. 2003). The leaf water potential (WL) is the most
important index of water status in plants. It shows the potential to resist drought through water
uptake (Bakr, 2018; Calcagno et al., 2011; Shinohara et al. 1995). Irrigation had a positive effect
on the water potential (\WL), decreased the irrigation levels, and the value of WYL too (more
negative) in control plant leaves from -0.9 MPa in IR100 to -1.1 MPa in IR50, and -1.6 MPa in
IR0 in 2015 and from -1.02 MPa in IR100 to -1.05 MPa in IR50, and -1.12 MPa in IR0 in 2016
(Figure 21). These data also show the differences between the two growing years in plant water
stress due to irrigation induction, when plants received much less water in 2015 and were just
moderately stressed in 2016 in the no irrigation regime. Compared to Control plants, phylazonit
inoculation (Phyl++) remarkably increased the WL in plant leaves by (15, 12, and 02%) in IR0,
IR50, and IR100, respectively in the growing season of 2015 and by 06, 09, and 07% in IRO,
IR50, and IR100, respectively in 2016 growing season (Figure 21.).
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Figure 21. Leaf water potential (-MPa) of processing tomato in different irrigation levels and
Phylazonit (Phyl++) treatment.
Our results are supported by the recent reports on maize (Sandhya et al. 2010), pennyroyal

(Mentha pulegium L.) (Asghari et al., 2020), and tomatoes (Monica et al. 2016), which all
illustrated that higher leaf water potential in host plants colonized by PGPR. PGPR
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inoculation can affect the osmoregulation capacity by enhancing the soluble sugar, protein,
and proline contents, leading to a higher water potential gradient, and thereby improving the
water uptake and plant growth under stress conditions (Asghari et al., 2020).

4.3.4. Proline concentration
According to Hare et al. (1999), the most studied amino acid proline contributes to osmotic

stress. Under two successive reductions catalysed by P5C synthetase (PCS5S) and P5C
reductase (PC5R), proline is synthesized in the cytosol and mitochondria from glutamate via
Al-pyrroline-5- carboxylate (P5SC). It has several major functions including mediating
osmotic adjustment, protecting protein structures from denaturation, stabilizing cell
membranes by interacting with phospholipids, scavenging ROS, and serving as energy and
nitrogen sources (Claussen 2005). Other authors reported that there were higher proline
concentrations infolerant plants under drought stress. Its biosynthesis and accumulation may
be associated with the detoxification of ROS, a reduction in water potential, and a reduction

in photosynthesis rates (Reddy et al., 2004; Claussen, 2005; Thapa et al., 2011)

Control and Phyl++ plants have increased proline accumulation more than two times in
shoots as a response to irrigation stress (Figure 22) in two-year experiments with or without
Phylazonit inoculation in non-irrigated blocks (IR0). In full irrigation block Phyl++
inoculation reduced the proline concentration compared to non-inoculated but reach
significant levels in 2015. In Phyl++ plants shoot, the amounts of proline were reduced from
29.2 to 19.2 mg kg-1, and 25.0 to 15.6 mg kg-1 in two growing seasons, respectively. In
2015 and 2016, the IR50 block (Figure 22) was compared to control plants. Phyl++
inoculation increased the water status of host plants and lessened proline production. These
results agree with the results conducted in mycorrhizal plants (Bakr et al. 2017) who

conducted the experiments with processing tomatoes in open fields.
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Figure 22. The concentration of proline (mg/kg) fresh weight in processing tomato leaves
in different irrigation levels and Phylazonit (Phyl++) treatment combinations.

4.4.  Effect of Phylazonit inoculation and irrigation on total biomass, harvest index
and water use efficiency.

In both growing seasons, Phyl++ inoculation and irrigation regulation significantly increased the
total biomass (fruits, stem, and leaves) (Figure 23) except for the control block (IRO0). In the 2015
growing season, plants underwent two weeks of drought which caused decreased soil moisture
and shortened the vegetative period (Figure 5). Compared to optimum irrigation treatment
(IR100), in the control block (non-Phyl++ inoculation) decreasing irrigation reduced the total
biomass by 64% in IR0, and 19% in IR50 in the first growing season, while in the growing season
of 2016 by 8% in IR0, and 7% in IR50 compared to optimum irrigation level in the IR100 block.
The effect of irrigation significantly increased the total biomass production by 228% and 284%
in 2015, but only slightly in 2016 (1%, 10%), compared to the control (Figure 23). IR50 combined
with Phyl++ inoculation increased total biomass by 32% (98.0 t/ha) and by 19% (165.7 t/ha) in
2015 and 2016, respectively. However, the Phyl++ application has increased total biomass
significantly by 30% to 120.6 t/ha only in 2015 in the IR100 treatment, while it was not effective
in 2016 (99%). Higher water supply resulted in a higher harvest index only in 2015 by 7% and
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16% for IR50 and IR100, respectively, in agreement with Lei et al. (2009). Harvest index values
increased from 0.63 to 0.63 in IR50 and from 0.59 to 0.66 in IR100 in 2016, but there was no
significant difference between Phyl++ inoculation and control. The water demand for the
processing tomatoes varied between 300 mm and 400 mm depending on the weather (P¢k et al.
2017), which was covered by precipitation in 2016. Phyl++ inoculation increased the harvest
index in all three irrigation regimes in 2015 and reached its maximum in deficit irrigation (Table
7).
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Figure 23. Total biomass (fresh weight) in different irrigation levels and Phylazonit (Phyl++)
treatment.
Water use efficiency (WUE), as the main indicator of plant water status, is regulated by
physiological processes (Lei et al. 2009). IR50 produced the best results of WUE (24.3 kg.m-3),
significantly (P < 0.05) higher than in IR100 and control (IR0) with 12% and 22%, respectively
in 2015. Phyl++ treatment resulted in significantly (P < 0.001) higher WUE in both IR50 (32%)
and IR100 (30%). The maximum WUE was achieved at 32 kg.m-3 in IR50 with the Phyl++
treatment compared to the control without Phyl++ application (Table 7). In combination with
treatments, Phyl++ could increase WUE only in irrigated plots in 2015. Deficit irrigation usually
increases WUE (Patané et al. 2010, 2014), but this effect was detected in this study only in
combination with PGPR in 2015. With respect to all water supply regimes (Control (IR0), IR50,
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IR100), no difference was found in the WUE of the control samples without PGPR in 2016, either.
Better WUE was reached by PGPR treatments, in combination with rainfall (26.9 kg.m-3) and
IR50 (30.9 kg.m-3) in 2016, which were mostly the same values as in the previous year (Table
7). WUE higher than 10 kg.m-3 is usual in the Mediterranean climate (Patané et al. 2011, Kus¢u

et al. 2014), and all results exceeded this value in both years.

Table 7. Effect of field Phyl++ inoculation and tree irrigation levels on Harvest index (%) and

water use efficiency (WUE (kg.m-3)).

. Harvest index (%) WUE (kg.m™)
Irrigation
Treatments
levels
2015 2016 2015 2016
Control 0.44%+£0.06  0.60%*+0.07 19.8%+£2.4 2224+£19
IRO
Phyl++  0.688°+£0.06  0.60%*+0.05 18.54 £ 1.2 26.98°+ 1.7
Control 0.51%+£0.04  0.60*+0.09 2434+ 0.9 213%+£25
IR50
Phyl ++  0.76°+0.03 0.63%% £ 0.04 32.0°£ 1.0 30.9%+ 1.4
Control 0.60%% £ 0.05 0.5982 £ 0.07 21.74° £ 0.6 2124+ 1.5
IR100
Phyl ++  0.75%°+0.05 0.665* + 0.04 28.38°+0.5 20.8%+ 1.9
Phylazonit (Phyl++) ok * ook Hokk
Irrigation levels (IR) HoHE ns Ak oAk
(Phyl++) * (IR) ns ns Hoxk HoEk

'Means with same letters are not significantly different at (P<0.05) as determined by Tukey’s HSD test (Mean + SD,
n=4). Capital letters represent PGPR inoculation; small letters represent Irrigation levels effect. Significant of
source of variation (ns= not significant, * P<0.05, ** P< 0.01, *** P<0.001).

4.5. Effect of Phylazonit inoculation and irrigation on yield parameters

4.5.1. Total yield and non-marketable fruits

Due to the soil structure (higher water holding capacity) of the second farm, the higher
precipitation and to cool season in 2016 (Figure 6), and higher soil microbial activity (Table 4),
fruit production was higher in the 2016 growing season compared to the 2015 growing season
even without PGPR (Phylazonit) inoculation and irrigation supply.

In 2015, the irrigation supply strongly affected the total yield, even with or without the PGPR
treatments. The total yield of the deficit irrigation (IR50) block increased by 43 tons compared to
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the plants from the control block (IR0), in which block plants received only half of their water
demand. The optimal irrigation supply (IR100) raised the yield by 57 tons per hectare. 4 similar
trend happened in 2016 but for less extend and not reaching significant levels (Table 8)

The effect of PGPR (Phylazonit) inoculation on the yield was positive at all the irrigation levels.
In 2015, the yield was 102.7 tons per hectare, while in 2016 a yield of 60.9 tons per hectare could
be achieved as a result of the best interaction between irrigation and PGPR treatments under full
irrigation. The total yield increased by 34% in both 2015 and 2016 in Phyl ++ treatment compared
to the Control plants (Table 8). The enhancement in the total yield is most probably related to the
plant’s water status, nutrient uptake, and many physiological processes discussed in the next part.
Besides the effectiveness in increasing the yield, Phyl ++ inoculation reduced the number of rotten
fruits in both seasons and at all irrigation levels, except in deficit irrigation (IR50) in 2016 (Table
8). The high yield loss in 2016 Phyl++ plants in IR50 can be explained by the high increase in
total yield (160 tons per hectare). 4 higher percentage of the total yield was rotten due to heavy
rains during the ripening period in 2016 compared to the 2015 growing season (Table 8). Phyl++
inoculation positively affected the fruit quality including fewer rotten fruits in both seasons and
at all irrigation supply levels. According to Bakr 2018, Mycorrhizal inoculation has helped tomato
plants to better calcium uptake and led to better translocation of Ca+2 into the fruits, therefore,

lessening blossom-end rot disorder (Figure 24) and minimizing losses due to fruit cracking.

Figure 24. Uno Rosso fruits (1) and blossom-end rot disorder on the fruits (2)
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Table 8. Effect of Irrigation level and PGPR application on total yield (t. hal), rotten fruits (t. ha!), and rotten/total yield ratio (%)

Total Yield (t ha!)

