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Abstract: With this research, we aimed to determine the impact of grafting and rootstock seed treated
with Streptomyces griseus (MT210913) (S. griseus) or shikimic acid (SA) at a 60 ppm concentration
on tomato (Solanum lycopersicum L.) production grown under low-temperature conditions. Two
open-field trials were performed during both winter seasons of 2020 and 2021 at the Experimental
Farm, Faculty of Agriculture, Cairo University, Giza, Egypt. A tomato cultivar (Peto 86) was used
as a scion and two tomato phenotypes were employed as rootstocks (Solanum cheesmaniae L. (line
LA 524) and GS hybrid), as well as self-grafted as a control. Effects of sub-optimal temperature on
vegetative growth, yield, and fruit quality were tested. The results indicate that, under cold stress,
rootstock seed priming, especially with S. griseus, enhanced plant growth, total yield, and fruit quality
properties. GS hybrid rootstock was more effective than that of S. cheesmaniae rootstock in terms of
mitigating the negative effect of cold stress. GS hybrid, inoculated with S. griseus, increased the total
yield per plant by 10.5% and 5.7% in the first and second seasons, respectively. Higher levels of GA3
and mineral content were noticed in leaves that were grafted and treated with S. griseus compared to
the control treatment. Additionally, the great enhancing effects of all anatomical features of tomato
plants were recorded with GS hybrid rootstock, inoculated by S. griseus. These results prove that
grafting on GS hybrid rootstock treated with S. griseus is a potential choice to alleviate the cold stress
of commercial tomato varieties.
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1. Introduction

Tomato fruits (Solanum lycopersicum L.) are one of the most popular and frequently
consumed vegetable crops worldwide. A commercial variety success in Egypt depends on
a high-quality yield. Tomato fruits are globally consumed with a production of more than
186.8 million tons per year from 5.0305 million cultivated hectares. China, India, Turkey,
and the United States are the top tomatoes producers and Egypt ranks fifth [1]

Tomato growth is affected by cold stress causing shorter internodes, which limit plant
height, reduce leaf expansion, decrease leaf number and total fresh weight, and increase
the thickness of leaves [2]. Cold stress has an impact on root-to-shoot hormone signalling
resulting in decreased plant productivity [3]. Additionally, low temperatures inhibit cell
membrane fluidity as well as raise permeability [4], inhibit intra- and extracellular water
and nutrient movement [5], generate reactive oxygen species (ROS) [6], might restrict
photosynthesis [7], and reduce yield.

Grafting has been employed to increase resistance to soil diseases in Japan since the
late 1920s [8]. Thus, grafting has become widely used all over the world. Grafting has
recently been suggested as a practical strategy to increase resistance to abiotic stress and
may be an effective way to minimise or eliminate production losses [9]. Grafting superior
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tomato hybrids onto rootstocks is an alternate method to increase the tolerance of low tem-
perature. These rootstocks may be inter-specific hybrids of S. lycopersicum with accessions
of the cold tolerance of 16 wild tomato varieties [10], such as S. ochranthum, S. cheesma-
niae, S. chmielewskii, S. corneli- omulleri, S. arca-num, S. habrochaites, and S. huaylasense [11].
Low-temperature tolerance is a complicated secondary feature that depends on numerous
important attributes that are activated in roots and shoots, such as root and leaf anatomy;
plant hormones, ROS scavenging enzymes, etc. Therefore, the effectiveness of a grafted
plant under cold stress conditions is special to each rootstock—scion combination. Grafting
onto rootstocks, which influence plant growth and cold hardiness, is thus a promising
method [3].

Seed priming is an efficient, practical, and simple strategy to improve seedling vigour
and yield under cold stress conditions [12,13]. Bio-priming is an environmental method
that includes biological and physiological elements, such as seed hydration and inoculation
with beneficial organisms to protect it against disease, that improve seed quality, enhance
seedling vigour [14], increase productivity, and resist biotic and abiotic stress [15,16]. One
of the most common micro-organisms found in the soil is Streptomyces. This micro-
organism is responsible for producing bioactive substances, enzymes, and vitamins [17].
Streptomyces has recently gained serious attention as a plant growth-promoting (PGP)
bacterium [18]. The majority of PGP bacteria stimulate plant growth by producing phyto-
hormones, controlling plant diseases, and /or improving nutrient uptake [19]. Streptomyces
has become more important in using PGP bacteria to reduce plant stress caused by drought,
salinity, nutrient deficiency, metal toxicity, heat, osmotic stress, and waterlogging [20,21].

Nowadays, seed priming with a variety of organic and inorganic compounds is useful
to diminish the negative impacts of stress conditions. The recognised precursor to aromatic
amino acids, L-phenylalanine and L-tyrosine, is shikimic acid. Shikimic acid has been used
for numerous years on a large scale to promote growth and improve the fruit quality of
crops and vegetable plants without negative effects [22,23]. Plant growth and metabolic
activity are significantly regulated by phenolic compounds [24]. In the majority of plants,
sucrose is the primary photosynthetic product and the primary type of carbohydrate
delivered to organs [25]. A high level of total soluble sugars was positively connected
with fruit pepper quality [23]. Plant phenolics are produced through the shikimic acid
pathway [26]. Hence, in the present research, we focus on the effect of rootstocks primed
with S. griseus or SA in mitigating the harmful effect of cold stress to improve growth, fruit
yield, enzyme activity, and anatomical parameters of tomato plants.

2. Results
2.1. Plant Growth Parameters

Plant growth parameters were affected by grafting and rootstocks treated with SA
and S. griseus (Tables 1 and 2). All treatments, except the self-grafted Peto 86 (control
treatment), recorded high values of plant height, leaf number, shoot and root fresh weight,
and shoot and root dry weight of tomato plants in both seasons. Rootstock seeds treated
with S. griseus or SA increased the plant growth parameters for both seasons.

GS hybrid rootstock treated with S. griseus recorded the highest plant height in both
seasons. Additionally, GS hybrid rootstock primed with S. griseus increased leaf area by
69.46% and 69.61% compared to the control treatment in the first and second seasons
(Table 1). A similar trend was observed for the fresh or dry weight of shoots and roots
during both seasons (Table 2). Moreover, a significantly higher leaf number was recorded
for S. cheesmaniae rootstock colonised with S. griseus when compared to the untreated
self-grafted Peto 86 in the first and second seasons, respectively. Despite this, S. cheesmaniae
rootstock decreased the leaf area by 28.86% and 28.72% compared to the self-grafted Peto
86 in the first and second seasons, respectively.
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Streptomyces griseus (5G) on tomato plants growth during 2020 and 2021 seasons.

