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Abstract: Two field experiments were carried out during the two growing seasons of
2012/2013 and 2013/2014, in a private farm at Bani Salama region, El-Giza Governorate,
Egypt, in order to investigate the effect of foliar application of glycine betaine (GB) on
vegetative growth, fruit yield and fruit quality of tomato plants (Marwa hybrid) grown under
deficit irrigation (DI) treatments (100% (control), 85%, 70% and 55% of ET, (Reference
evapotranspiration)) in sandy soil. Four GB concentrations (0, 5, 10 and 20 mM/I), were
applied after 2 and 6 weeks from transplanting date. Results indicated that, DI treatments
significantly decreased the vegetative growth, photosynthetic pigments (chlorophyll a,
chlorophyll b and carotenoids), leaf relative water content (LRWC), number of flowers per
plant and fruit yield of tomato plants. In contrast, there were positive effects on proline
content in the leaves, irrigation water use efficiency (IWUE) and some fruit quality
characteristics for tomatoes. Foliar application of GB at 10 mM/l ameliorated the negative
effects of water stress and produced the highest significant values of plant length, number of
leaves/plant, total leaves area/plant, fresh and dry weights of tomato leaves, LRWC and
photosynthetic pigments, in both seasons. While, the values of marketable fruit yield of
tomatoes were increased significantly also with foliar application of GB at 10 mM/I (by
12.86% and 13.91% in the first and second seasons, respectively), but there were no
significant differences were realized among the GB treatments on the fruit quality.
Concerning, the effect of interaction between DI treatments and foliar application of GB, the
results revealed that application of irrigation water with 100% ET, and 10 mM/I of GB was
the best treatment for vegetative growth and fruit yield of tomato plants in open field. It was
also concluded that the vegetative growth and fruit yield as well as fruit quality of tomato
plants which grown under DI, can be enhanced by foliar application of GB with 10 mM/I.
Key words : Tomato, Deficit irrigation, Glycine betaine, Yield, Fruit quality, IWUE.

Introduction

Tomato (Solanum lycopersicum L.) is a member of solanaceae family, it’s one of the most popular and
widely consumed vegetable crops in Egypt and all over the world* In Egypt, the tomato’s cultivated area
amounted by 460.000 feddan®. Increasing the productivity per unit area through increasing growth of tomato
plants as well as with expanding the cultivated area in newly reclaimed lands, is very important issue especially
under climate changes and water shortage conditions’. Tomato is a warm season perennial crop’® and it’s
sensitive to water stress and there is a high correlation between evapotranspiration (ET) and crop yield®.
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Drought stress is the major stress affecting crop growth, development and yields’. In addition, the
agricultural sector consumes more than 85% of the total annual water consumption®. As the demand for water is
increasing, effective new technologies and agricultural practices are required to save water for expansion of

agricultural area and other purposes”™.

Water stress is the major harmful factor affecting the vegetative growth, production and quality of
vegetable crops. Several studies have shown that water deficit reduced crop growth, canopy development,
morphological characteristics (shoot fresh weight, shoot length and leaf area per plant) and dry matter
accumulation of tomato and sweet corn plants“’”'”. In addition, maximum leaf area index LAI values for sweet
corn plants were found in subjected to full irrigation treatment™. Also, several studies have shown that crop
yields decreased with decreasing irrigation water for different crops: tomato™ and squash'®. As well as, the
highest marketable yields of tomatoes were obtained with 100% of crop evapotranspiration (ET,) treatment and
the yield reduction has been done when ET, is reduced'’*®. Also, the same results were obtained by19 and on
potatoes”. On the other hand, the application of drip irrigation with 75% of ET, was found to be the optimum
irrigation amount in order to obtain the maximum yield of tomatoes and water productivity”. The same results
were obtained on sweet corn in Turkey™ and on processing tomato in Italy?.