Rotten fruits (t ha)

Rotten / Total Yield (%)

Water supply Treatments

2015 2016 2015 2016 2015 2016

Control 10.182+ 4  108.6%2+ 07 1.1424+ 0.4 43.4B24 46 5.7B24+ 2.8 40.0B24+ 2.5

el Phyl ++ 20482+ 115.4B2+ (3 0.842+ 0.5 35542+ 6.1 3.942+£30 31.502+43

. Control 62.74+2  119.282+ 10 8.740+ 1.8 40.6%+ 7.3 13.880+3 ] 36.082+83

e Phyl ++ 83.05B*+ 5  160.9Bc+ 06 6.040 £ 3.0 46.6B2+ 3.0 72821+ 4.1 30.52+33

Control 45T Lt 123,624 %12 1539%=x34 41.7%+ 13.8 20.58+ 1.9 34.5%+:72

e Phyl ++ 102.7B<+ 9  135.3Bb+ Q5 10.44b + 4.3 38.4% +38.0 10.142£ 3.0 30142+ 4.6
Phylazonit treatments (Phyl++) R o * * B Bk
Trrigation levels (IR) e wwE 24 wwE wa wxE
(Phyl++) * (IR) T % % wkE FRE whx

Means with same letters ave not significantly different at (P<.0.03) as determined by Tukey’s HSD test (Mean = 8D, n=4). Significant of
source of variation (ns= not significant, ® P< 0.05, ™* P< 0.01, ®** P<(0.001). Capiral letters represent mycorrhizal inoculation, small
letters represent Irrigation levels effect.
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4.5.2. Marketable fruits

In 2015, the marketable yield of IR50 and IR100 increased significantly by 384% and 465%,
respectively, whereas in 2016, the respective yield increases were lower by 22% (IR50) and 51%
(IR100) compared to the control (Figure 25). The PGPR treatment combined with a better water
supply further increased the yield of fomatoes, but not in control (non-PGPR inoculated) and
IR100 in 2016. IR50 combined with PGPR increased the marketable yield by 28% (to 72.6 t/ha)
in 2015 and by 45% in 2016 reaching the highest value of 119.8 t/ha in that year (Figure 25). This
finding agrees with previous studies on processing tomatoes (Helyes et al. 2014b, Pék et al. 2017).
The vast difference in yield production between the 2015 and 2016 growing years due to the soil
characteristics (brown forest soil - low holding water capacity) and the lack of precipitation,
tomato plants had to face several stresses in 2015. The higher yield in 2016 is because of moderate
water stress (higher precipitation) in no irrigation plots, and the loamy soil texture can hold higher
amounts of water (Figure 12). For this reason, the PGPR inoculation in the plots without irrigation
could give only 19% of the potential fruit biomass. Unlike in 2015, in 2016, the PGPR inoculation
enhanced the marketable fruits by 10% compared to the control plants (67.3 t ha™!).

Deficit irrigation strategies (IR50) is a method to save irrigation water and keep the yield in arid
and Semi-arid area, where the rainfall from May to August are rare ( Helyes et al. 2012; Rinaldi
et al. 2015; Rinaldi et al. 2011; Delazari et al. 2019). However, processing tomatoes requires a
high water supply through irrigation (Atherton and Rudicd. 1986). According to Hobson and
Grierson (1993), PGPR is considered as a pre-harvest biotic factor affecting crop yield and
quality. It is known that ripening can influence the quality attributes of the fruit (shape, size,
colour, and texture) It has been proven that PGPR affects rice yield, increasing total biomass by
about 20% (Chaintreuil et al. 2000; Baset — Mia and Shamsuddin, 2010), seed inoculation with
PGPR enhanced seed germination and higher seed dry weight in maize (Gholami et al. 2008) and
yield in tomatoes (Gagnb et al. 1993; Schober et al. 2007; Mena-Violante and Olalde-Portugal,
2007; Candido et al. 2015; Monica et al. 2016; Ochoa-velasco et al. 2016; Helyes et al. 2014a;
Dedk et al. 2015; Tripti et al. 2017; Nemeskéri and Helyes, 2019; Ahmed et al. 2020; Karthika
et al.2020 ). Nemeskéri et al. (2022) also reported that tomato plants treated with PGPR resulted
in 26% more ripe marketable fruits and 49% less unripe fruits under growing in a dry year, and

deficit irrigation conditions.
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4.5.3. Soluble solid content

In the two seasons, Brix and marketable yield had a negative relationship. The higher the yield
production rose (more than 60 ¢. ha-1 in average), the lower the obtained °Brix was (below 5.5 in
the irrigated samples) (Table 9). In 2015, the highest Brix was recorded in the control treatment
(IRO) with and without irrigation levels (in control samples: 8.0 and Phyl++ samples 7.6,
respectively). Linear regressions showed different levels of correlations between marketable
yield and Brix affected by PGPR. It was strong in the 2015 season (R2 = 0.96) and moderate in
the 2016 growing season (R2 = 0.18) for control plants. According to the slope of linear
regressions, Phyl++ treatments slowed down the decrease of the soluble solid content along with
the increased yield (R from 0.91 to 0.95) in the 2015 growing season and in the 2016 growing
season (R from 0.70 to 0.72) (Figure 26). These results are supported by Bakr et al. 2017; Pék et
al. 2015; Helyes et al. 2012; Helyes et al. 2014a. Table 6 shows the highest loss in Brix from 8.03
to 3.73 (in 2015) and 3.65 to 3.20 (in 2016), is due to the fact that the higher levels of irrigation
lead the higher water content in fruits and decreasing sugar content (Atherton & Rudich, 1986;
Bark, 2017). Azotobacter chroococcum PGPR content as free living N2 fixing bacteria that
improves nitrogen uptake on plants contributes to increased sugar content in fruits (Atherton &
Rudich, 1986; Fan, 2017). Despite Brix content losses in non-inoculated and Phyl++ plants, yield
increase led to an increase in the soluble solid content as the mass production per area increased

in both the 2015 and 2016 growing seasons (Figure 27).
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Table 9. Effect of PGPR inoculation and three irrigation levels on °Brix (g/100g) and °Brix yield

(t.ha!) of processing tomato

Brix (g/100g) 9Brix yield (t.ha™!)
Water supply Treatments
2015 2016 2015 2016

Control 8.0° £0.1  4.5%:02 124 +0.1 24%+0.1

IRO Phyl ++ 76%£02 41401 1L0M£01  33%%03
Control 500602  3.7%+0.1 28%101  3.54+03

IR0 Phyl ++ 4,14 £0.1 4.0%+0.2 3.0 +0.2 498 +03
Control 375602 3.6M+04 26%+0.1  3.1%%02

IR100 Phyl ++ 344102 350101 41B 104 37%+02

Phylazonit treatment (Phyl++)
Irrigation levels (IR)
(Phyl++) * (IR)

*k

kokok

*ok

*

skesksk

Ak

sk

*

*

sk

sk

*

Means with same letters are not significantly different at (P<0.05) as determined by Tukey’s HSD test
(Mean = SD, n=4). Significant of source of variation (ns= not significant, * P<0.05, ** P< (.01, *** P<
0.001). Capital letters represent PGPR inoculation, small letters represent Irrigation levels effect.
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4.5.4. Carotenoids and ascorbic acid.

Figure 14 shows the HPLC profile of tomato carotenoids as separated into several compounds
such as neoxanthin, zeaxanthin, lycopene epoxide, lycoxanthin, lycopene, 9-cis-lycopene, tetra-
dehydro-carotenoid, 13-cis-lycopene, P-carotene, cis-f-carotene, antheraxanthin di-ester,
Lycophyll di-ester. The method was carried out in the Analytical Laboratory of the Hungarian
Agricultural and Life Science University in G6dolld, according to Daood et al. (2014). Because
of the nutritional value, biological activities, and marketability of plant products, we concentrate

on three main components: B-carotene, lycopene, and total carotenoids.

Table 10 displays the total carotenoids, lycopene, -carotene, and ascorbic acid levels in two
growing seasons, 2015 and 2016. Increasing irrigation levels reduces total carotenoids, lycopene,
and B-carotene content in fruits, but higher yields can compensate for this loss. According to Pék
et al. (2014) and Helyes et al. (2006), abiotic factors such as water supply, temperature, and
sunlight can affect the antioxidant composition and concentration of carotenoids in tomatoes.
Lycopene is responsible for tomato reddening (Dumas et al 2003; Miguel et al 2006, Helyes et al
2014). Lycopene forms at lower temperatures ranging from 16 to 260 degrees Celsius; above 30
degrees Celsius, lycopene biosynthesis is inhibited (Tomes, 1963). This can explain the lower
amount of lycopene in IR50 and IR 100 sample blocks of tomato fruits in the growing season of
2015 when the plants spent two weeks at high temperatures (Figure 8); however, except the

controls and non-irrigated plants, which were harvested earlier.
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Table 10. Effect of field Phyl++ inoculation and tree irrigation levels on total Carotene (ug.g!). lycopene (ug.g-!). f-carotene (pg.g1).
ascorbic acid (ug.g!) contents of processing tomatoes.

66

Water Total carotene (ug.g 1) Lycopene (ug.g!) p-carotene (ng.g!) Ascorbic acid (pg.g1)
Treatments
supply
2015 2016 2015 2016 2015 2016 2015 2016
Bb 1 20, Ab 5 Aa g
Control  136.3Bb:10 321740404 w@% 6 2048%:48 2634401 1384Bv:10 ° w_@@ ,m.a_ _w
IR0
A Ab Ag Ab A A, : Ab 342.92%a %
Phyl ++ 62.02+ 4.5 304350 +04 45402+ 30 21850114 1.512+0.1 10432+ ].6 324.5°8°+472 )73
Aag 148
Control  106.3%2+38 128.64+200 72.0%+20 2333%=]28 223%+02 10.58%+14 Nmmom 41 m.mw o
IR50
9Bb Ab
Phyl ++ 167.2B0 £ 124 160.0% + 16.0 Mmawi = 270.0Bb + 138 4.3682+(0.7 09504a+14 221.842+92 wmmwwmq :
Control 04.3%+ 91 195.8% +£11.3 66.148+3.5 05148+03 2414 +£0.2 5804 +(0.8 27294+ 60 333.6%+36.5
IR100 aB & .
EJL ++ 76. 742+ 4 302480 £ 65 504%+£26 202.8B0+314 24282401 “mm._mn— N#M%‘H 277.842 427
Phylazonit (Phyl++) deokeok ok # sl deok i ns *
Imigation levels (IR) ok ke ke ns ook ns ok *
ﬁmvr.u.n—iv % nH.}Fv % o ofe ofe e sfeofe e e rfe e sk ns ns

Means with same letters are not significantly diffevent ar (P<0.03) as determined by Tukey's HSD test (Mean = 8D, n=4). Significant of source of

variation (ns= not significant, * P=0.05, ¥** P< 0.0, *** P=0.001). Capital letters represent PGPR inoculation; small letters represent Irrigation
levels effect.