Table 1. Effects of grafting, rootstock seed treated with shikimic acid (SA), and colonisation with

Treatment Plant Height (cm) Leaf Number Leaf Area (cm?)
2020 season

Peto 86/Peto 86 (Control) 71.01 14.0f 1202 f
Peto 86/8S. cheesmaniae 104.08 2334d 8551

Peto 86/GS hybrid 132.7¢ 19.7¢ 1618 ¢
Peto 86/Peto 86 + SA 98.33h 20.67 © 14414
Peto 86/8S. cheesmaniae + SA 138.0 d 35.33b 998.3h
Peto 86/GS + SA 157.7 ¢ 30.67 ¢ 1845b
Peto 86/Peto 86 + SG 115.0 f 29.33¢ 1260 ©
Peto 86/S. cheesmaniae + SG 166.7 43.67 2 11028
Peto 86/GS + SG 188.02 36.33 b 20372
LSD 0.05 5.247 2.66 54.59

2021 Season

Peto 86/Peto 86 (Control) 80.67 1 17.67 8 1208 d
Peto 86/8S. cheesmaniae 102.8 8 26.00 € 861.0 &
Peto 86/GS 116.1f 23.00 f 1624 ©
Peto 86/Peto 86 + SA 91.40h 23.67f 1258 d
Peto 86/S. cheesmaniae + SA 131.74 38.00 b 1009 £
Peto 86/GS + SA 148.7 ¢ 33.00 ¢ 1865 P
Peto 86/Peto 86 + SG 1234°¢ 30.67 4 12554
Peto 86/S. cheesmaniae + SG 171.7° 47.002 1109 ©
Peto 86/GS + SG 189.12 39.83b 2049 2
LSD 0.05 3.423 1.855 52.05

(SG) on tomato plants growth during 2020 and 2021 seasons.

Values followed by different letters are significant according to LSD test (p < 0.05%).

Table 2. Effects of grafting, seed priming with shikimic acid (SA), and colonisation with S. griseus

Treatments Shoot Fresh Shoot Dry Root Fresh Root Dry
Weight (g) Weight (g) Weight (g) Weight (g)
2020 Season
Peto 86/Peto 86 (Control) 183.38 41.08 115.2h 14.67 8
Peto 86/S. cheesmaniae 252.0f 76.7 ¢ 131.4f 21.0f
Peto 86/GS 29734 95.0°¢ 142.1°¢ 26.0°¢
Peto 86/Peto 86 + SA 2427 f 543 f 122.38 21.0f
Peto 86/S. cheesmaniae + SA 283.3 de 85.04 150.4 4 29.04
Peto 86/GS + SA 340.7 b 101.3b 185.3b 38.0P
Peto 86/Peto 86 + SG 269.7 ¢ 79.3¢ 144.6 ¢ 24.7¢
Peto 86/8S. cheesmaniae + SG 322.3°¢ 95.0¢ 162.7 € 35.3¢
Peto 86/GS + SG 383.02 114.32 20292 4472
LSD 0.05 15.0 45 3.39 26
2021 Season

Peto 86/Peto 86 (Control) 189.01 39.331 103.3 1 13.00 1
Peto 86/S. cheesmaniae 259.0 f 81.00 8 145.0 & 21.00 f
Peto 86/GS 306.2d 102.7¢ 166.7 ¢ 26.00 ©
Peto 86/Peto 86 + SA 2249h 57.67 1 121.7h 15.00 8
Peto 86/8S. cheesmanine + SA 278.0 ¢ 97.00 f 161.0f 28.67 4
Peto 86/GS + SA 318.0°¢ 1187 ¢ 182.7°¢ 34.0¢
Peto 86/Peto 86 + SG 24238 11534 179.3 4 25.00 ©
Peto 86/8. cheesmaniae + SG 361.2P 137.7b 201.7b 41.00°
Peto 86/GS + SG 39194 157.72 221.73 49.00 @
LSD 0.05 8.867 238 2.804 1.942

Values followed by different letters are significant according to LSD test (p < 0.05%).
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2.2. Fruit Yield of Tomato and Its Components

The effect of grafting, rootstock seeds primed with S. griseus or SA, and their com-
binations on yield and its components are shown in Figure 1A-D. A high fruit number
per plant was recorded for S. cheesmaniae rootstock colonised with S. griseus in 2021 and
2022 seasons (Figure 1A). On the contrary, S. cheesmaniae rootstock recorded the lowest
fruit weight compared to the untreated self-grafted Peto 86 in both seasons (Figure 1B).
Moreover, GS hybrid with S. griseus and SA exhibited better fruit weight and fruit yield per
plant during both seasons. Hence, GS hybrid, inoculated with S. griseus increased the fruit
yield per plant by 10.5% and 5.7% in the first and second seasons, respectively. In contrast,
the self-grafted Peto 86 registered the lowest fruit number and total yield per plant in both
seasons (Figure 1C). Moreover, a significantly higher total yield was recorded for GS hybrid
rootstock primed with S. griseus compared to self-grafted Peto 86 in the first and second
seasons, respectively (Figure 1D).
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Figure 1. Effects of grafting, rootstock seed treated with SA, and colonisation with S. griseus on
(A) average fruit weight, (B) number of fruits per plant, (C) total fruit yield per plant, and (D) total
yield in the first and second seasons. Treatments: T1—self-grafted Peto 86/Peto 86 (control); T2—Peto
86/S. cheesmaniae; T3—Peto 86/GS hybrid; T4—Peto 86/Peto 86 + SA; T5—Peto 86/S. cheesmaniae
+ SA; T6—Peto 86/GS hybrid + SA; T7—Peto 86/Peto 86 + S. griseus; T8—Peto 86/S. cheesmaniae +
S. griseus; and T9—Peto 86/GS hybrid + S. griseus. Standard errors of the mean are shown as vertical
bars; the LSD test indicates that differences between values in each bar that are marked by different
letters are significant at p = 0.05.
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2.3. Gas Exchange and Chlorophyll Measurements of Tomato Plants

Chlorophyll content (SPAD), transpiration rate, photosynthesis, and stomatal conduc-
tance were significantly affected by grafting and rootstock seed treatments (Figure 2A-D).
GS hybrid rootstock primed with S. griseus or GS hybrid rootstock primed with SA exhib-
ited better chlorophyll content (SPAD), transpiration rate, photosynthesis, and stomatal
conductance in both seasons. GS hybrid rootstock primed with S. griseus registered the
highest chlorophyll content (SPAD), transpiration rate, photosynthesis, and stomatal con-
ductance compared to control plants in the first and second seasons. On the contrary,
the lowest values of chlorophyll content, transpiration rate, photosynthesis, and stomatal
conductance were noticed with self-grafted Peto 86 in both seasons.
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Figure 2. Effects of grafting, rootstock seed treated with SA, and colonisation with S. griseus on
(A) chlorophyll content (SPAD), (B) stomatal conductance, (C) transpiration rate, and (D) photo-
synthesis, in the first and second seasons. Treatments: T1—self-grafted Peto 86/Peto 86 (con-
trol); T2—Peto 86/S. cheesmaniae; T3—Peto 86/GS hybrid; T4—Peto 86/Peto 86 + SA; T5—Peto
86/S. cheesmaniae + SA; T6—Peto 86/GS hybrid + SA; T7—Peto 86/Peto 86 + S. griseus; T8—Peto
86/S. cheesmaniae + S. griseus; and T9—Peto 86/GS hybrid + S. griseus. Standard errors of the mean
are shown as vertical bars; the LSD test indicates that differences between values in each bar that are
marked by different letters are significant at p = 0.05.