Conservation of water resources to justify the demand of more crops per drop of water®*?**” so using of

deficit irrigation (DI) strategy is very important to increase crop water use efficiency (WUE) by reducing the
amount of irrigation water®. The adoption of DI strategies where a 50% reduction of ET, could be suggested for
open-field processing tomato in South Italy, for increasing WUE, minimizing fruit losses and maintaining high
fruit quality levels®®. As well as, several studies have shown that DI improved total soluble solids content,
titratable acidity, vitamin C content and did not decrease dry mass yield for tomatoes'®?*#" 222 QOtherwise,
higher irrigation amount increased fruit number, mean fruit weight, fruit diameter and fruit length but decreased
TSS and fruit firmness of tomato fruits®. In addition, water use efficiency was increased by DI strategy®. Also,
DI strategy can make a 50% saving of water and an approximately 200% increasing in irrigation water use
efficiency compared to full irrigation?®*%%°,

Glycine betaine (GB) is an amino acid derivative witch accumulates in a variety of plant species in
response to environmental stresses such as drought, salinity and extreme temperatures. However, there are many
important crop species, like potato or tomato are unable to accumulate GB*. Thus, as an alternative, exogenous
application of GB may be a possible approach to tolerate environmental stress®****,

Several studies have shown that, exogenous application of GB increased shoot fresh biomass and leaf
area per plant®**% . Moreover, drought stress decreased the following parameters for tomato plants, shoot
height, root length, leaf number, leaf area, total shoot fresh weight, total shoot dry weight, relative water content
and stress tolerance index*®“. The exogenous application of GB increased all those traits significantly (70%,
73%, 187%, 193%, 168%, 9%, 72% and 122%, respectively). On common bean plants, application of GB at 2
mM/I under depletion of 30% available soil water increased leaf number and plant dry weight, chlorophyll
reading, calcium percentage and decreased proline in leaves®. In the same trend, under drought stress, the
contents of chlorophyll and protein are decline in the leaves of processing tomato, while the contents of proline
and soluble sugar are increased and antioxidant enzyme activities are enhanced by spraying GB (20, 40
mM/1)*. In addition, GB-treated plants showed better ability to recover from wilting than untreated plants*’.

The number of flowers, number of fruits and weight of fruit per plant, decreased under drought stress
and increased significantly by 86%, 115% and 125%, respectively, under exogenous application of GB***. In
addition, foliar application of GB (2 or 4 mM/I) produced the highest seed yield and quality under the depletion
of 30% available soil water®’.

The present study was conducted to determine the effect of glycine betaine application on ameliorating
the deleterious effects of deficit irrigation on the vegetative growth, fruit yield and quality of tomato plants
grown under sandy soil conditions.

Materials and Methods

Field experiment was carried out on tomato plants (Solanum lycopersicum L.) during 2012/2013 and
2013/2014 seasons, in a private farm at Bani Salama region, EI-Giza Governorate, Egypt, in order to investigate
the effect of foliar application of glycine betaine (at concentrations of 0 (control, sprayed with distilled water),
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5, 10 and 20 mM/I of GB, which were applied after 2 and 6 weeks from transplanting date) on ameliorating the
deleterious effects of deficit irrigation (DI levels were 100% (control), 85%, 70% and 55% of ET, (Reference
evapotranspiration) and the total amounts of irrigation water were calculated by using Penman—Montieth
modified equation™ and the results are showed in Table (3)) on the vegetative growth, fruit yield and quality of
tomato plants grown under sandy soil conditions. The experimental site (Fig.1) is located at latitude: 30°15"N,
longitude: 30°47"E, in a newly reclaimed area. Geographical position of the experimental site is shown in Fig.1.
Soil and irrigation water samples were taken and analyzed before planting and data are shown in Tables (1 and
2).