Regardless of yield, inoculation and irrigation levels, the total carotene production ranged from
0.8 to 12.1 kg ha-1, which is almost a fifteen- times difference (Table 11). In the IR0, depending
on the marketable yield significant reduction in the value of total carotene production of Phyl++
samples. However, irrigation regimes increased the carotenoid content. In IR100, Phyl++
treatment slightly enhanced the lycopene (4.7 kg ha-1), B-carotene (227.3 g ha-1) and total
carotene (7.2 kg ha-1) contents. In IR50, there was twofold difference in the total carotenoid yield
between control and Phyl++ samples, in which the highest amount of total carotene was recorded
(12.1 kg ha-1). Lycopene and B-carotene increased by 126 and 148%, respectively in Phyl++
(Table 11). In contrast, the amount of ascorbic acid in IR0 and IR50 had no significant difference
between Phyl++ and control. There was a slight lower in Ascorbic acid content in the 2015
growing season (272 to 329 ng g-1) compared to the 2016 season range (330 to 418 pg g-1) (Table
10). According to Helyes et al, 2006, the ascorbic acid content in processing tomatoes were in the
usual ranges (from 286 to 446 mg kg-1) for industrial tomotoes.

Increase of irrigation level has negatively affected and significantly reduced total carotenoid yield
of marketable fruits from 18.8 kg ha-1 in IR0 and 19.1 kg ha-1 in IR50 to 13.5 kg ha-1 in IR100.
Such trend was evident for lycopene from the IR0- to IR100-treated tomato fruits. Irrigation
regimes had no effect on B-carotene yield, and the ascorbic acid levels did not have a clear trend
without PGPR application. Moreover, beside the yield improvement of Phyl ++plants, PGPR

treatment had doubled the total carotenoids and lycopene production in irrigated plots (Table 11).

The effect of PGPR on the measured components was unclear (Ruzzi and Aroca 2015). The
positive impact of PGPR on the total carotenoid content was evident only in the deficit irrigation
treatment. Lycopene and -carotene content responded in the same way to the PGPR treatment.
PGPR application has been reported to increase, in the same way, the concentration of carotene
components slightly changes the ascorbic acid content under moderate water scarcity
(Ordookhani et al. 2010). However, PGPR altered the lycopene and B-carotene yields negatively,
along with the ascorbic acid yield. Response of the measured carotenoid components to PGPR
treatment was not observable when transpiration was not limited (IR100). The mean values of -
carotene and ascorbic acid were 152.1 and 227.32 g ha-1 with the optimal irrigated treatment,
respectively. On the contrary, more ascorbic acid was produced as a function of bio-fertilizer. The
effect of the water supply was noticeable in many cases. Differences in the content of lycopene,
B-carotene, and ascorbic acid were found between PGPR and its control at every water supply
level. The effect of the PGPR treatment was not influenced by the irrigation when there was no

water scarcity.
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The effect of PGPR on total carotene and lycopene only emerged under irrigated conditions.
However, a positive effect was observed in the case of B-carotene in the rainfed control.
Phylazonit application did not affect ascorbic acid yield at all, but the effect of irrigation was
expressive. The effect of irrigation on total carotene and B-carotene content under the IR100
irrigation regime was non-significant, but it was expressional in the IR50 treatment to total
carotene and the measured carotene components. When additional water supply was not provided,
the yield of total carotene, lycopene, and ascorbic acid was affected by irrigation, but that of -

carotene wasn’t.
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Table 11. Effect of field Phyl++ mnoculation and tree irrigation levels on f-carotens (pg.g!) and Ascorbic acid (pg.g!) content of

processing tomato.

.. J o bl -p - .-_.
Witiicn . L'otal Carotene (kg.ha' Lycopene (kg.ha'!) p- Carotene (g.ha'!)
Treatments
levels
2015 2016 2015 2010 2015 2016
Control 2.0144+0.3 18,7042 -1.4 14882+ 05 15,0142 412 30.88b+ 51 11.0322+14
IRO
Phyl ++ 0.8342+0.1 18.0142 1.5 0.6242+ 0.1 152442412 20482423 12,7840+ 1.1
Coixol 6.0140+£07 19.11%=44 407%+£05 10.75%2x1.6 126.08:=216 12674b=11
[ESD
Phyl ++ 12.00B0 + 1.7  40.30Bc+]1.5 020B0+08  34.11Bb+11 312.8P4+ 702 20.78Bb+ 21
Cortsil 645%b+£14 13474223  455%+£06 10.74%220 152.1Bc=36.0 1020%+14
IR100
Phyl ++ 72150 +£12 2533BbL26 472408  21.508b2123 227304+ 3436 156740 +£34
H_H.._..mq”_.m.NﬂH.._l.n _”m”—uu....—.lnl_l“_ x e ER EEE L=k 3 ¥ER
Ewmm.n__.ﬂ_ﬁ_. ”_...n..m.ou_.m_ ﬁmﬁv HEE HOMOR R R L&} Wk
Wl HOMOR R R L&} W

(Phyl++) * (IR)

Mecors with same letters ave not significepitly different ai (p<0.07%) ax determined by Twkey's HED fest (Adean+50, n=4). Significant of sowree af vaviation (ns=
Hot signgicant, TP 0.03, TP 001, T P 0L.001). Significan of source of variation (ns= ot sigrgficans, TP 0.0, TP G.0I, TV P2 0.001). Capital
laitars reprasant PGPR inocilation effect; wmall lattars rapracam fwvigation levals affect
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5. CONCLUSIONS AND RECOMMENDATIONS

The two-year results in a field-based experiment approved that commercial PGPR - Phylazonit
strains can be used as an integrated application for processing tomato production, alleviated
moderate water stress, and improved both production and fruit quality. The second treatment with
the PGPR- Phylazonit (field-inoculation) at transplant can be a very successful strategy.

The results also approved that Phyllazonit in field inoculation is more effective than pre-transplant
inoculation at sowing but increases the cost. The colonization rate was higher than in control
samples, Phylazonit inoculation improved plant development, yield, carotenoids, and lycopene as
well as stomatal conductance, and water use efficiency especially under deficit irrigation
conditions.

We found that the result on leaf water potential, stomatal conductance, canopy temperature, and
water used efficiency in samples treated with Phylazonit (field -inoculation) did not have the
effect of reducing drought stress when the plants underwent water deficit conditions and did not
have much effect to avoid the effects of drought (the results in water use efficiency, canopy
temperature, SPAD and leaf water potential).

Under deficit irrigation or moderated drought stress, Phylazonit field treatment enhanced the
performances of tomato plants compared to the Control samples. There were significant
differences recorded in stomatal conductance, water use efficiency, canopy temperature, leaf
water potential, Fv/Fm, and SPAD content in the field-inoculation samples. It partially reduced
the water stress during the drought condition happened. These results supported that Phylazonit
symbiosis improves their host plants by increasing the water uptake through the regulation of the
stomatal closure in the plant.

Under deficit irrigation, Phylazonit inoculation at transplant enhanced the crop yields more
efficiently than full irrigation. The results recorded a higher level of carotenoids, lycopene, and
B-Carotene and fruit set in the 2016 growing season on loamy soil opposite the 2015 growing
season.

For 2 years of experiments, the soil characteristics (texture and water holding) had an important
role in the Phylazonit symbiosis effect. The loamy soil, in the 2016 season, had better water
holding and texture accounting for the higher Phylazonit efficient performance on the tomato

plant.
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NEW SCIENTIFIC RESULTS

1. During a 2-years experiment, I found that the time of the treatment has a considerable
impact on the efficiency of PGPR. The result of the plant's physiological responses,
biochemical changes, plant production, and fruit quality, I found that the field inoculation
at transplanting with the commercial inoculum PGPR - Phylazonit is the efficient method
in reducing drought stress in processing tomatoes.

2. Tapproved that the effect of drought stress on industrial tomato plants can be reduced by
the Phylazonit application.

3. I supported that PGPR-Phylazonit inoculation at transplant can enhance the water use
efficiency and total biomass and help host plants to assist the water stress impact,
especially under deficit irrigation.

4. The results from water use efficiency in two years approved that PGPR-Phylazonit
biofertilizer field-inoculation supported their host plant to overcome the drought stress
impacts by raising the water and nutrient uptake mechanism. Less organic and inorganic
osmolytes in plants induced to moderate water deficit stress, supported by the most
important indices of plant water status (leaf water potential, stomatal conductance, and
canopy temperature) are definite field-based proofs that the water and nutrient uptake
meaningfully increased by the PGPR-Phylazonit inoculation. In other words, PGPR-
Phylazonit biofertilizer inoculation protected the plants from the water deficit instead of
stimulating them to tolerate the stress. It was also found that the positive effect of the
PGPR-Phylazonit inoculation on stomatal regulation partially contributed to the mediation
of the water tress by sustaining plant soil water balance.

5. I indicated that PGPR-Phylazonit field-inoculation (Phyl++) could improve the fruit
quality (higher Soluble solid-, Carotenoids-, B-carotene-, and lycopene- contents)
accompanied by a meaningful increase of tomato yield, particularly under deficit irrigation

conditions.
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SUMMARY

Climate change is currently having an impact on biosystems and humans. It reduces agricultural
production and un-secure food production for the exponentially growing population. Rising
temperatures and changing precipitation patterns make plant growth more difficult in many places
and put pressure on the freshwater supply. Extreme weather events lead to desertification, and
land degradation happens in many areas. Human activities include urbanization, increased living
demand, population growth, and a scarcity of agricultural irrigation resources. Within the soil, the
PGPR has been proven to promote plant growth directly or indirectly via the biocontrol of host
plant disease, production of phytohormones, or improvement of plant nutritional status. The
PGPR contents of Pseudomonas putida, Azotobacter chroococcum, Bacillus circulans, and
Bacillus megaterium were found to play an important role in root morphology, plant growth,
nutrient uptake, and drought tolerance.

Our main research goal was to investigate the relationship between commercial PGPR and the
plant under field conditions and acquire the information for further practical usage. The efficiency
of PGPR biofertilizer in the field is strongly influenced by temperature (hot or cold), precipitation,
light, soil texture, and soil rhizosphere. In contrast to greenhouse or pot experiments, we can
control many factors, such as microorganisms, macros - micros nutrition content, and light or
water supply. The beneficial role of the PGPR symbiosis in the sustainable agriculture system and
their economic importance in crop production have been published in many articles; however,
Phylazonit biofertilizer is a new product necessary to optimize the field-inoculation at transplant
to get the benefit from the symbiosis in a most efficient way.

We carried out our experiments in the Experimental Farm of the Institute of Horticulture at Szent
Istvan University, which is located in the Lower Park of G6dollé in 2015 and in 2016 in
Széritopuszta. In this study, we inoculated the Phylazonit with the same magnitude regardless of
inoculation timing, field area, or irrigation levels, resulting in efficient root colonization. Our
results showed that the Phylazonit was more efficiently associated at transplant (Phyl++) than at
pre-transplant inoculation (Phyl+) and control plants.