2.4. Nutrients Content in Tomato Leaves and Fruits

The results presented in Table 3 reveal that grafting treatments accumulated minerals
more than the self-grafted Peto 86. It was observed that plants grafted and colonised with
S. griseus recorded better mineral concentrations, although the self-grafted Peto 86 showed
the lowest content of N, P, K, and Ca in both seasons.
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Table 3. Effects of grafting, seed priming with shikimic acid (SA), and colonisation with S. griseus
(SG) on nutrient content of tomato leaves during 2020 and 2021 seasons.

Macronutrients (%) Micronutrients (ppm)
Treatment
N% P% K% Ca% Mn ppm Fe ppm Zn ppm
2020 Season
Peto 86/Peto 86 (Control) 22 f 0.208 2.10¢ 0.728 3538 56.39 h 29.29 8
Peto 86/S. cheesmaniae 3.0¢ 0.3¢f 3.31d 0.88f 37.10f 67.68 37.00 f
Peto 86/GS 344 0.39¢d 3.97¢ 1.09d 39.0¢ 79.3 44534
Peto 86/Peto 86 + SA 28e 0.28f 3374 0.85f 38.50 ¢ 80.9°¢ 35.77 ¢
Peto 86/S. cheesmaniae + SA 3.6 0.38 <d 401¢ 1.124 41.57°¢ 85.04 4277
Peto 86/GS + SA 43"b 042¢ 3.82°¢ 0.98 ¢ 40274 86.3 d 4297¢
Peto 86/Peto 86 + SG 3.8¢ 0.36 de 443P 1.22°¢ 43.37b 88.0 ¢ 48.87 ¢
Peto 86/S. cheesmaniae + SG 44P 0.53b 4862 1.29b 42.63P 90.5b 50.93 b
Peto 86/GS + SG 492 0.94 4792 1462 45232 9254 56.232
LSD 0.05 0.26 0.05 0.30 0.07 0.96 1.61 1.279
2021 Season

Peto 86/Peto 86 (Control) 1.19 0.19h 143f 0.42° 33.131 54101 28.15h
Peto 86/S. cheesmaniae 2468 0.278 2714 0.57 ¢ 36.10 8 58.23 & 35.46 F
Peto 86/GS 3.03f 0318 3.57°P 0.694 3720 f 60.07 £ 40.35¢
Peto 86/Peto 86 + SA 2.05h 0.36 f 1.86 ¢ 0.55¢ 34.30h 5553 h 30.60 8
Peto 86/S. cheesmaniae + SA 3.50 ¢ 0.44°¢ 3.06 € 0.78 d 38.23 ¢ 62.0 € 41.23 ¢
Peto 86/GS + SA 4,094 0.584 2704 1.143 ¢ 39.134 65.67 4 44,064
Peto 86/Peto 86 + SG 443¢ 0.64 ¢ 3.82b 1.25P 40.27 ¢ 81.67 ¢ 4643 ¢
Peto 86/S. cheesmaniae + SG 5.03P 0.73b 4562 1.317 @b 4130P 86.83 P 4851b
Peto 86/GS + SG 5.49 2 0912 4252 1.362 43232 89.54 54612
LSD 0.05 0.077 0.054 0.32 0.09 0.78 1.21 1.254

Values followed by different letters are significant according to LSD test (p < 0.05%).

Grafting and rootstock seed treatments had a significant impact on the tested Fe, Mn,
and Zn concentrations in tomato leaves (Table 3). GS hybrid with S. griseus exhibited the
highest concentration of Fe, Mn, and Zn in the first and second seasons. However, the
self-grafted Peto 86 had the lowest concentrations of Fe, Mn, and Zn in both seasons.

The analysis of fruit mineral composition (Table 4) revealed that not all grafting
treatments showed significant differences, such as P%. However, harvested tomato fruits
of all treatments, except the self-grafted Peto 86, recorded high values of N and K% in
both seasons.

2.5. Fruit Quality Parameters

The quality parameters of tomato fruits were drastically influenced by grafting, root-
stock seed treatments, and their combined interactions (Figure 3). Firmness displayed
insignificant variation among self-grafted Peto 86 and other treatments in both seasons
(Figure 3A). Harvested tomato fruits from all treatments, except the self-grafted Peto 86,
recorded high values of total soluble solids in both seasons (Figure 3B). Total carbohydrates
of tomato fruits were considerably influenced by grafting, rootstock seed treatments, and
their combinations in both seasons (Figure 3C). Tomato fruits obtained from S. cheesmaniae
rootstock with S. griseus increased the content of vitamin C by 78.35 and 76.05%, vitamin
A by 39.54% and 45.47%, and carotene by 15.16% and 16.46% compared to the control
treatment in the first and second seasons (Figure 4D-F). Nevertheless, harvested tomato
fruits from S. cheesmaniae rootstock had the lowest content of lycopene compared to control
plants in both seasons (Figure 3G). Tomato fruits obtained from GS hybrid with S. griseus
induced an increase in the content of total phenols by 111.7% and 71.4% compared to
control plants in the first and second seasons, respectively. On the contrary, the lowest
content of total phenols was obtained from self-grafted Peto 86 in the first and second
seasons (Figure 3H).
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Table 4. Effects of grafting, seed priming with shikimic acid (SA), and colonisation with S. griseus
(S5G) on macronutrients of tomato fruits during 2020 and 2021 seasons.

Treatment N% P% K%
2020 Season
Peto 86 /Peto 86 (Control) 0.88 ¢ 0.0052 0234
Peto 86/S. cheesmaniae 1.164d 0.0172 0.31bc
Peto 86/GS 1.25¢d 0.122 0.35P
Peto 86/Peto 86 + SA 1.3¢ 0.0192 0.30 b
Peto 86/S. cheesmaniae + SA 1.32be 0.0312 0.33P
Peto 86/GS + SA 1.35be 0.096 2 0.37°
Peto 86/Peto 86 + SG 1.313°¢ 0.0312 0.24 <
Peto 86/8S. cheesmaniae + SG 1.430 20 0.122 0.36°
Peto 86/GS + SG 14732 0.152 052
LSD 0.05 0.10 0.18 ns 0.07
2021 Season
Peto 86/Peto 86 (Control) 0.52¢ 0.22b 0.154
Peto 86/S. cheesmaniae 1.12° 0232 0.23 be
Peto 86/GS 1.25b 0.26 2 0273
Peto 86/Peto 86 + SA 1.20b 0.222b 0.22 b
Peto 86/S. cheesmaniae + SA 1.194b 0252 0.25P
Peto 86/GS + SA 1.137° 0.282 0.29b
Peto 86/Peto 86+ SG 1.087 P 0262 0.16
Peto 86/S. cheesmaniae + SG 1.243b 0272 0.27P
Peto 86/GS + SG 1.8202 0282 0422
LSD 0.05 0.44 0.077 ns 0.07

Values followed by different letters are significant according to LSD test (p < 0.05%).