Tomato hybrid "Marwa" was used as test crop. Transplanting dates were on 27" of September and 1% of
October in the first and second seasons, respectively. All agriculture practices were performed as recommended
by Egyptian Ministry of Agriculture and Land Reclamation for tomato cultivation under open field conditions.
Plants were fertilized with 230 units of N, 45 units of P,Os and 70 units of K,O/fed. during the growing season.

Experimental design:

The experiment was arranged in a split-plot design with three replications. Deficit irrigation treatments
were arranged in the main plots and glycine betaine concentrations were assigned in the sub-plots. The area of
the experimental plot was 22.5 m? consisted of one row with 15 m length and 1.5 m width and the plants were
transplanted 75 cm spaced in the rows.

Table (1): Physical and chemical properties of experimental soil analysis.

Physical properties Values
Very coarse sand, % (2-1 mm) 16.60
Coarse sand, % (1-0.5 mm) 54.80
Medium sand, % (0.5-0.25 mm) 1.14
Fine sand, % (0.25-0.1 mm) 16.48
Very fine sand, %  (0.1-0.05 mm) 9.64
Silt + Clay, % (0.05> mm) 1.34
Soil texture Sandy
Field capacity, (%) 12
\S/\;Itll}:'ggié)r?g]'etli(:(g/r(\’%, %) zg Fig.1: Experimental site (Google map, Satellite)
Chemical properties
pH 8.12
EC (dS/m) 1.81
Soluble cations Ca e !
(meq./L) Mg 3.2
‘ Na* 7.6
K* 0.41
Soluble anions ﬁg% - lz\lg
(meq./L) g :
Cl 9
SO~ 6.71

Table (2): Chemical properties of experimental water analysis.

Items Values
pH 7.97
EC (dS/m) -
Soluble cations Ca™ 6.35
(meq./L) Mg™ 411
Na’ 5.95
K 0.23
CO5” 0
Soluble anions 3 _
(meg./L) HCOs 2.97
Cl 4.36
SO, 5.12
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Measured characteristics:

- Vegetative growth characteristics: five plants were randomly chosen from three replications at 65 days from
transplanting date to determine the following Characteristics: plant length (cm), number of leaves per plant,
total leaves area (m°)/plant (total leaves area was estimated with a 20 disc sampling per plant, dried and
weighted separately. A relationship between disk dry matter and disk area was applied to total leaf dry matter to
find total leaf area™, fresh weight and dry weight of leaves (g) per plant.

- Determination of proline content in the tomato leaves:

Free proGIine content was extracted using 3% (w/v) aqueous sulphosalycylic acid and estimated by ninhydrin
reagent®.

Table (3): Irrigation requirements (minute/plant per day) for irrigation treatments (100%, 85%, 70%
and 55% of ET,) for tomato plants in open field cultivation in both seasons of 2012-2013 and 2013-2014.

Weeks* First season (2012/2013) First season (2013/2014

100% 85% 70% 55% 100% 85% 70% 55%
1 13.00 11.05 9.10 7.15 14.00 | 11.90 9.80 7.70
2 13.50 11.48 9.45 7.43 14.00 | 11.90 9.80 7.70
3 14.50 12.33 10.15 7.98 15.00 12.75 10.50 8.25
4 15.00 12.75 10.50 8.25 15.50 13.18 10.85 8.53
5 16.00 13.60 11.20 8.80 16.50 | 14.03 11.55 9.08
6 17.30 14,71 12.11 9.52 17.80 15.13 12.46 9.79
7 18.80 15.98 13.16 10.34 19.00 | 16.15 13.30 10.45
8 20.50 17.43 14.35 11.28 20.50 17.43 14.35 11.28
9 23.30 19.81 16.31 12.82 23.00 | 19.55 16.10 12.65
10 26.00 22.10 18.20 14.30 27.00 | 22.95 18.90 14.85
11 29.00 24.65 20.30 15.95 28.80 | 24.48 20.16 15.84
12 32.20 27.37 22.54 17.71 32.70 27.80 22.89 17.99
13 33.50 28.48 23.45 18.43 34.00 28.90 23.80 18.70
14 34.60 29.41 24.22 19.03 35.40 30.09 24.78 19.47
15 36.00 30.60 25.20 19.80 37.00 | 3145 25.90 20.35
16 38.40 32.64 26.88 21.12 39.50 | 33.58 27.65 21.73
17 41.00 34.85 28.70 22.55 4230 | 35.96 29.61 23.27
18 38.60 32.81 27.02 21.23 40.60 34.51 28.42 22.33

*Starting from 1% of October (2012 and 2013 for the first and second seasons, respectively).