The results of open field and laboratory provide evidence that bacteria present in Phylazonit could
not help their host plants to avoid or resist the drought stress under severe deficit water conditions
that lasted for more than two weeks. In another way Phylazonit treatment is not the perfect method
and cannot save the plants under severe drought stress conditions, therefore the combination
between irrigation strategy and Phylazonit treatment is the most important key in establishing

Phylazonit symbiotic association.
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Deficit irrigation combined with Phyl++ inoculation increased total biomass by 32% and 19% in
both seasons, resulting in higher WUE (24.3 kg/m3), which was significant (P < 0.05) in 2015
compared to IR100 and control (IR0), which increased total biomass by 12% and 22%,
respectively; remarkably increased the WL in plant leaves by 12 %, and 09 %. It slightly
enhanced the stomatal conductance in all irrigation (IR50 and IR100) treatments in the two years
of experiments compare to the control block (IR0) from 18.7 to 23.9 mmol m-2 s-1 in 2015, and

from 31.5 to 33.6 mmol m-2 s-1 in 2016 and lower canopy temperature in two years growing.

Phylazonit inoculation improved the water uptake in deficit irrigation treatment, it probably led
to better nutrient uptake in plants, which in turn positively affected the fruit setting and the total
yield compared to non-inoculated plants (from 62.7 to 83.05t ha-1 in 2015, and from 119.2 to
160.9 tha-1in 2016). Moreover, the probable enhancement of the mineral uptake in Phyl++ plants
enhanced the fruit quality.

Besides the climate effect, the soil structure also had a great effect on the Phylazonit efficiency.
In two experiment locations, there are two types of soil: loamy and sand loamy, our results showed
higher yield on the loamy field, higher total carotenes (from 106 to 128 ug.g-1), lycopene (from
72 to 233 pg.g-1), and B- carotene (from 2 to 10 pg.g-1) contents compared to old sandy loam
farm calculated as an average across all water levels. The higher microbial activity (1.1-1.25 m.g-
1.hr-1 in the loamy rhizosphere) than (0.62-0.79 m.g-1.hr-1 in the sandy loamy rhizosphere) is
that more soil moisture content resulted in better mycorhizosphere microbial interaction between
plant roots and microbes, which enhanced nutrient absorptions.

The use of Phylazonit -inoculation at transplant multi-species inoculum as an integrative method
in the sustainable field production system was recommended. As the research before, our results
confirmed the key role importance of the irrigation strategy in the Phylazonit - crop symbiosis
efficiency, therefore scheduling and regulating water amount based on soil characteristics and

crop development stage are necessary to reach compromise results.

73



RELATED PUBLICATIONS

. Tuan Anh Le, Zoltan Pék, Sandor Takacs, Andras Neményi, Hussein G. Daood, and Lajos
Helyes. (2018): The Effect of Plant Growth Promoting Rhizobacteria on the Water-yield
Relationship and Carotenoid Production of Processing Tomatoes. HORTSCIENCE
53(6):816—822. https://doi.org/10.21273/HORTSCI13048-18.

. Tuan Anh Le, Zoltan Pék, Sdndor Takécs and Lajos Helyes. (2018): The effect of plant
growth-promoting rhizobacteria on yield, water use efficiency and Brix Degree of
processing tomato. Plant Soil Environ. Vol. 64, 2018, No. 11: 523-529.
https://doi.org/10.17221/818/2017-PSE.

. Lajos Helyes., Le. Anh. Tuan, Jawdat Bakr and Zoltan Pék (2019). The simultaneous
effect of water stress and biofertilizer on physiology and quality of processing tomato.

Acta Hortic. 1233. ISHS 2019. DOI 10.17660/ActaHortic.2019.1233.9.

. Zoltan Pék; Noémi Budavari ; Le Anh Tuan; Hussein Daood; Krisztian Halasz; Gabor

Gyulai; Peter Szuvandzsiev (2017): Amerikai 6rokségfajta (heirloom) paradicsomok talaj
nélkiili termeszthetdségének, morfometriai ¢és beltartalmi értékeinek vizsgalata.

KERTGAZDASAG 49(1) 9-17.

. Le Anh Tuan, Helyes Lajos, Pék Zoltan, (2017). The simultaneous effect of water stress

and biofertilizer on physiology and quality of processing tomato. Asian food conference.
. Le Anh Tuan; Sandor Takacs; Jawdat Bark (2016). Vizellatas és mikrobiologiai oltas

egyiittes hatdsa a paradicsom mennyiségiés mindségi paramétereire. KERTGAZDASAG
48(4) 32-39.

74



ACKNOWLEDGEMENTS

First, I would like to gratefully acknowledge my supervisor Professor Lajos Helyes for his
scientific guidance, consistent support, motivation, and collaboration.

I would like to thank Dr. Andras Nemenyi and Dr. Zoltan Pék for the stimulating discussions and
for providing much equipment for the measurements, Professor Eszter Nemeskéri and Dr. Attila
Ombddi for the valuable reviews.

Special thanks to Professor Hussein G.Daood for his assistance in the HPLC analyses, and
laboratory methodology.

Sincerely regards to my colleagues of the Department of Horticulture, all friends, and Ph.D.
students for their patience and support during my work in the field and laboratory.

I acknowledge the permission from the Ministry of Education and Training, the Stipendium
Hungaricum fund by Tempus Foundation, and the Vietnam Institute of Agriculture Engineering
and Postharvest Technology.

Finally, I would like to express my special appreciation and thanks to my family for being a
constant source of strength and inspiration.

75



REFERENCES

Adam G and Harry D. (2001). “Development of a Sensitive and Rapid Method for the
Measurement of Total Microbial Activity Using Uorescein Diacetate ( FDA ) in a Range
of Soils” 33.

Adesemoye, A. O., Torbert. H.A, and Kloepper. J.W. (2009). Plant Growth-Promoting
Rhizobacteria Allow Reduced Application Rates of Chemical Fertilizers.” Microbial
Ecology 58 (4): 921-29. doi:10.1007/500248-009-9531-y.

Adesemoye, A.O., Torbert H.A., and J.W. Kloepper. (2008). “Enhanced Plant Nutrient Use
Efficiency with PGPR and AMF in an Integrated Nutrient Management System.” Canadian
Journal of Microbiology 54 (10): 876—86. doi:10.1139/W08-081.

Adriano. F, Mutumba. E, Zagal. M, and Gerding. D. (2018). “Plant Growth Promoting
Rhizobacteria for Improved Water Stress Tolerance in Wheat Genotypes” 18 (4): 1080-96.

Ahemad, Munees, and Mulugeta Kibret. (2014). “Mechanisms and Applications of Plant Growth
Promoting Rhizobacteria: Current Perspective.” Journal of King Saud University - Science

26 (1). 1-20. doi:10.1016/j.jksus.2013.05.001.

Ahmed, Bilal, Asad Syed, Asfa Rizvi, Mohammad Shahid, Ali H Bahkali, Mohammad Saghir
Khan, and Javed Musarrat. (2020). “Impact of Metal-Oxide Nanoparticles on Growth,
Physiology and Yield of Tomato (Solanum Lycopersicum L.) Modulated by Azotobacter
Salinestris  Strain ASM.”  Environmental Pollution. Elsevier Ltd, 116218.
doi:10.1016/j.envpol.2020.116218.

Asghari, Behvar, Raheleh Khademian, and Behnam Sedaghati. (2020). “Scientia Horticulturae
Plant Growth Promoting Rhizobacteria ( PGPR ) Confer Drought Resistance and Stimulate
Biosynthesis of Secondary Metabolites in Pennyroyal ( Mentha Pulegium L .) under Water
Shortage Condition.” Scientia Horticulturae 263. 109132.
doi:10.1016/j.scienta.2019.109132.

Atherton JG, Rudich J. (1986):The Tomato Crop: A scientific basis for improvement (World
Crops) 1986th Edition.

Baker, Neil R., and Eva Rosenqvist. (2004). “Applications of Chlorophyll Fluorescence Can

Improve Crop Production Strategies: An Examination of Future Possibilities.” Journal of

76



Experimental Botany 55 (403): 1607-21. doi:10.1093/jxb/erh196.

Bakr, J., H. G. Daood, Z. P¢k, L. Helyes, and K. Posta. (2017). “Yield and Quality of Mycorrhized
Processing Tomato under Water Scarcity.” Applied Ecology and Environmental Research

15 (1): 401-13. doi:10.15666/aeer/1501 401413.

Bakr, Jawdat Ahmed. (2018). “Arbuscular Mycorrhizae Fungi Role in Tomato (L. Esculentum
Mill) Production under Water Scarcity Conditions.” Ph.D thesis 2018, Szent Istvant
Univeristy, G6doll6, Hungary.

Bakr, J, H G Daood, L. Helyes, and K. Posta. (2017). “Water Deficit Irrigation Strategy and

Arbuscular Mycorrhizae Application in Field Crop Production” 4 (1): 265-70.
doi:10.18380/SZIE.COLUM.2017.4.1.suppl.

Bardi Laura and Malusa Eligio. (2012). Drought and Nutritional Stress in Plant: Alleviating Role
of Rhizospheric Microorganisms. In: Abiotic Stress: New Research. Nova Science

Publishers: 1-57.

Baset-Mia, M.A and Shamsuddin Z.H. (2010). Rhizobium as a crop enhancer and biofertilizer for
increased cereal production. In African Journal of Biotechnology Vol. 9(37): 6001-6009

Bashan, Y. M., Esther P., Rodriguez-mendoza N.M., Gerardo T., Holguin G., Ferrera-cerrato R,
and Sergio P. (1995). Survival of Azospirillum Brasilense in the Bulk Soil and Rhizosphere
of 23 Soil Types. 61 (5): 1938-45.

Bates L., Waldren R.P., Teare [.D. (1973): Rapid determination of free proline for water-stress
studies. Plant and Soil. 39: 205-207. DOI:10.1007/BF00018060

Berg, G. 2009. “Plant — Microbe Interactions Promoting Plant Growth and Health : Perspectives
for Controlled Use of Microorganisms in Agriculture.” Appli Microbiol Biotechnol 84: 11—
18. doi:10.1007/s00253-009-2092-7.

Bhardwaj R, Ohri P, Kaur R, Rattan A, Kapoor D, Bali S, Kaur P and Singh R. (2014). Gene
Silencing: A Novel Cellular Defense Mechanism Improving Plant Productivity under

Environmental Stresses. In Emerging Technologies and Management of Crop Stress

Tolerance. Vol.1.2014. 209-228. https://doi.org/10.1016/B978-0-12-800876-8.00010-2

Bhattacharyya, PN and Jha D.(2012). Plant Growth-Promoting Rhizobacteria ( PGPR ):
Emergence in Agriculture, In World Journal of Microbiology and Biotechnology. 28, 1327—
1350. doi:10.1007/s11274-011-0979-9.

77



Bishnoi, Usha. 2015. PGPR Interaction : An Ecofriendly Approach Promoting the Sustainable
Agriculture System. In Advances in Botanical Research. 2015. Vol. 75. 81-113.

doi:10.1016/bs.abr.2015.09.006.