2.6. Antioxidant Enzymes, Plant Hormones, and Malondialdehyde Content in Tomato Leaves

The effects of grafting, rootstock seed priming, and their combined interactions on
the activity of the most important hormones, gibberellic acid (GA3), abscisic acid (ABA),
peroxidase (POD), and Superoxide dismutase (SOD) antioxidant enzymes, as well as mal-
ondialdehyde (MDA), are shown in (Figure 4A-E). The higher GA3 content was registered
for GS hybrid combined with S. griseus in the first and second seasons. In contrast, the self-
grafted Peto 86 exhibited the lowest concentration of GA3 in the first and second seasons.
Moreover, GS hybrid combined with S. griseus and GS hybrid combined with SA exhibited
better POD activity in both seasons. Moreover, GS hybrid combined with S. griseus recorded
the highest SOD activity in the first and second seasons. Correspondingly, self-grafted
Peto 86 had the lowest POD and SOD activity in both seasons. A higher MDA content was
recorded for self-grafted Peto 86 in the first and second seasons. On the contrary, a lower
MDA content was recorded for GS hybrid combined with S. griseus in the first and second
seasons. Combined S. cheesmaniae rootstock with S. griseus registered the highest content of
ABA in leaves in the first and second seasons. Despite this, self-grafted Peto 86 registered
the lowest content of ABA in the first and second seasons.

2.7. Cluster Analysis

Cluster analysis that included morphological and physiological traits, in addition to
biochemical ingredients, are shown in Figure 5. The overall variances among all treatments
were easily revealed by heatmap analysis. The cross-grafting treatment alone increased
productivity compared to self-grafted Peto 86 (control). Additionally, rootstock seeds
colonised with S. griseus of had a beneficial effect through the mitigation of oxidative injury
by improving photosynthetic performance, raising antioxidant enzyme concentrations, and
drastically promoting plant growth and production under cold stress.
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Figure 3. Effects of grafting, rootstock seed treated with SA, and colonisation with S. griseus
on (A) firmness, (B) total soluble solids, (C) vitamin C, (D) total carbohydrates, (E) vitamin A, (F) Carotene,
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(G) lycopene, and (H) total phenolic in the first and second seasons. Treatments: T1—self-grafted Peto
86/Peto 86 (control); T2—Peto 86/S. cheesmaniae; T3—Peto 86/GS hybrid; T4—Peto 86/Peto 86 + SA;
T5—Peto 86/S. cheesmaniae + SA; T6—Peto 86/GS hybrid + SA; T7—Peto 86/Peto 86 + S. griseus;
T8—Peto 86/S. cheesmaniae + S. griseus; and T9—Peto 86/GS hybrid + S. griseus. Standard errors of
the mean are shown as vertical bars; the LSD test indicates that differences between values in each

bar that are marked by different letters are significant at p = 0.05.
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Figure 4. Effects of grafting, rootstock seed treated with SA, and colonisation with S. griseus on
(A) GA3, (B) ABA, (C) MDA, (D) POD, and (E) SOD in the first and second seasons. Treatments:
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grafted Peto 86/Peto 86 (control); T2—Peto 86/S. cheesmaniae; T3—Peto 86/GS hybrid; T4—Peto
86/Peto 86 + SA; T5—Peto 86/S. cheesmaniae + SA; T6—Peto 86/GS hybrid + SA; T7—Peto
86/Peto 86 + S. griseus; T8—Peto 86/S. cheesmaniae + S. griseus; and T9—Peto 86/GS hybrid + S. griseus.
Standard errors of the mean are shown as vertical bars; the LSD test indicates that differences between
values in each bar that are marked by different letters are significant at p = 0.05.
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Figure 5. Heatmap of grafting, rootstock seeds treated with SA, and colonisation with S. griseus, and
measured attributes of tomato plants. The heatmap diagram shows the variations in the response
variables across all investigated treatments. Individual response variables are represented by columns,
while treatments are represented by rows. According to the scale in the bottom right corner of the
heatmap, lower numerical values are coloured blue and higher numerical values are coloured red.

2.8. Trait Interrelationships

The association among the evaluated physiological, biochemical, yield, and growth
characteristics of tomato plants was measured based on the analysis of principal compo-
nents. Figure 6 displays the score plots of different treatments and control plants. The
sum of the first and second principal components (PC1 and PC2) accounted for 81.85%
of variation between tomato plants. PC1, the first component, contributed 61.68% of the
overall variation, and the second component (PC2) accounted for 20.17% of the overall
variation. GS hybrid combined with S. griseus or GS hybrid combined with SA exhibited
improved plant growth with higher plant height, leaf area, fruit weight, and total yield. In
addition, they showed increased photosynthesis, nitrogen content, antioxidant enzymes
(SOD and POD), and GA3 in leaves. In addition, harvested tomato fruit GS hybrid com-
bined with S. griseus improved total carbohydrates and lycopene. S. cheesmaniae rootstock
with S. griseus or S. cheesmaniae rootstock with SA exhibited a higher leaf number and fruit
number per plant. They also exhibited higher quality, including vitamin C, vitamin A,
firmness, and carotene. In addition, they displayed higher concentrations of leaf ABA
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under cold stress conditions. The inter-relationship between the evaluated characteristics
(Figure 6) indicates that the yield parameters are positively associated with plant height,
leaf area, photosynthesis, fruit weight, antioxidant enzymes (SOD and POD), and GA3.
However, the high values of the photosynthesis rate are associated with the greater total
yield and its contributing traits. Furthermore, the MDA content exhibited a highly negative
association with photosynthesis under cold stress conditions.
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Figure 6. Biplot of the principal components for plant growth, total yield, and physiochemical
attributes of tomato plants. The plant growth parameters comprise leaf number per plant, plant
height, and leaf area. The yield parameters include number of fruits per plant, fruit weight and total
yield per plant. The fruit quality attributes include firmness, vitamin C, vitamin A, lycopene content,
carotene, total carbohydrates, and total phenol. The physiological parameters include photosynthesis
and stomatal conductance. The physiochemical parameters comprise SOD, POD, GA3, MDA, and
ABA. Red circle symbols signify the nine treatments: self-grafted Peto 86/Peto 86 (control), Peto
86/S. cheesmaniae, Peto 86/GS hybrid, Peto 86/Peto 86 + SA, Peto 86/S. cheesmaniae + SA, Peto
86/GS hybrid + SA, Peto 86/Peto 86 + S. griseus, Peto 86/S. cheesmaniae + S. griseus, and Peto 86/GS
hybrid + S. griseus.