- Estimation of photosynthetic pigments:

Photosynthetic pigments (chlorophyll a, chlorophyll b and carotenoids (mg/g fresh weight)) in leaves
were assayed’. Fifth leaf from the top of the plant (the fully expended leaf) was chosen to take 0.5g sample
fresh weight. The pigments were extracted by grinding the tissue with mortar and pestle using 10 ml N, N
dimethyl formamide. The resulting extracts were used to determine the pigments by UV/VIS spectrophotometer
(CT 200 spectrophotometer). The absorbance of the solution was measured at 470, 647 and 664 nm for
chlorophyll a, b and carotenoids, respectively.

- Number of flowers and number of fruits per plant were also measured.

- Yield: Tomato fruits were hand harvested when reached to red ripe stage. At harvesting, total marketable yield
was measured considering red and disease-free fresh fruits.

- Fruit quality: Random samples of fruits were taken from each experimental plot to determine the average fruit
weight and total soluble solids (TSS %) using hand refractometer.

Water measurements:
- Leaf relative water content (LRWC) (%0):

For the estimation of LRWC, 20 leaf discs samples (10 mm in diameter) were taken with a cork borer
from three plants per replicate (the fifth leaf from the top) and placed in a reweighed Petri dish to determine
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fresh weight (F.Wt.), discs were floated for 24 hours in distilled water inside a closed Petri dish until the discs
became fully turgid. Discs samples were weighted after gently wiping the water from the leaf surface with a
filter paper to determine turgid weight (T.Wt.). Finally, the leaf discs were placed in a per-heated oven at 70° C
to a constant weight (almost 48h) and weighted again to obtain discs dry weight (D. Wt.). So, LRWC % was
calculated according to the following equation*®: LRWC % = [(FW-DW)/(TW-DW)] x 100

- Irrigation water use efficiency (IWUE) (kg/m3):

Irrigation water use efficiency under deficit irrigation treatments was determined using the following
equations®: IWUE = Yield (kg/fed.)/Applied irrigation water amount (m3/fed.).

Statistical analysis:

Analysis of variance of the obtained data from each attribute was computed using the MSTAT Computer
Program®. The Duncan’s New Multiple Range test at 5% level of probability was used to test the significance
of differences among mean values®".

Results and discussion
Vegetative growth characteristics:

Data in Tables (4 and 5) present the effect of deficit irrigation (DI) treatments and foliar application of
glycine betaine (GB) on some plant growth characteristics of tomato plants, i.e., plant length, number of leaves
per plant, total leaves area /plant and fresh and dry weights of tomato leaves. The obtained results clearly
indicated that increasing the irrigation water deficit led significantly to decrease all plant growth parameters
during both seasons of study. The highest values were obtained by the full irrigation (100% ET, (control))
treatment, followed by 85% ET, treatment with significant differences between them, whereas, the lowest
values were obtained by 55% ET, treatment. This may be due to the role of water in increasing the uptake of
mineral elements from soil and translocation of photosynthetic assimilates, thus reflected increases in the leaf
number and leaf area as well as foliage weight/plant®. On the other hand, drought stress causes various
physiologic and biochemical effects in plants™****. However, the reduction in shoot fresh and dry biomass,
shoot length, leaf area per plant, net CO, assimilation, transpiration rates, and stomatal conductance were
accompanied to water stress®*>*°, especially, for plants were grown under sandy soil conditions. In addition,
the increase of irrigation water from 60% and up to 100% ET, significantly increased the vegetative growth
parameters, i.e. plant height, number of branches, leaves and pods/plant as well as leaf area and dry weight of
stem and whole bean plants®’.