Bécs A, Pék Z, Helyes L, Neményi A, Komjathy L. (2009): Effect of water supply on canopy
temperature and yield of processing tomato. In Cereal Research Communications. 37: 113-

116.

Boriss, Hayley. (2005). Commodity Profile : Processing Tomatoes. In Agricultural Marketing

Resource Center. University of California. 1-8.
http://aic.ucdavis.edu/profiles/Processing Tomatoes-2005.pdf.

Calcagno, A M, M Rivas, and M Castrillo. 2011. “Structural , Physiological and Metabolic
Integrated Responses of Two Tomato ( Solanum Lycopersicum L .) Cultivars during Leaf

Rehydration” 5 (6): 695-701.

Candido, Vincenzo, Gabriele Campanelli, Trifone D’ Addabbo, Donato Castronuovo, Michele
Perniola, and Ippolito Camele. 2015. “Growth and Yield Promoting Effect of Artificial
Mycorrhization on Field Tomato at Different Irrigation Regimes.” Scientia Horticulturae

187. : 35-43. do0i:10.1016/j.scienta.2015.02.033.

Canene-Adams, Kirstie, Jessica K Campbell, Susan Zaripheh, Elizabeth H Jeffery, and John W
Erdman. 2005. “Symposium : Relative Bioactivity of Functional Foods and Related Dietary
Supplements The Tomato As a Functional Food.” The Journal of Nutrition, 10: 1226—-1230.

Chaintreuil C, Giraud E, Prin Y, Lorquin J, Ba A, Gillis M, de Lajudie P, Drefus B (2000).
Photosynthetic Bradyrhizobia are natural endophytes of the African wild rice Oryza
breviligulata. Appl. Environ. Microbiol. 66:5437-5447.

Chaves, Manuela M, Jodao P Maroco, and Jodo S Pereira. 2003. Understanding Plant Responses
to Drought — from Genes to the Whole Plant. In Functional Plant Biology. 30(3): 239-264.
doi: 10.1071/FP02076.

Claussen, W. 2005. “Proline as a measure of Stress in Tomato plants.” Plant Science 168: 241—

48. doi:10.1016/j.plantsci.2004.07.039.

Compant S, Van der Heijden M G A, Sessitsch A (2010). Climate change effects on beneficial
plant-microorganism interaction. Microbiol Ecol. 73(2):197-214. doi: 10.1111/5.1574-
6941.2010.00900.x.

78



Cortivo, Cristian Dal, Giuseppe Barion, Manuel Ferrari, Giovanna Visioli, Lucia Dramis, Anna
Panozzo, and Teofilo Vamerali. 2018. “Effects of Field Inoculation with VAM and Bacteria
Consortia on Root Growth and Nutrients Uptake in Common Wheat.” Sustainability 10
(3286): 2-21. doi:10.3390/su10093286.

Costa, J.M; Heuvelink, E. 2005. Introduction: The Tomato Crop and Industry. Edited by Ep
Heuvelink. Tomatoes. CABI Publishing.

Dai, Aiguo. 2011. “Drought under Global Warming: A Review.” Wiley Interdisciplinary Reviews:
Climate Change 2 (1): 45—65. doi:10.1002/wcc.81.

Dakora, Felix D, and Donald A Phillips. 2002. “Root Exudates as Mediators of Mineral
Acquisition in Low-Nutrient Environments.” Plant and Soil 245: 35-47.

Daood HG, Bencze G, Palotas G, Pék Z, Sidikov A, Helyes L. (2013): HPLC Analysis of
carotenoids from tomatoes using cross-linked C18 column and MS detection. Journal of

Chromatographic Science. 52:985-991. DOI:10.1093/chromsci/bmt139

Deédk, Konrdd, Tamas Szigedi, Zoltan P&k, Piotr Baranowski, and Lajos Helyes. 2015.
“Carotenoid Determination in Tomato Juice Using near Infrared Spectroscopy.”

International Agrophysics 29 (3): 275-82. doi:10.1515/intag-2015-0032.

Delazari, Fabio Teixeira, Mariane Gongalves, Ferreira Copati, Flavia Maria Alves, Ronaldo Silva
Gomes, Bruno Soares Laurindo, Renata D F Laurindo, Herminia Emilia, Prieto Martinez,
and Derly José. 2019. “Productiveness Response and Quality of Fruits of Tomato Under
Different Levels of Fertilizers and Irrigation” 11 (9): 62—72. d0i:10.5539/jas.v1 1n9p62.

Delfine, S, A Alvino, F Loreto, M Centritto, and G Santarelli. 2000. “Effects of Water Stress on
the Yield and Photosynthesis of Field-Grown Sweet Pepper (. Acta Horticulturae 537: 223—
29.

Dorais, M. 2007. “Organic Production of Vegetables: State of the Art and Challenges.” Canadian
Journal of Plant Science 87 (5): 1055—66. doi:10.4141/CJPS07160.

Dossier. 2014. “Italy : The Main Global Exporter of Tomato Products,” In Tomato news. 1-20.

www.worldtomatocongress.com.

Engindeniz, S. 2007. “Economic Analysis of Processing Tomato Growing: The Case Study of
Torbali, West Turkey.” Spanish Journal of Agricultural Research 5 (1): 7—15. doi:ISSN:
1695-971X.

79



European Commission Report. 2017. “EU Agricultural Outlook,” no. 12: 1-74.

Eurpean Commission. 2017. Key Figures on Europe 2017 Edition. Europe. European union.

do1:0628.

FAO. 2015. FAO Statistical Pocketbook 2015. Food and Agriculture Organization of the United
Nations. doi:978-92-5-108802-9.

Fatemeh, Ahmadloo, Tabari Masoud, Azadi Pejman, and Hamidi Aidin. 2014. “Scientia
Horticulturae Effect of Plant Growth Promoting Rhizobacteria ( PGPRs ) and Stratification
on Germination Traits of Crataegus Pseudoheterophylla Pojark . Seeds.” Scientia

Horticulturae 172. Elsevier B.V.: 61-67. doi:10.1016/j.scienta.2014.03.049.

Fernandez-Ruiz, Virginia, Ana I. Olives, Montafia Camara, Maria De Cortes Sanchez-Mata, and
M. Esperanza Torija. 2011. “Mineral and Trace Elements Content in 30 Accessions of
Tomato Fruits (Solanum Lycopersicum L.,) and Wild Relatives (Solanum Pimpinellifolium
L., Solanum Cheesmaniae L. Riley, and Solanum Habrochaites S. Knapp & D.M. Spooner).”
Biological Trace Element Research 141 (1-3): 329-39. d0i:10.1007/s12011-010-8738-6.

Ferreira, M I, and N Katerji. 1992. “International Association for Ecology Is Stomatal
Conductance in a Tomato Crop Controlled by Soil or Atmosphere ? Oecologia Is Stomatal

Conductance in a Tomato Crop Controlled by Soil or Atmosphere ?”” 92 (1): 104-7.

Foolad, M. R., and G. Y. Lin. 1997. “Genetic Potential for Salt Tolerance during Germination in

Lycopersicon Species.” HortScience 32(2), 296-
300. https://doi.org/10.21273/hortsci.32.2.296

Gajdos E, Veres Sz., Bakonyi N., Toth, E. Bodi B., Marozsan M., Lévai L.. 2009. “Effects of
Bacteria Containing Biofertilizer on Cd-Tolerance of Some Crop Plants.” In More
Sustainability in Agriculture: New Fertilizers and Fertilization Management., edited by P.
Sequi; D.Ferri; E. Rea; F.Montemurro; A.V Vonella; F. Fornaro., 16-22. CIEC (Italian

Scientific Centre of Fertilisers).

Gagnb, Serge, Leila D, France C M D le quere, Jean - luc, Rechard L and Nicole F. 1993.
“Increase of greenhouse tomato fruit yields by plant growth - promoting Rhizobacterial (

PGPR ) inoculated into the peat - based growing media ” 25 (2): 269-72.

Gao, Miao, Jian-jiao Zhou, En-tao Wang, Qian Chen, Jing Xu, and Jian-guang Sun. 2015.
“Multiphasic Characterization of a Plant Growth Promoting Bacterial Strain , Burkholderia

Sp . 7016 and Its Effect on Tomato Growth in the.” Journal of Integrative Agriculture 14

80



(9). Chinese Academy of Agricultural Sciences: 1855-63. doi:10.1016/S2095-
3119(14)60932-1.

Garofalo P, Ranaldi M (2015). Impact of Climate Change and Adaptation Strategies on Irrigation
and Tomato Productivity: A Long-Term Case Study in Mediterranean Environment. Acta

Hort. 1081 (8). 89-91. https://doi.org/10.17660/ActaHortic.2015.1081.8

Gary, C; Tchamitchian, M. 2002. Modelling Fruit and Vegetable Production: The Case of
Tomatoes in Fruit and Vegeatable Processing Improving Quality. Edited by Wim Jongen.
CRC Press.

Ge, C., H. Radnezhad, M. F. Abari, M. Sadeghi, and G. Kashi. 2016. “Effect of Biofertilizers and
Plant Growth Promoting Bacteria on the Growth Characteristics of the Herb Asparagus
Officinalis.” Applied Ecology and Environmental Research 14 (3): 547-58.
doi:10.15666/acer/1403 547558.

Gholami A, Shahsavani S, and Nezarat S. (2008) The Effect of Plant Growth Promoting

Rhizobacteria (PGPR) on germination, seedling growth and yield of Maize. Pakistan Journal

0 Biological Science 2008. P1-7. ISSN 1028-8880

Giannakoula A, Ilias I. (2013). The effect of water stress and salinity on growth and physiology
of tomato (Lycopersicon esculentum Mil.). Archives of Biological Sciences, 611-620, 65(2).

Giovannetti M, Mosse B. (1980): Evaluation of the techniques for measuring vesicular arbuscular
mycorrhizal infections in roots. New Phytologist. 84: 489-500. DOI:10.1111/j.1469-
8137.1980.tb04556.x

Giovannucci E, Eric B. Rimm, Yan Liu, Meir J. Stampfer, Walter C. Willett. 2002. “A Prospective
Study of Tomato Products, Lycopene, and Prostate Cancer Risk.” CancerSpectrum

Knowledge Environment 94 (5): 391-98. doi:10.1093/jnci/94.5.391.

Gimenez, C, M Gallardo, and R B Thompson. 2005. “Plant - Water relations". In: Encyclopedia
of Soils in the Environment, (Editor in chief D. Hillel). Elsevier Ltd. Oxford, UK, Vol. 3, pp.
231-238.

Gonzalez L. (2001): Determination of water potential in leaves. In : Handbook of Plant

Ecophysiology Techniques, Ed. by Reigosa Roger MJ. Springer, pp. 193-205.

Glick, Bernard R, Biljana Todorovic, Jennifer Czarny, Zhenyu Cheng, Jin Duan, Bernard R Glick,
Biljana Todorovic, et al. 2007. “Promotion of Plant Growth by Bacterial ACC Deaminase.”
Critical ~ Reviews in Plant  Sciences 26 (April 2013): 227-42.