2.9. Leaf Anatomy

Regarding the anatomical features, the tomato leaf has an epidermis with glandular
and non-glandular trichomes and stomata on both sides. The mesophyll consists of palisade
cells facing the lamina upper epidermis and the spongy cells facing the lower epidermis. In
the midrib, the vascular bundle of the midrib is bicollateral with phloem facing both sides
of the leaf and is surrounded by ground parenchyma (Figures 7-9). It can be observed in
Table 5 and Figures 7-9 that all treatments under low-temperature conditions achieved an
improvement in all anatomical characteristics under study, compared to self-grafted Peto
86 (control). Peto 86/GS hybrid + S. griseus treatment resulted in the greatest increase in
the thickness of both midvein and lamina by 76.61% and 30.41%, respectively, compared
to the control. The promotive effect on the leaf lamina was achieved due to an increase in
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the thickness of palisade tissue, spongy tissues, upper epidermis, and lower epidermis by
14.98, 53.84, 18.59, and 19.57%, respectively, compared to the control. Likewise, the vascular
bundle of the midvein also increased as a result of the increase in length, width, and mean
diameter of vessels by 88.98, 128.56, and 120.39%, respectively, compared to the control
(Figures 7-9 T1 and T9). A minimum increase was achieved with the Peto 86/Peto 86 + SA
treatment for the thickness of the midvein, the midvein bundle length and width, and
the mean diameter of vessels by 14.65, 4.04, 24.56, and 5.79%, respectively, more than the
control. In addition, the thickness of the upper epidermis and the thickness of the lower
epidermis increased by 5.01 and 2.89%, respectively, more than the control (Figures 7 and 8
T1 and T4). The treatment of Peto 86/S. cheesmaniae showed a decrease in the thickness of
the lamina, the thickness of palisade tissue, and the thickness of spongy tissue by 39.07,
46.18, and 28.29%, respectively, less than the control (Figure 9 T1 and T2).

Lol ?
=== — ' ==

Figure 7. Microphotographs of cross sections through the blade of the terminal leaflet of the fourth
compound leaf developed on the main stem of tomato plants, aged 60 days. Scale bars = 500 pm.
Tl—self-grafted Peto 86 as a control; T2—Peto 86/5S. cheesmaniae; T3—Peto 86/GS hybrid; T4—Peto
86/Peto 86 + SA; T5—Peto 86/S. cheesmaniae + SA; T6—Peto 86/GS hybrid + SA; T7—Peto 86/Peto
86 + S. griseus; T8—Peto 86/S. cheesmaniae + S. griseus; T9—Peto 86/GS hybrid + S. griseus.

Table 5. Counts and measurements in micrometres (um) of certain histological characteristics in
transverse sections through the blade of the terminal leaflet of the fourth compound leaf developed
on the main stem of tomato plants, aged 60 days, affected by grafting, rootstock seed treatments
with shikimic acid (SA), and colonisation with Streptomyces griseus (5G) (means of three sections from
three specimens).

Histological Aspects
Dimensions of
Treatments Thickness of Thickness of ThIick.ness of Thickness of Midvein Bundle . Mean . Thickness of Thickness of
Midvein Lamina alisade Spongy Depth Diameter o Upper Lower
Tissue Tissue ep Width Vessels Epidermis Epidermis
(Length)
Peto 86/Peto 86 628.68 158.86 95.74 69.11 168.12 305.68 13.63 19.14 14.51
Peto 86/S. cheesmaniae 755.42 96.79 51.52 45.25 260.17 414.47 14.96 20.80 15.18
Peto 86/GS hybrid 904.99 134.27 62.45 70.82 288.96 602.64 15.90 20.96 15.76
Peto 86/Peto 86 + SA 720.84 182.12 90.24 91.88 174.92 380.40 14.42 20.10 14.93
Peto 86/S. cheesmaniae + SA 790.27 160.72 64.39 96.33 267.20 537.21 15.09 21.83 15.26
Peto 86/GS hybrid + SA 934.32 135.87 64.25 7245 315.41 650.28 16.05 21.33 16.98
Peto 86/Peto 86 + S. griseus 839.39 191.75 100.80 90.77 237.60 632.05 14.90 21.29 15.29
Peto 86/S. cheesmaniae + S. griseus 890.65 178.36 94.61 83.75 310.73 649.81 15.24 22.04 15.84
Peto 86/GS hybrid + S. griseus 1110.33 207.18 110.19 97.09 317.72 698.68 16.41 22.70 17.35
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Figure 8. Magnified portions of the leaf blade midvein of tomato plants, aged 60 days. Scale bars = 200 um.
T1—self-grafted Peto 86 as a control; T2—Peto 86/S. cheesmaniae; T3—Peto 86/GS hybrid; T4—Peto
86/Peto 86 + SA; T5—Peto 86/S. cheesmaniae + SA; T6—Peto 86/GS hybrid + SA; T7—Peto 86/Peto
86 + S. griseus; T8—Peto 86/S. cheesmaniae + S. griseus; T9—Peto 86/GS hybrid + S. griseus. Details:
mid b, midvein bundle; mid r, midvein region; e ph, external phloem; i ph, internal phloem; v, vessel;

X, xylem.

Figure 9. Magnified portions of the leaf blade lamina of tomato plants, aged 60 days. Scale bars = 100 um.
T1—self-grafted Peto 86 as a control; T2—Peto 86/S. cheesmaniae; T3—Peto 86/GS hybrid; T4—Peto
86/Peto 86 + SA; T5—Peto 86/S. cheesmaniae + SA; T6—Peto 86/GS hybrid + SA; T7—Peto 86/Peto
86 + S. griseus; T8—Peto 86/S. cheesmaniae + S. griseus; T9—Peto 86/GS hybrid + S. griseus. Details:
l ep, lower epidermis; spo, spongy tissue; pal, palisade tissue; u ep, upper epidermis; t, trichome;
¢, cells with dark content containing calcium oxalate crystals; s, stomata.
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3. Discussion

During the period of April to May, Egypt’s vegetable markets generally suffer a
major lack of tomato fruit crop availability. The grafting phenomena could lessen the
seasonal reduction in tomato production. In the current assessment, the fruit harvest from
the late winter planting began in March and continued through April and May. Plant
growth parameters are a perfect indicator for evaluating several abiotic stresses on plants
(Tables 1 and 2). The results also illustrate that low temperature and grafting onto Peto
86 reduced plant height and the fresh and dry weight of shoots and roots. These results
are in accordance with those obtained by the authors of [27]. Under cold stress, significant
changes in plant growth parameters were enhanced in the scion Peto 86 when grafted onto
GS hybrid and S. cheesmaniae tolerance rootstock. This obviously shows the role of the
rootstock genotype on the transcriptional reactions of the scion even when the roots are
subjected to cold stress [28]. Genotypic variations in the reactions of tomato shoot growth to
low temperature have been studied [29]. Moreover, the present data indicate that grafting
with colonised seeds of rootstock with S. griseus is an alternative method for enhancing the
cold tolerance of tomato fruits. The plant growth of the most grafted combinations with
S. griseus was significantly higher than their counterparts without S. griseus colonisation.
The combination of grafting and S. griseus could enhance the cold stress of tomato plants.
Streptomyces induces plant growth through biological nitrogen fixation and phosphorous
and potassium solubilisation. Through these procedures, inaccessible sources of nitrogen,
phosphorus, and potassium are transformed into accessible soft sources [30]. Due to specific
climatic changes and environmental factors, several soil-dwelling micro-organisms that are
connected to plants alter their behaviour [31].