Concerning the effect of foliar application of GB on the above mentioned characteristics, data showed
that the foliar application of GB ameliorated the vegetative growth parameters for tomato plants and the highest
significant values for plant length, number of leaves/plant, total leaves area/plant, fresh and dry weights of
tomato leaves were obtained with 10 mM/I GB treatment in both seasons and the lowest values were noticed
with control treatment (0 mM/I GB). These results are in harmony with other work®®, found that foliar
application of GB caused an improvement in vegetative growth of two eggplant cultivars, such improvement
may be due to that GB was found to be related to improve photosynthetic rate and stomatal conductance. In
addition, exogenously applied glycine betaine has been shown to penetrate into plant leaves soon after
application and is readily translocated to roots, meristems and expanding leaves®. Thus, developing and
expanding plant organs are primarily protected from stress and enhanced growth and reproduction. Moreover,
once glycine betaine is translocated to plant organs, it acts as an osmoprotectant in the cells®.

Respecting the interactions between DI treatments and foliar application of GB, tomato plants were
irrigated by 100% ET, (control) treatment and foliar sprayed by 10 mM/I GB gave the highest values of all
mentioned characteristics, followed by 85% ET, treatment and foliar sprayed by 10 or 20 mM/l GB with
significant differences among the treatments.
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Photosynthetic pigments and proline content in tomato leaves:

Data in Table (6) present the effect of DI treatments and foliar application of GB on photosynthetic
pigments (chlorophyll a, chlorophyll b and carotenoids) and proline content in tomato leaves. As to the
photosynthetic pigments, the highest significant values were obtained with 100% ET, (control) treatment, while
the lowest values were gained with 55% ET, treatment in both seasons. In the second season there were no
significant differences were realized between 100% ET, and 85% ET, treatments. In the same trend, the
contents of chlorophyll are declined in the leaves of processing tomato under drought stress®. Where,
chlorophyll fluorescence has been used widely in a number of plants as a stress screening indicator to determine
injury or tolerance to various environmental stresses*®°. Typically, the rate and yield of variable chlorophyll
fluorescence were reduced by stress conditions™. In addition, drought stress reduces photosynthetic rate in
soybean which mainly due to the reduction in stomatal conductance caused by increased ABA concentration in
the leaves. On contrast, proline content increased in tomato leaves with decreasing the irrigation water™.

Table (4): Effect of deficit irrigation and foliar application of glycine betaine on some vegetative
attributes of tomato plants during 2012/2013 and 2013/2014 seasons.

Treatments 2012/2013 2013/2014
- . Total

ﬁi{éﬂ:mn Selzig:: Plant length INumbellr of leaves , Plant length INumbelr of Iea\-/l:eostzlrea
(©N) (GB) (cm) eaves/plant a/rSIZ r(lg (cm) eaves/plant (m? Jplant)

0 mM/I 89.83 | b 86.83 | b 4.05 | bc 90.46 | b 86.93 | bc 424 | B

100% ET 5 mM/I 90.17 | b 88.00 | b 413 | b 90.56 | b 89.37 | b 422 | B
° | 10 mm/I 98.33 | a 96.83 | a 431 | a 98.26 | a 98.00 | a 444 | A