81



doi:10.1080/07352680701572966.

Green, V S, D E Stott, and M Diack. 2006. “Assay for Fluorescein Diacetate Hydrolytic Activity :
Optimization for Soil Samples” 38: 693—701. doi:10.1016/].5011b10.2005.06.020.

Gulcin, IThami. 2012. “Antioxidant Activity of Food Constituents: An Overview.” Archives of
Toxicology 86 (3): 345-91. doi:10.1007/s00204-011-0774-2.

Hare, P D, W A Cress, and J Van Staden. 1999. “Proline Synthesis and Degradation : A Model
System for Elucidating Stress-Related Signal Transduction.” Journal of Experimental

Botany 50 (333): 413-34.

Hayat, Rifat, Safdar Ali, Ummay Amara, Rabia Khalid, and Iftikhar Ahmed. 2010. “Soil
Beneficial Bacteria and Their Role in Plant Growth Promotion: A Review.” Annals of

Microbiology 60 (4): 579-98. doi:10.1007/s13213-010-0117-1.

Helyes, L;, Z; Pek, H. G; Daood, and K. Posta. 2015. “Effect of Mycorrhizae on Main Antioxidant
Content of Processing Tomato.” Acta Horticulturae 1081 (June 2016): 105-10.
doi:10.17660/ActaHortic.2015.1081.10.

Helyes, Lajos, Andrea Lugasi, Hussein G. Daood, and Zoltan Pék. 2014a. “The Simultaneous
Effect of Water Supply and Genotype on Yield Quantity, Antioxidants Content and
Composition of Processing Tomatoes.” Notulae Botanicae Horti Agrobotanici Cluj-Napoca

42 (1): 143-49. do1:10.15835/nbha4219396.

Helyes, Lajos, Andrea Lugasi, and Zoltan Pek. 2012. “Effect of Irrigation on Processing Tomato
Yield and Antioxidant Components.” Turkish Journal of Agriculture and Forestry 36 (6):
702-9. doi:10.3906/tar-1107-9.

Jangid, Krishna Kumar and, and Padmanabh Dwivedi. 2016. “Physiological Responses of
Drought Stress in Tomato : A Review” 9 (February): 5958.

Johnstone, P. R., T. K. Hartz, M. LeStrange, J. J. Nunez, and E. M. Miyao. 2005. “Managing Fruit
Soluble Solids with Late-Season Deficit Irrigation in Drip-Irrigated Processing Tomato

Production.” HortScience 40 (6): 1857-61.

Karthika, S, Sebastian Jose Midhun, and M S Jisha. 2020. “Microbial Pathogenesis A Potential
Antifungal and Growth-Promoting Bacterium Bacillus Sp . KTMA4 from Tomato
Rhizosphere.” Microbial Pthogenesis 142 : 104049. doi:10.1016/j.micpath.2020.104049.

Kaymak. H. C. 2010. Potential of PGPR in Agricultural Innovations. in Plant Growth and health

82



promoting bacteria. Vol.18: 45-79. ISBN: 978-3-642-13612-2

Kloepper, J.W.; Schroth, M.N. 1981. “Relationship of Invitro Antibiosis of Plant Growth-
Promoting Rhizobacteria to Plant Growth and the Displacement of Root Microflora.”

Ecology and Epidemiology, 1020-24. DOI:10.1094/PHYTO-71-1020.

Kovacs, A. B. (2010). “Effects of Ammonium Nitrate , Wheat Straw and Phylazonit MC Bacterial
Fertilizer on the N Supply of Soil.” Agrokémia Es Talajtan 59: 185-94.
doi:10.1556/Agrokem.59.2010.1.22.

Kramer, P. J. (1951). Causes of Injury To Plants Resulting From Flooding of the Soil. Plant
Physiology 26 (4): 722-36. doi:10.1104/pp.26.4.722.

Kuscu, H., Ahmet T., Nese O., Pinar A., and Ali. O. D. 2014. Optimizing Levels of Water and
Nitrogen Applied through Drip Irrigation for Yield, Quality, and Water Productivity of
Processing Tomato (Lycopersicon Esculentum Mill.). Horticulture Environment and

Biotechnology 55 (2): 103—-14. do1:10.1007/s13580-014-0180-9.

Lawrence. J. R., Pascal. J. D., Darren. R K., and Douglas E. C. 1987. “Behavior of Pseudomonas
Fluorescens Within the Hydrodynamic Boundary Layers of Surface Microenvironments.”

Microb Ecol 14: 1-14.

Lei, S., Q. Yunzhou, J. Fengchao, S. Changhai, Y. Chao, L. Yuxin, L. Mengyu, and D. Baodi.
2009. “Physiological Mechanism Contributing to Efficient Use of Water in Field Tomato
under Different Irrigation.” Plant, Soil and Environment 55 (3): 128-33.

Ly-N., Binh. D.D.L.N, Dung T.P.N, Lien. D.T. P. L., Nhat M. N., and Diem C.P.D. 2014.
“Overview and Situation of Vegetable Production in Vietnam - Case Study of Sweet Potato,

tomato; Purple Onion.”

http://www.standardsfacility.org/sites/default/files/STDF PG 326 ValueChainAnalysisVi
etNam_Feb-14.pdf.

Mafakheri, A., A. Siosemardeh, B. Bahramnejad, P. C. Struik, and E. Sohrabi. 2010. “Effect of
Drought Stress on Yield, Proline and Chlorophyll Contents in Three Chickpea Cultivars.”
Australian Journal of Crop Science 4 (8): 580-85.

Magurno F, Sasvari Z, Posta K. (2015): Assessment of native arbuscular mycorrhizal fungi
assemblages under different regimes of crop rotation. Applied Ecology and Environmental

Research. 13: 1215-1229. DOI: 10.15666/aeer/1304 1215229

83



Malusa, Eligio, and Jolanta Ciesielska. 2015. “Biofertilizers: A Resource for Sustainable Plant

Nutrition.” Fertilizer Technology 1: 282-320.

Maria, Vitéria, Marina Costa Garcia, Marcio Caliari, Manoel Soares, Soares Junior, Darlene Ana,
De Paula Vieria, and Clarissa Damiani. 2017. “Morphological , Mechanical and Chemical
Aspects of Processing Tomatoes Produced in Brazilian Savanna.” Food Science and

Technology 39 (1), 1-6.

Makadi M, Tomocsik, A, Orosz, V., Lengvel, J., Biro, B., Marton A., (2007). “Effect of Digestate
and Phylazonit MC on the Yield of Silage Maize and the Biological Activity of the Soil.”
Agrokémia Es Talajtan 56: 367-78. doi:10.1556/Agrokem.56.2007.2.12.

Marti, Raul, Salvador Roselld, and Jaime Cebolla-cornejo. 2016. “Tomato as a Source of

Carotenoids and Polyphenols Targeted to Cancer Prevention.” Cancers, 1-28.

do1:10.3390/cancers8060058.

Martinez F, Palencia P, Weiland CM, Alonso D, Oliveira JA. (2015): Influence of nitrification
inhibitor DMPP on yield, fruit quality and SPAD values of strawberry plants. Scientia
Horticulturae. 185: 233-239. DOI: 10.1016/j.scienta.2015.02.004

Mena-Violante, Hortencia Gabriela, and Victor Olalde-Portugal. 2007. “Alteration of Tomato
Fruit Quality by Root Inoculation with Plant Growth-Promoting Rhizobacteria (PGPR):
Bacillus  Subtilis  BEB-13bs.”  Scientia = Horticulturae 113 (1):  103-6.
doi:10.1016/j.scienta.2007.01.031.

Monica, M, S. R Beatriz, A Ricardo, J.A Maria, D Stephane, C.D Ian, M.A Cristina, A Alfonso,
and R.L Juan Manuel. 2016. “Exploring the Use of Recombinant Inbred Lines in
Combination with Beneficial Microbial Inoculants (AM Fungus and PGPR) to Improve

Drought Stress Tolerance in Tomato.” Environmental and Experimental Botany 16: 1-9.
doi:10.1016/j.envexpbot.2016.06.015.

Nadeem, Sajid Mahmood, Maqgshoof Ahmad, Zahir Ahmad Zahir, Arshad Javaid, and
Muhammad Ashraf. 2014. “The Role of Mycorrhizae and Plant Growth Promoting
Rhizobacteria (PGPR) in Improving Crop Productivity under Stressful Environments.”
Biotechnology Advances 32 (2). Elsevier Inc.: 429-48.
doi:10.1016/j.biotechadv.2013.12.005.

Nangare, D. D., Yogeshwar Singh, P. Suresh Kumar, and P. S. Minhas. 2016. “Growth, Fruit
Yield and Quality of Tomato (Lycopersicon Esculentum Mill.) as Affected by Deficit

84



Irrigation Regulated on Phenological Basis.” Agricultural Water Management 171. Elsevier

B.V.: 73-79. do1:10.1016/j.agwat.2016.03.016.

Nemeskéri. E., and Helyes. L.,(2019). Physiological Responses of Selected Vegetable Crop
Species to  Water  Stress. Agronomy  Journal 9  (447). 1-19.
https://doi.org/10.3390/agronomy9080447

Nemeskéri E., Kitti .Z. H., Bulgan. A., Riadh. 1., Sandor. T., Andras. N., Pék. Z, and Helyes. L
(2022). Impact of Plant Growth-Promoting Rhizobacteria Inoculation on the Physiological
Response and Productivity Traits of Field-Grown Tomatoes in Hungary. Horticulturae 8,

641. 1-15. https://doi.org/10.3390/horticulturae8070641.

Neta-Sharir I, Isaacson T, Lurie S, Weiss D. 2005. Dual role for tomato heat shock protein 21:
protecting photosystem II from oxidative stress and promoting color changes during fruit

maturation. Plant Cell. Jun;17(6):1829-38. doi: 10.1105/tpc.105.031914.

Neto. A.A., Silva. E.C da. 2015. Physiology And Biochemistry of Salt Stress Tolerance in Plants.

In Abiotic stresses in crop plants. 81-101.
https://doi.org/10.1079/9781780643731.008

Ochoa-velasco, Carlos Enrique, Rogelio Valadez-blanco, Raul Salas-coronado, Fidencio
Sustaita-rivera, Beatriz Herndndez-carlos, Susana Garcia-ortega, and Norma Francenia
Santos-sanchez. 2016. “Scientia Horticulturae Effect of Nitrogen Fertilization and Bacillus
Licheniformis Biofertilizer Addition on the Antioxidants Compounds and Antioxidant
Activity of Greenhouse Cultivated Tomato Fruits ( Solanum Lycopersicum L . Var . Sheva

).” Scientia Horticulturae 201: 338—45. Doi:10.1016/j.scienta.2016.02.015.