The results also indicate that both low temperatures reduced the total yield and fruit
number per plant (Figure 1A-D). The negative effect of cold stress on the total yield is
due to slower CO; fixation and fruit photosynthetic partitioning [32]. These results are in
agreement with the findings in [33]. In particular, under low temperature, the use of GS
hybrid as rootstock was associated with a significantly higher fruit weight and total yield
compared to S. cheesmaniae rootstock. It should be noted that the rootstock genotype had a
significant role in the performance of the grafted tomato under stress conditions [34]. The
combination of grafting with SA application was associated with a significantly higher fruit
number, fruit weight, and total yield per plant values under cold stress conditions. Our
results are strongly supported by the findings in [22], where in researchers reported that SA
enhanced plant growth and productivity of cowpea plants. The positive effects of SA acid
on the total yield may be owed to the photo assimilation translocation to fruits, thereby
enhancing fruit weight [23]. Moreover, the results demonstrate that the use of rootstocks
inoculated with S. griseus (particularly GS hybrid) increased the total yield per plant by
10.5% and 5.7% in the first and second seasons, respectively. The appreciated influence of
S. griseus on the total yield may be due to the creation of indole-3-acetic acid (IAA), which
improves seed germination, root dry weight, and root elongation on tomato [35].

The results also illustrated that sub-optimal temperature and grafting on to Peto 86
reduced photosynthetic pigments in both seasons (Figure 2A-D). Cold stress negatively
affects and reduces the plant’s water and nutrient availability, which results in a decreased
photosynthetic rate [36]. The scion of Peto 86 exhibited higher nutrient availability and
photosynthetic rate when grafted onto GS hybrid rootstock and S. cheesmaniae rootstock
compared to self-grafted plants. There is a significant contribution made to growth by the
shoot genotype [34]. Cross-grafting involves tissue wounding and reconnection, similar
to what is seen in wound healing or self-grafting; hence, it may be assumed that certain
compatibility variables may contribute to increased stress tolerance. These could involve
specific root-to-shoot signals [37] and RNA transport [38]. In this study, the combination of
grafting with SA application was associated with significantly higher chlorophyll content
(SPAD), transpiration rate, photosynthesis, and stomatal conductance in both seasons.
These results are strengthened by those found in [22,32]. The highest values of chloro-
phyll content, transpiration rate, photosynthesis, and stomatal conductance appeared
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when using GS hybrid inoculated with S. griseus in both seasons. Many studies have
illustrated that isolates Streptomyces niveus, Streptomyces rochei, Streptomyces pada, Strepto-
myces coelicolor, Streptomyces olivaceus, and Streptomyces geysiriensis may play a vital role
in mitigating drought and salinity stress in different crops by changing the physiological
traits of plants [39] The appreciated effect of S. griseus on physiological properties may be
due to the role of phytohormones, which play a crucial role in the regulation of plant cells
and physiological processes.

According to the results (Figure 3A-H), tomato fruit quality traits, such as TSS, total
carbohydrates, vitamin C, vitamin A, lycopene, carotene, and total phenol, are changed
due to cold stress. No significant differences among treatments were observed in firmness
in both seasons. However, harvested tomato fruits from all treatments recorded high
values of total carbohydrates in both seasons compared to the control (Figure 3C). These
results are consistent with those found in [40]. Lycopene content is a crucial factor to be
considered when evaluating fruit colour because it is the main pigment responsible for
the colour of mature tomatoes [41]. There is a significant increase in lycopene content and
total phenols in tomato fruits obtained from GS hybrid with S. griseus, and tomato fruits
obtained from GS hybrid with shikimic acid in both seasons. Similar data were obtained by
the authors of [22], who used SA to enhance fruit quality. Tomato fruits obtained from S.
cheesmaniae rootstock with S. griseus showed significantly greater vitamin C, vitamin A, and
carotene compared to control plants. Similar data were obtained for tomato S. cheesmaniae
rootstock by the authors of [41], who studied the genetic variability and performance of the
tomato S. cheesmaniae genotype for yield and fruit quality. The authors of [42] reported that
bio-priming of pumpkin seeds treated with a combination of Azospirillum, phosphobacteria,
and Pseudomonas fluorescens improved plant growth, seed yield, and quality.

The self-grafted Peto 86 showed the lowest concentrations of nutrients including N,
P, K, Ca, Mn, Fe, and Zn under cold stress conditions (Table 3). On the contrary, the data
for S. griseus combined with grafting showed increased absorption of minerals under cold
stress conditions. Combined grafting with SA application significantly realised higher leaf
mineral content in both seasons. These results are strengthened by those reported in [22].

Tomato fruits harvested from GS hybrid with S. griseus recorded the highest content of
N and K% compared to control plants and other treatments in both seasons (Table 4). Many
Streptomyces species that have been isolated from rhizosphere soils have been illustrated
to be superior phosphate solubilisers and promote plant growth [43]. Streptomyces has
the potential to release potassium from silicate minerals and has been found to degrade
potassium-bearing rock powder by solid-state fermentation [44]. The majority of Strepto-
myces isolates have a nitrogen fixing gene [45] and strong nitrogen fixing abilities [46].

Phytohormones play a major part in plant growth, especially under cold stress. The
results indicate that both sup-optimal temperature and grafting onto Peto 86 reduced GA3
concentration and ABA in both seasons (Figure 4A,B). High content of ABA was registered
by S. cheesmaniae rootstock with S. griseus in both seasons. GA3 and ABA are responsible for
regulating plant growth under cold stress [47]. Plants have created a variety of enzymatic
defence mechanisms to detoxify free radicals and lessen oxidative stress in order to decrease
the oxidative damage caused by abiotic stress, including cold stress. Cold stress reactions
are typically correlated with changes in antioxidant enzyme activity [47]. The data recorded
in Figure 4D,E clearly indicate that GS hybrid combined with SA significantly improved
the activity of POD and SOD in tomato leaves during the exposure to the low temperature
of the winter season. The highest mean values of POD and SOD activity were recorded in
plants grafted onto GS hybrid colonised with S. griseus compared to the control and other
treatments in both seasons. Similar results have also been confirmed by the authors of [48].

Malondialdehyde is one of many low-molecular-mass end products that result from
the breakdown of many primary and secondary lipid peroxidation chemicals [49]. There-
fore, increased ROS production as a result of oxidative stress is indicated by the increase in
the MDA level in plant tissue. High MDA content was recorded for self-grafted Peto 86
(Figure 4C). On the contrary, low MDA content was recorded for GS hybrid combined with
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S. griseus in both seasons. The enzymes POD and SOD are just two of the many enzymatic
defence mechanisms that plants might use to reduce the harmful effects of ROS [49].

Based on the anatomy of tomato leaves, low-temperature stress induces changes in
growing plants, including leaf initiation, root cell division, and elongation. The reduction
in root growth results in reduced water and nutrient uptake, leading to reduced nutrient
use efficiency. Low-temperature stress causes dysfunction of the photosynthesis apparatus
localised inside the chloroplast and decreases light absorption in the thylakoid electron
transport of the photosystem, as well as causing a negative effect on the mechanics of
opening and closing stomata. The stomatal closure has negative effects on the leaf gas
exchange due to the limitation of CO, supply [50].