20 mMI/I 89.00 | b 88.83 | b 398 | c 89.33 | bc 88.95 | b 425 | B

0 mM/I 8333 | C 76.67 | def 3.68 | d 83.56 | d 78.00 | e 378 | C

85% ET 5 mM/I 85.50 | bc 79.83 | cd 398 | c 85.67 | cd 80.74 | de 407 | B

° | 10 mM/I 88.00 | bc 84.50 | bc 4.00 | c 89.50 | bc 84.62 | c 412 | B

20 mM/I 87.17 | bc 80.83 | cd 4.02 | bc 87.31 | bcd 81.19 | d 416 | B

0 mM/I 78.00 | d 63.33 | g 237 | g 7883 | e 6441 | g 248 | E

70% ET 5 mM/I 79.00 | d 7133 | f 250 | f 7950 | e 72.60 | f 263 | E

° | 10 mM/I 85.83 | bc 77.50 | de 328 | e 86.97 | bcd 79.67 | de 342 | D

20 mM/I 8350 | C 73.50 | ef 337 | e 84.33 | d 74.24 | f 341 | D

0 mM/I 5950 | G 5983 | g 163 | j 60.17 | h 59.00 | h 167 | H

5506 ET 5 mM/I 64.83 | F 51.92 | h 177 | i 65.58 | g 62.38 | g 1.81 | gh

° [ 10 mM/ 7367 | E 63.73 | g 216 | h 7467 | f 64.92 | g 214 | F

20 mM/I 7250 | E 6313 | g 181 |i 73.40 | f 63.67 | g 189 | G

100% ET, 91.83 | A 90.13 | A 412 | A 92.15 | A 90.81 | A 429 | A

85% ET, 86.00 | B 80.46 | B 392 | B 86.51 | B 8114 | B 403 | B

70% ET, 8158 | C 7142 | C 288 | C 8241 | C 7273 | C 298 | C

55% ET, 67.63 | D 59.65 | D 184 | D 68.45 | D 62.49 | D 188 | D

0mM/I 7767 | D 7167 | C 293 | D 7825 | D 7209 | C 3.04 | D

5 mM/I 79.88 | C 7277 | C 310 | C 80.33 | C 76.27 | B 3.18 | C

10 mM/I 86.46 | A 80.64 | A 344 | A 8735 | A 8180 | A 353 | A

20 mM/I 83.04 | B 7657 | B 330 | B 8359 | B 7701 | B 343 | B

Values followed by the same letter (s) within column are not significantly different (P<0.05)
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Table (5): Effect of deficit irrigation and foliar application of glycine betaine on fresh and dry weights of
leaves (g) of tomato plants during 2012/2013 and 2013/2014 seasons.

Treatments 2012/2013 2013/2014
. D.eflc.'t Gly_cme Fresh weight | Dry weight of | Fresh weight Dry weight of
Irrigation betiane of leaves (g) leaves (g) of leaves (g) leaves (g)
(D) (GB)

0 mM/I 668.80 b 29.09 c 671.60 b 30.97 o

5 mM/I 662.00 b 29.73 bc 665.60 b 31.53 bc

100% ETo ™ 5 mmii 73050 | a 31.83 a | 73110 | a 33.53 a
20 mM/I 670.00 b 30.52 b 673.20 b 32.22 b

0 mM/I 591.00 e 22.15 g 596.80 e 23.64 g

85% ET, 5 mM/I 611.50 d 24.17 f 614.60 d 25.63 f
10 mM/I 630.00 c 28.09 d 633.30 c 29.68 d

20 mM/I 612.50 cd 26.38 e 61750 | cd 28.03 e

0 mM/I 353.30 g 15.63 i 358.30 g 17.10 j

70% ET, 5 mM/I 361.80 g 16.65 i 365.50 g 18.20 i
10 mM/I 390.80 f 19.39 h 394.90 f 20.89 h

20 mM/I 358.30 | g 16.37 ij | 36250 | g 17.97 ij

0 mM/I 186.70 j 12.23 m 191.10 j 13.77 m
5506 ET, 5 mM/I 208.50 i 13.32 | 213.60 i 14.54 Im
10 mM/I 229.30 h 1451 k 233.60 h 16.02 k