OECD. 2017. “Tomato ( Solanum Lycopersicum ).” Safety Assessment of Transgenic Organisms
in the Environment 7 (September 2016): 69-105.
doi:http://dx.doi.org/10.1787/9789264279728-6-en.

Ordookhani, K, K Khavazi, a Moezzi, and F Rejali. 2010. “Influence of PGPR and AMF on
Antioxidant Activity, Iycopene and Potassium Contents in Tomato.” African Journal of

Agricultural Research 5 (10): 1108-16. doi:10.5897/AJAR(09.183.

Osakabe, Yuriko, Keishi Osakabe, Kazuo Shinozaki, and Lam-Son P. Tran. 2014. “Response of
Plants to Water Stress.” Frontiers in Plant Science 5 (March): 1-8.
doi:10.3389/1pls.2014.00086.

Ozbahce, Aynur, and Ali Fuat Tari. 2010. “Effects of Different Emitter Space and Water Stress

85



on Yield and Quality of Processing Tomato under Semi-Arid Climate Conditions.”
Agricultural Water ~ Management — 97 9). Elsevier = B.V.: 1405-10.
doi:10.1016/j.agwat.2010.04.008.

Patan¢, Cristina, and Salvatore L. Cosentino. 2010. “Effects of Soil Water Deficit on Yield and
Quality of Processing Tomato under a Mediterranean Climate.” Agricultural Water

Management 97 (1). 131-38. doi:10.1016/j.agwat.2009.08.021.

Patan¢ C, La Rosa S, Pellegrino A, Sortino O, Saita A. (2014): Water productivity and yield
response factor in two cultivars of Processing tomato as affected by deficit irrigation under

semi-arid climate conditions. Acta horticulturae. 1038: 454-459.
DOI:10.17660/ActaHortic.2014.1038.55

Pék, Z., P. Szuvandzsiev, A. Neményi, and L. Helyes. 2015. “Effect of Season and Irrigation on
Yield Parameters and Soluble Solids Content of Processing Cherry Tomato.” Acta
Horticulturae 1081 (4): 197-202. doi:10.2478/s11535-013-0279-5.

Pék Z, Szuvandzsiev P, Daood GH, Neményi A, Helyes L. (2014): Effect of irrigation on yield
parameters and antioxidant profiles of processing cherry tomato. Open Life Science. 9(4).

383-395. DOI: 10.2478/s11535-013-0279-5

Pék, Zoltan, Hussein Gehad Daood, Andras Neményi, Lajos Helyes, and Péter Szuvandzsiev.
2017. “Seasonal and Irrigation Effect on Yield Parameters and Soluble Solids Content of
Processing Cherry Tomato.” Acta Horticulturae 1159: 45-49. doi:10.2478/s11535-013-
0279-5.

Pefia-Gallardo M, Vicente-Serrano S M, Dominguez-Castro F, and Begueria S (2019). The
impact of drought on the productivity of two rainfed crops in Spain. Nat. Hazards Earth Syst.
Sci., 19, 1215-1234. https://doi.org/10.5194/nhess-19-1215-2019.

Phillips, J, M, and D.S. Hayman. 1970. “Transactions British Mycological Society” 55 (1962):
158-61.

“Phylazonit Introduction.” 2017. Accessed May 29. http://www.phylazonit.hu.

Puangbut, Darunee, Sanun Jogloy, and Nimitr Vorasoot. 2017. “Association of Photosynthetic
Traits with Water Use Efficiency and SPAD Chlorophyll Meter Reading of Jerusalem
Artichoke under Drought Conditions.” Agricultural Water Management 188: 29-35.
doi:10.1016/j.agwat.2017.04.001.

86



Reddy, R, A, K Chaitanya, V, and M Vivekanandan. 2004. “Drought-Induced Responses of
Photosynthesis and Antioxidant Metabolism in Higher Plants.” Plant Physiology 161: 1189—
1202. doi:10.1016/j.jplph.2004.01.013.

Rinaldi, M., P. Garofalo, and A.V. Vonella. 2015. “Productivity and Water Use Efficiency in
Processing Tomato Under Deficit Irrigation in Southern Italy.” Acta Horticulturae, no. 1081:

97-104. doi:10.17660/ActaHortic.2015.1081.9.

Rinaldi, Michele, Pasquale Garofalo, Piero Rubino, and Pasquale Steduto. 2011. “Processing
Tomatoes under Different Irrigation Regimes in Southern Italy: Agronomic and Economic

Assessments in a Simulation Case Study.” ltalian Journal of Agrometeorology, no. 3: 39.

Ruzzi, Maurizio, and Ricardo Aroca. 2015. “Plant Growth-Promoting Rhizobacteria Act as

Biostimulants in Horticulture.” Scientia Horticulturae 196: 124-34.

Sabin, Fatima, Anjum Tehmina, Hussain Riaz, and Ali Basharat. 2017. “PGPR Mediated Bio-
Fortification of Tomato Fruit Metabolites with Nutritional and Pharmacological

Importance.” Pakistan Journal of Biotechnologytechnology 14 (1): 17-21.

Sandhya, V, Z.K Ali, M Grover, G Reddy, and B Venkateswarlu. 2010. “Effect of Plant Growth
Promoting Pseudomonas Spp . on Compatible Solutes , Antioxidant Status and Plant Growth
of Maize under Drought Stress.” Plant Growth Regul 62: 21-30. doi:10.1007/s10725-010-
9479-4.

Santisopasri, Vilai, Kanjana Kurotjanawong, Sunee Chotineeranat, Kuakoon Piyachomkwan,
Klanarong Sriroth, and Christopher G. Oates. 2001. “Impact of Water Stress on Yield and
Quality of Cassava Starch.” Industrial Crops and Products 13 (2): 115-29.
doi:10.1016/S0926-6690(00)00058-3.

Schober, Gyula Marton, Zoltan Pék, and Lajos Helyes. 2007. “Drip Irrigation Used in Processing
Tomato ( Lycopersicon Lycopersicum (L.) Karsten) in Field Culture.” Cereal Research

Communications 35 (2): 1045-48. doi:10.1556/CRC.35.2007.2.220.

Selim, Tarek, Ronny Berndtsson, Magnus Persson, Mohamed Somaida, Mohamed EIl-Kiki,
Yasser Hamed, Ahmed Mirdan, and Qingyun Zhou. 2012. “Influence of Geometric Design
of Alternate Partial Root-Zone Subsurface Drip Irrigation (APRSDI) with Brackish Water
on Soil Moisture and Salinity Distribution.” Agricultural Water Management 103: 182-90.
doi:10.1016/j.agwat.2011.11.013.

Shinohara, Y, K Akiba, T Maruo, and T Ito. 1995. EFFECT OF WATER STRESS ON THE

87



FRUIT YIELD, QUALITY AND PHYSIOLOGICAL CONDITION OF TOMATO
PLANTS USING THE GRAVEL CULTURE. Acta Horticulturae 396: 211-18.

Silva, D. J. H. da; Abreu, F. B.; Caliman, F. R. B.; Antonio, A. C.; Patel, V. B.. 2008.
Tomatoes and tomato products: nutritional, medicinal and therapeutic properties. In

Tomatoes: Origin, Cultivation Techniques and Germplasm Resources. p3-25.
doi:10.1201/9781439843390.

Singh, Jay Shankar, Vimal Chandra Pandey, and D. P. Singh. 2011. “Efficient Soil
Microorganisms: A New Dimension for Sustainable Agriculture and Environmental

Development.” Agriculture, Ecosystems and Environment 140 (3—4). Elsevier B.V.: 339-53.
doi:10.1016/j.agee.2011.01.017.

Singh, Jogendra, E. V. Divakar Sastry, and Vijayata Singh. 2012. “Effect of Salinity on Tomato

2

(Lycopersicon Esculentum Mill.) during Seed Germination Stage.” Physiology and

Molecular Biology of Plants 18 (1): 45-50. doi:10.1007/s12298-011-0097-z.

Smith S.E, Read D.J. (2008): Mycorrhizal symbiosis, 3rd edition. Academic Press, London.117-
144. DOI:10.016/b978-012370526-6.50006-4.

Somers, E, and J Vanderleyden. 2004. “Rhizosphere Bacterial Signalling: A Love Parade
Beneath Our Feet.” Critical ~ Reviews in Microbiology 30: 205-40.
doi:10.1080/10408410490468786.

Steduto, Pasquale, Theodore C. Hsiao, Elias Fereres, and Dirk Raes. 2012. Crop Yield Response

to Water. Fao Irrigation and Drainage Paper Issn. www.fao.org.

Thankappan, S, S Uthandi, and A Hashem. 2019. “Enhancement of Disease Resistance , Growth
Potential , and Photosynthesis in Tomato ( Solanum Lycopersicum ) by Inoculation with an

Endophytic Actinobacterium , Streptomyces Thermocarboxydus Strain BPSAC147,” 1-20.

Thapa, G, M Dey, L Sahoo, and S K Panda. 2011. “An Insight into the Drought Stress Induced
Alterations in Plants.” Biologia Plantarum 55 (4). Biologia plantarum: 603.
https://bp.ueb.cas.cz/artkey/bpl-201104-0001 An-insight-into-the-drought-stress-induced-

alterations-in-plants.php.

Tomes ML. (1963) Temperature inhibition of carotene biosynthesis in tomato. Botanical

Gazette. 124: 180-185. DOI:10.1086/336189

Tripti, Adarsh Kumar, Zeba Usmani, and Vipin Kumar. 2017. “Biochar and FI Yash Inoculated

88



with Plant Growth Promoting Rhizobacteria Act as Potential Biofertilizer for Luxuriant
Growth and Yield of Tomato Plant.” Journal of Environmental Management 190. Elsevier

Ltd: e53—e53. doi:10.1016/j.jenvman.2016.11.060.

Uddling, J., Gelang-Alfredsson, J., Piikki, K., and Pleijel, H. (2007). Evaluating the relationship
between leaf chlorophyll concentration and SPAD-502 chlorophyll meter readings.
Photosynth. Res. 91, 37-46. doi: 10.1007/s11120-006-9077-5

Van Goethem D, De Smedt S, Valcke R, Potters G, (2013): Samson R. Seasonal, diurnal and
vertical variation of chlorophyll fluorescence on Phyllostachys humilis in Ireland. PloS

ONE. 8: (8) €72145. DOI: 10.1371/journal.pone.0072145

Vien, Tran Duc. 2003. “Overview on Tomato Production and Tomato Varieties in Vietnam,” no.

March: 1-10.

Wood, C W, D W Reeves, and D G Himelrick. 1973. “Relationships between Chlorophyll Meter
Readings and Leaf Chlorophyll Concentration , N Status , and Crop Yield : A Review 1,” 1—
9.

Wptc. 2017. “WPTC World Production Estimate of Tomatoes for Processing.”
https://www.wptc.to/releases-wptc.php?