The treatment with SA at a 60 ppm concentration showed an improvement in all
anatomical characteristics under study (thickness of the midvein, lamina, palisade tissue,
spongy tissue, upper and lower epidermis, bundle dimension (length and width), and
mean vessels diameter). This effect is attributed to the fact that shikimic acid stimulates
growth parameters, leaf area, transpiration rate, and photosynthetic pigments [22]. On
the other hand, SA may exert its effect on photosynthetic machinery at the mesophyll
and chloroplast level by increasing plastid biogenesis through its action on increasing the
biosynthesis of indole acetic acid (IAA) from tryptophan. The strong enhancing effect
of all anatomical features of grafted tomato plants when treated with S. griseus might be
attributed to the direct effect of improving growth by the production of phytohormones,
including auxins, gibberellins, cytokinins, siderophores scavenging ferric iron from the
environment, nitrogen fixation, and the suppression of stress in plants by the production of
1-aminocyclopropane-1-carboxylate [51,52].

4. Materials and Methods
4.1. The Experimental Site, Plant Material, and the Tested Compounds

Two open-field experiments were performed in The Experimental Farm, Vegetable
Crops Department, Faculty of Agriculture, Cairo University, Giza, Egypt (31°1'10"” N
latitude and 30°12'4"’ E longitude), during two consecutive winter seasons (December to
April) of 2020 and 2021. The meteorological data of the experimental location are presented
in Figure 10. The cultivar Peto 86, tomato (obtained from Moon Star Co., Pakistan) was
employed as a scion. The seeds of tomato rootstock, wild tomato accession S. cheesmaniae L.
(line LA 524), were obtained from Dr. Charles Block, Plant Introduction Station, Ames,
Iowa. In addition, GS hybrid that was obtained from Mecca Trade Company, Cairo, Egypt
was used as a commercial cultivar with recognised tolerance qualities. Shikimic acid was
purchased from Technogene Company, Egypt. SA was used to prepare the SA solution by
dissolving 10 mg of SA in 1 mL of distilled water. The product name is New-Acteno, which
contains isolated Streptomyces griseus (MT210913) and was used at a dilution of 1:50 (1 mL
contain 107 CFU). It was produced by the Central Lab of Organic Agriculture (CLOA),
Agriculture Research Centre, Giza, Egypt.

4.2. Seed Treatments

Before sowing, the seeds of tomato rootstocks Peto 86, S. cheesmaniae, and GS hybrid
were sterilised in 7% sodium hypochlorite for 10 min and then washed well with distilled
water. The sterilised seeds were split into three groups. The first one was named the control
treatment. The second group was soaked in SA at a 60 ppm concentration. For priming
with SA, rootstock seeds were immersed in a priming solution of shikimic acid at 20 °C for
4 h in the dark [53]. After that, the seeds were washed five times with distilled water for six
minutes each and dried using blotting paper and a flow of dry air at 30 °C. The third group
of sterilised seeds was soaked in 1 mL of S. griseus spore suspension (1 x 107 CFU/mL),
incubated with bacterial suspensions at room temperature for 6 h, and then left to dry
under the laminar flow hood [54].
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Figure 10. Monthly weather data of The Experimental Farm, Faculty of Agriculture, Cairo University,
Giza, Egypt. Minimum air temperature (minimum T (°C)), maximum air temperature (maximum
T(°C)), minimum relative humidity (Min Rh%), and maximum relative humidity (Max Rh%).

4.3. Grafting and Growth Conditions

On December 1st and 3rd of 2020 and 2021, scion seeds and all groups of rootstock
seeds were planted in seedling trays filled with vermiculite and peat moss (1:1 v:v). On
December 25th and 27th of 2020 and 2021, scion seedlings were grafted onto rootstock
using the tongue grafting technique described by the authors of [55]. The successfully
grafted tomato plants were transplanted in the open field on January 7th in 2021 and on
January 10th in 2022. Grafted tomato plants were transplanted in the field 35 cm apart on
the northern side of ridges measuring 1.5 m wide and 14 m long. The experimental design
includes 9 treatment combinations as follows: (T1) self-grafted Peto 86/Peto 86 (control);
(T2) Peto 86/S. cheesmaniae; (T3) Peto 86/GS hybrid; (T4) Peto 86/Peto 86 + SA; (T5) Peto
86/S. cheesmaniae + SA; (T6) Peto 86/GS hybrid + SA; (T7) Peto 86/Peto 86 + S. griseus; (T8)
Peto 86/S. cheesmaniae + S. griseus; and (T9) Peto 86/GS hybrid + S. griseus. The treatments
were arranged in a randomised complete block design (RCBD) with three replicates. All
agricultural and farming practices for tomato crops in the open field were performed as
recommended by the Egyptian Ministry of Agriculture [56]. The soil is clay loam in texture,
EC 1.3dSm™}, and contains 119 mgL ™! N, 24 mgL~! P, and 31 mgL~! K. The pH value is
7.04. The soluble cation values are 4.6, 3.3, 2.1, and 3.4 meq. L1 for Ca*t, Mg**, K*, and
Na*, respectively, and 0.5, 4.1, and 7.2 meq. L~ ! for HCO3~, Cl—, and SO*%, respectively.

4.4. Data Recorded
4.4.1. Plant Growth and Yield

After 60 days from transplanting, 10 tomato plants were selected to measure plant
height and average number of leaves and leaf area was measured by the laser area meter
CI-202 USA. To determine the dry weights of shoots and roots, each of fresh sample was
weighed and dried in an oven at 70 °C until reaching constant weight. During harvest, the
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fruits of each plot were collected, and the fruit fresh weight, fruit number per plant, and
total fruit yield per plant were recorded.

4.4.2. Gas Exchange and Chlorophyll Measurements of Tomato Plants

Gas exchange parameters (transpiration rate, net photosynthesis, and stomatal conduc-
tance) were measured using an infrared gas analyser (LICOR 6400 Portable Photosynthesis
System; IRGA, Licor Inc., Lincoln, NE, USA). In terms of the photosynthetic parameters,
the fourth leaf of each tomato plant were selected from each treatment at 60 days from
transplanting to measure photosynthesis and all measurements were performed between
10:30 a.m. and 14:00 p.m. with a light intensity of 1200 mol m~2 s~! and 85% RH. The
temperature of the field ranged from 22.2 to 24.3 °C. The volume of gas flow rate was
390 mL min—!. The content of CO; in the air was 397 umol mol~!. The fourth leaf from
each treatment was used to measure the amount of leaf chlorophyll using a SPAD meter
(SPAD-502, Konica Minolta Sensing, Inc., Osaka, Japan) according the method described
by [57].

4.4.3. Fruit Quality

Ten mature tomato fruits per experimental plot were selected to measure the following
properties:

Total soluble solids percentage (TSS %) was assessed by a Zeiss laboratory refractome-
ter. Five fruits were collected in each replicate to measure their firmness. The firmness of
each ripe tomato fruit was determined by a Force GaugeMode M4-200 (ELECTROMATIC
Equipment Co., Inc., Cedarhurst, NY, USA) with a 1 mm diameter flat probe. The firmness
readings of tomato fruits were made at two opposing points of the equatorial positions and
expressed in newtons.