Zahir, Z. A, Muhammad. A, and William T F. 2004. “ Plant Growth promoting rhizobacteria: A
applications and perspectives in Agriculture". Advances in Agronomy 81 (3): 97-168.

doi:10.1016/S0065-2113(03)81003-9.

Zivcak, M, Brestic, M and Sytar, O (2016). Osmotic adjustment and plant adaption to Drought

Stress In Drought Stress Tolerance in Plants. Physiology and Biochemistry Vol (1). 105 —
128. DOI 10.1007/978-3-319-28899-4

https://www.aptrc.asn.au/wp-content/uploads/2022/02/Industry-Survey-2021-ed.pdf
https://openjicareport.jica.go.jp/pdf/12114641 02.pdf

https://www.mintecglobal.com/top-stories/eu-tomato-production-expected-to-decline-in-2022-

amid-soaring-input-costs.
https://phylazonit.hu/termekek/phylazonit-organic-tk.
http://www.met.hu/en/idojaras

http://agro.house/en-GB/Products/Details/1192

89



https://www.farnell.com/datasheets/44260.pdf).

https://www.tomatonews.com/en/worldwide-total-fresh-tomato-production-exceeds-187-

million-tonnes-in-2020 2 1565.html

90



LIST OF TABLES:

Table 1. Composition of mature-green and ripe tomato per 100g. .........ccoeveeriierieniieeniienieeinene 16
Table 2 Major vitamins and antioxidant compounds of tomato and tomato products................ 17
Table 3 Amounts of macro (mg plant') and micro — nutrients (ug plant™') per plant during the
EXPEIIIMICIIE. ...ttt eeeie et ette et eteeeateeteeeaseeseeeateesseeesseesseeeaseenseeasseensaeenseenseeasseenseesnsaenseesnseenseennsens 31
Table 4. Effect of Irrigation level and PGPR application on Root colonization level (%) of
processing tomato and soil microbial ACtIVILY. ........ccceeviieiiiiiiiieiieeie e 47
Table 5. Effect of field Phylazonit inoculation and tree irrigation levels on maximum efficiency
of PSII and SPAD of processing tomato 1€aVes...........ccuevviieriieriienieiiieiiecie e 49
Table 6. Effect of field Phyl++ inoculation and tree irrigation levels on Stomatal conductance
(mmol m-2s-1) and Canopy temperature (0C)..........covvieriierieeiiienieeieeie ettt eeeeas 50
Table 7. Effect of field Phyl++ inoculation and tree irrigation levels on Harvest index (%) and
water use efficiency (WUE (KZ.m-=3)). .oocuiiiiiiiieiieee ettt st 57
Table 8. Effect of Irrigation level and PGPR application on total yield (t. ha!), rotten fruits (t.
ha™!), and rotten/total Yield TAto (20).......coveueveveeeeeereeeeeeeeeeeeesee et esese s 59

Table 9. Effect of PGPR inoculation and three irrigation levels on °Brix (g/100g) and °Brix yield
(t.ha!) of Processing tOMAtO.............ccooii oo, 63

Table 10. Effect of field Phyl++ inoculation and tree irrigation levels on total Carotene (ug.g™),
lycopene (ug.g™!), B-carotene (ng.g™), ascorbic acid (ug.g™!) contents of processing tomatoes.. 66
Table 11. Effect of field Phyl++ inoculation and tree irrigation levels on B-carotene (ng.g™') and

Ascorbic acid (ug.g!) content of processing tomato.. ............coeeeeeuereeeeeerereeeeeeeeeeeeeeeeeeeeeeeenn 69

91



LIST OF EQUATIONS:

Equation 1: Optimum water supply (IR100)
Equation 2: Water Use Efficiency (WUE)

LIST OF ABBREVIATIONS:

PGPR
IR

IR 50
IR100
Phyl
Phyl+
Phyl++

SPAD
WUE
v leaf
FDA

Plant growth — promoting rhizobacteria

Irrigation regimes

Deficit irrigation

Optimum irrigation supply

Phylazonit inoculation

Phylazonit inoculation during the seedling raising period.

Phylazonit inoculation during the seedling rasing period and at the
transplanting.

Soil-Plant Analysis Development.
Water use efficiency
Leaf water potential

fluorescein diacetate hydrolysis

92



APPENDICES

Appendices 1. Season 2015: Total biomass, water use efficiency (WUE), SPAD and Canopy
temperature of field PGPR contribution of non-inoculated (Control), pre-transplant inoculated
(Phyl+), and field inoculated (Phyl++) plants in three irrigation supply treatments.

ZZSL‘T; Treatments Total't:‘i:_zn ass ngV.Lr:]Ii SPAD P{;I}ge v ngopy
Control 33.5% 4.5 18.04+2 .4 46.1%2+0.8  84.88+£]19  23.5%%]5
IRO Phyl + 33.94+21 18.242+1.1 49752423  799Ba43 7 22.04b4 13
Phyl ++ 34.54+£22 18.542£1.2 50.4B2+2 5 87.8°+£5.4  21.5440.1
Control 74340 +2.9 24.34+0.9 47.7%%+£0.9 29,240 +1.5  21.18%+1.3
IR50 Phyl + 82.6%°+£29 27.08°+1.0 50.1%2+£ 0.6 253412  19.0%2+0.45
Phyl ++ 98.0c*+ 3.1 32.0° £1.0 49.5%2+1.9 19.3%2£45  18.74°+0.53
Control 92.64°+2.4 21.74% +0.6 51.080+1.7  32.5%+69  17.7%2+0.46
IR100 Phyl + 95.14°+ 1.1 22.34¢4£0.3 48.6%2+0.6 20783427 17.343+0.42
Phyl ++ 120.6%¢+22  28.38¢%0.5 47242415 30.88242.0  16.94%£0.22

Significant of source of variation (ns= not significant, * P< 0.05, ** P<0.01, *** P<0.001)

Phylazonit (Phyl) otk kK ns * ok
Water supply (W) ok ok ns *kk sk
(Phyl) * (W) wokeok ok ok sk ok ns
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Appendices 2. Season 2016: Total biomass, water use efficiency (WUE), SPAD and Canopy
temperature relative field PGPR contribution of non-inoculated (Control), pre-transplant

inoculated (Phyl+), and field inoculated (Phyl++) plants in three irrigation supply treatments.

Total biomass WUE T° Canopy
Water supply Treatments t ha'l kg.m SPAD oc
Control 137.248£5.5 22244+19 47248+£22 26.14¢£0.2
IRO Phyl + 133.6%% £ 14.2 27.04+35 49742 £ 23 25.64°+0.8
Phyl ++ 137342+ 5.8 26940+ 1.7 50.4%+£2.5 26.04+0.7
Control 138.444£ 8.2 21.342+£25 50.442+ 3.3 25.04+ 0.4
IR50 Phyl + 155.48+ 9.7 28.18+22 50.142£ 0.6 24940+ 1.2
Phyl ++ 165.78°+ 8.4 3098+ 14 48.74+ 1.0 24,7444+ 0.3
Control 150.444+2.2 212424+ 1.5 50.9%+1.7 23244+ 0.3
IR100 Phyl + 156.642+9.2 2042 +£1.2 48.6%* £ 0.6 23346 +0.3
Phyl ++ 149.74 £ 6.4 20.84+1.9 47280+ 15 23744+ 0.2
Significant of source of variation (ns= not significant, * P< 0.05, ** P< 0.01, *** P<0.001)
Phylazonit (Phyl) * *ok* ns ns
Water supply (W) wok* ok ns ol
(Phyl) * (W) o o * ns

Appendices 3. The relationship between marketable yield and Brix in two years growing season.
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Appendices 4. Total carotenene, Lutein, Lycopene, B-carotene and Ascobic acid of non-
inoculated (Control), pre-transplant inoculated (Phyl+), and field inoculated (Phyl++) plants

in three water supply treatments in 2015 season.
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Total

Water Lutein Lycopene B-carotene Ascorbic Acid
Treatments carotene 4 4 4 1
supply 4 g.ha kg.ha g.ha kg. ha
kg.ha
Control 2.0 +0.3  29.03% %53 1.5 +0.2 39.882+5.2 4.97+1.3
IR0 Phyl + 13% +02 16.51"+238 1.08 + 02 23981456 5.5%3+0.6
Phyl ++ 0.8"+01  13.89"+14 0.6 +0.1 20.4%3 42 3 4.4R+0 4
Control 6.0°P +0.7 61.77+11.7 41" 105 126.0°+ 2.5 16.14"°+1.6
IR 50 Phyl + 8.8 +09  64.41°°+8 7.08¢+0.7 19462 +255  17.2AP+1.4
Phyl ++ 12.16¢ +1.7 119.63%+214 91 1038 312.880+792  16.2AP+2.3
Control 65°P +1.4  47.76"°+8.3 45" 106 152.1°P+36.0  18.7”P+1.6
IR 100 Phyl + 6.7°P £+0.9 55394 +6.2 401" +06 212.4%°+320 19.68+1.3
Phyl ++ 7.8 112  57.47%+6.4 47°°+0.8 227.389+344 2358432
Significant of source of variation (ns=not significant, * P<0.05, ** P<0.01, *** P<0.001)
Phylazonit (Phyl) Hokk ok ok ok ns
Water Supply (W) kkk kkk kkk Kk * %k
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Appendices 5. Season 2016: Total carotenene, Lutein, Lycopene, B-carotene and Ascobic acid
of non-inoculated (Control), pre-transplant inoculated (Phyl+), and field inoculated (Phyl++)

plants in three water supply treatments.

Total
Water ot Lutein Lycopene B-carotene Ascorbic Acid
Treatments carotene 1 B 4 4
supply ) g.ha kg.ha g.ha kg. ha
kg.ha?
Control 21.146+£2.6 1.8424+0.8 13440+ 13 1.24240.2 22,742+ 2.4
NoWater )\, 24901454 1.9%404  154%42 14% 102  272%+30
supply
Phyl ++ 24242+ 36 2.04+£0.3 17.3B2+ 1.8 1.342+£0.2 25.652+£ 1.0
Control 10.742 £ 4.4 2.840 4+ 0.4 19.14¢+ 1.6 1.34240.1 34.840+7.0
Ha;zr\:\r’)?;er Phyl + 19.5%£40 20407 142818 1.8%+£04 4544467
Phyl ++ 18.842+£5.0 4.1B2+1.1 20.78°+24  2.18%+0.2 40.0° £ 6.0
Control 1834+ 1.3 1.1+ 0.4 8.94+2.1 1.04240.1 34.340 £ 8.1
Full water o) 18.84£2.0 144408 11.9%+28  13%+£03  299%+29
supply
Phyl ++ 33.7%°+£ 1.6 3.688£1.5 22.880+79 1.6%3+£0.4 37.146+£ 3.6
Significant of source of variation (ns= not significant, * P< 0.05, ** P<0.01, *** P<0.001)
Phylazonit (Phyl) ek ek ok ek ns
Water Supply (W) skkk k sk skkk sksksk
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