Total carbohydrates in fruit were determined by the phosphomolybdic acid method
according to [58], where 2 gm of sample was mashed with 10 mL 80% ethanol with mortar
and pestle and then filtered using Whatman filter paper. The filter and residue were
gathered separately. The alcohol residue was added to a 250 mL conical flask along with
150 mL distilled water and 5 ml concentrated HCL. The mixture was hydrolysed for 30 min
and cooled to room temperature. Na,CO3; was added slowly until the extract became
neutral (pH = 7). Then, this extract was filtered and the residue was discarded. The filtrate’s
total volume was calculated. It served as a sample for total sugar. Each test tube included
0.5 mL of an aliquot sample and 1 mL of Somogyi’s reagent. For 30 min, all test tubes
were immersed in boiling water, cooled to room temperature, and then given 1 mL of
the arsenomolybdate reagent. The filtrate’s total volume was calculated. The content
was mixed. Then, the content was diluted to a volume of 10 mL and its absorbance was
measured at 560 nm by spectrophotometer.

Vitamin C as ascorbic acid (mg\100 g) was determined in fruits according to [58]
method. Vitamin A (mg)\100 g) was determined in fruits according to [59] method. Ab-
sorption determination for lycopene content was made by using Spectrophotometer UV-
VISSPECORD 205 by Analytic Jena. Total carotenoid content was measured by spec-
trophotometer and calculated according to the equation described by [60]. Lycopene in
the fruits of tomato samples was extracted with a hexane: ethanol: acetone (2:1:1) (v/v)
mixture according to the method of [61]. Total phenolic content of the leaves was measured
spectrophotometrically using the Folin-Ciocalteu colorimetric method [61]

4.4.4. Mineral Content in Tomato Leaves and Fruits

Tomato samples were dried in an electric oven at 70 °C for 24 h according to [58]
and then finely ground for chemical determination of elements. The wet digestion of
0.2 g plant material with sulphuric and perchloric acids was carried out on herbs by
adding concentrated sulphuric acid (5 ml) to the samples and the mixture was heated
for 10 min. Then, 0.5 mL perchloric acid was added and heating continued until a clear
solution was obtained by [58]. The total nitrogen concentrations of the dried leaves and
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fruits was determined by using the modified micro-Kjeldahl method as described by [58].
Phosphorus concentrations of the dried leaves and fruits was determined calorimetrically
by using the chlorostannousmolybdo phosphoric blue colour method in sulphuric acid
according to the authors of [62]. In addition, potassium concentration was determined
by using the flame photometer apparatus (CORNING M 410, Germany). Concentrations
of micronutrients (Mn, Fe, and Zn) in leaf samples were determined using an atomic
absorption spectrophotometer with air-acetylene and fuel (PyeUnicam, model SP-1900,
Us) [63].

4.4.5. Antioxidants Enzymes, Hormones, and Malondialdehyde (MDA)

The leaf samples used to measure the activity of peroxidase (POD) were prepared
according to [64], where (0.5 g) leaf tissue was frozen in liquid nitrogen to extract the
peroxidase enzyme. The samples were ground with 10 mL extraction buffer (50 mM phos-
phate buffer, pH 7) containing 0.5 mM EDTA and 2% PVPP (w/v) and were centrifuged
at 3930 rpm for 20 min. The resultant supernatant was used to determine the peroxidase
activity using a spectrophotometric method by the formation of guaiacol in a I mL reac-
tion mixture (450 uL 25 mMguaiacol, 450 pL 225 mM H;O,) and 100 pL crude enzymes.
Superoxide dismutase (SOD) activity was assessed by assessing the inhibition of the pho-
tochemical reduction in the amount of nitro blue tetrazolium (NBT) [65,66]. One unit of
superoxide dismutase (SOD) activity was defined as the amount of enzyme required for
the reduction of 50% NBT.

Regarding the malondialdehyde (MDA) reaction, it was based on the methods ex-
plained by [67]. For HPLC analysis of MDA, all analyses were performed on a Waters
Alliance 2690 HPLC system with an autosampler thermostatted at 8 °C and a column
thermostatted at 40 °C. Detection was performed by a Waters 996 photodiode array detec-
tor. The system was controlled, and data were collected and integrated using Millennium
Chromatography Manager software (version 4.0). Samples were analysed on a Rocket
HPLC column, custom-packed with LiChrosorb RP C18 end-capped 3-m spherical particle
size stationary phase (Alltech, Eke, Belgium). The column was protected with a guard
cartridge packed with 5 m particles of the same material. The identity of the MDA peak
was confirmed by coelution with authentic standards and by its characteristic absorption
spectrum. The contents of gibberellic acid (GA3) and abscisic acid (ABA) in tomato leaves
were analysed using the method described by [68]. A total of 15 mL of a mix contain-
ing methanol (80% v/v) and butylated hydroxytoluene was mixed with homogenised
freeze-dried materials. More details on GA3 and ABA extraction and quantification can be
obtained elsewhere AOAC [69].

4.5. Anatomical Studies

Tested specimens included the blade of the terminal leaflet of the fourth compound
leaf developed on the main stem of tomato plants under low-temperature conditions,
were taken throughout the second growing season of 2021/2022, 60 days after sowing.
Approximately 1.0 cm of the specimens were killed and fixed in FAA solution (5 mL glacial
acetic, 10 mL formalin, 35 mL water, and 50 mL ethyl alcohol 70%) for at least 48 h. The
selected materials were washed in 30% ethyl alcohol, dehydrated in a normal ethanol and
butyl alcohol series, embedded in paraffin wax with a melting point of 56 °C, sectioned to
a thickness of 15 um stained with crystal violet erythrosin, cleared in xylene, and mounted
in Canada balsam in accordance with [70]. Transverse sections were completed with a
Leica Microtome RM 2125 and then micrographed and measured using a Leica Light
Image Analysis System DM 750 at the Faculty of Agriculture, Cairo University-Research
Park (CURP). The following parameters were recorded: thickness of the midvein (um),
lamina (um), palisade tissue (um), spongy tissue (um), upper and lower epidermis, bundle
dimension (length and width) (um), and mean vessels diameter (um).
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4.6. Statistical Analysis

Data of two growing seasons were statistically analysed by MSTATC software [71].
Analysis of variance (ANOVA) was carried out using LSD at p < 0.05 to test the significance
between treatments [72]. In addition, heatmaps and principal component analysis (PCA)
were completed using origin pro2021version software.

5. Conclusions

Based on our results, high tomato production under cold stress can be achieved by
grafting their scions onto rootstock genotypes with cold tolerance. However, an outstanding
tomato yield would be achieved from root-shoot exchange between cold-adapted genotypes.
It can be concluded that grafting combined with colonisation of S. griseus is a unique method
for enhancing cold tolerance and decreasing cold damage in tomato plants. Plant growth,
total yield, fruit quality, mineral contents, GA3, ABA, SOD, and POD of grafted tomato
combined with S. griseus were significantly higher than those of self-grafted Peto 86 under
cold stress conditions. It is advisable to grow the cross-grafted Peto 86/GS hybrid combined
with S. griseus or cross-grafted Peto 86/GS hybrid with SA at a 60 ppm concentration when
tomato is cultivated under cold stress conditions.
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