20 mM/I 210.00 i 13.63 | 214.00 i 15.31 Kl

100% ET, 682.80 A 30.29 A 685.40 A 32.06 A

85% ET, 611.30 B 25.20 B 615.50 B 26.75 B

70% ET, 366.10 C 17.01 C 370.30 C 18.54 C

55% ET, 208.60 D 13.42 D 213.10 D 14.91 D

0 mM/I 450.00 C 19.77 D 454.40 C 21.37 D

5 mM/I 461.00 B 20.97 C 464.80 B 22.48 C

10 mM/I 495.20 A 23.45 A 498.20 A 25.03 A

20 mMI/l 462.70 B 21.73 B 466.80 B 23.38 B

Values followed by the same letter (s) within column are not significantly different (P<0.05)

The highest significant values were obtained with 55% ET, treatment and the lowest values were
gained by 100% ET, (control) treatment in both seasons. In the same trend water stress induced an
accumulation in proline concentration in wheat grains. Increased proline content in the grain of stressed wheat
plants may help to overcome any further stress conditions®. Proline accumulates under stressed conditions
supplies energy for growth and survival and thereby helps the plant to tolerate stress. Similar results are
obtained in sorghum plant®. In the same trend, under drought stress, the contents of proline and soluble sugar
are increased in the leaves of processing tomato®.

Respecting the effect of foliar application of GB on photosynthetic pigments and proline content in
tomato leaves, results showed that, the highest significant values of chlorophyll a, b and carotenoids were
obtained with 10 and 20 mM/I of GB, with no significant differences between them except with chlorophyll a in
the first season only. On contrast, the lowest values were obtained with 0 mM/I GB treatment. In this respect,
the application of glycine betaine at 1 and 5 mM to salt stressed tomato plants increased the photosynthetic
pigments®. Moreover, the effect of water stress on fluorescence was reduced by glycine betaine treatment™.
Also, they mentioned that the adverse effects of water stress on CO, uptake and chlorophyll fluorescence in
bean were fully or partially prevented by glycine betaine treatment. In support, glycine betaine can improve the
thermal stability and electron transport in photosystem 11%*. Similarly in spinach chloroplast, glycine betaine
was shown to protect the oxygen evolution in photosystem I against salt stress®®. On the other hand, the highest
significant values of proline content were obtained with 0 mM/I GB (control) treatment and then decreased with
increasing GB concentrations in both seasons. In this respect, the reduction of free proline due to the application
of glycine betaine was observed, where addition of 1 mM GB to salt affected tomato plants reduced proline
accumulation in leaves by 41% while 5 mM GB increased proline by 30%, suggesting its interference in the
process of osmotic adjustment by proline production®.
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Table (6): Effect of irrigation levels and foliar application of glycine betaine on chlorophyll a, b and
carotenoids (mg/g f.wt) and free proline (ug/g DW) contents in tomato leaves during 2012/2013 and

2013/2014 seasons.
Treatments 2012/2013 2013/2014
peficit_ Glycine Chiorophyll a Chlorophy | Carotenoi Proline Chlorophyll | Chloroph Qaroteno Proline
irrigati betiane (Mg fresh I1'b (mg/g ds (mg/g content a (mgl/g yll b (mg/g | ids (mg/g content
on (GB) weight) frgsh frgsh (nglg frgsh frgsh frpsh (ng/g
(DI) weight) weight) DW) weight) weight) weight) DW)

0 mM/I 2.03 e 149 | bc| 149 | b]| 36.85| | 2.08 ef | 154] b | 156| c| 3652 K
100% | 5 mMI/I 2.34 c 148 | bc| 161 | a| 36.60| Iml 242 c 153| b | 167| b | 3638 K
ETo | 10 mmI 2.66 a 176 | a| 169 | a| 36.00| m| 274 a | 179 a | 175 a| 36.08| K
20 mM/I 2.52 b 1.71 a 169 | a| 36.33| Im| 261 b 1.74 a| 1.76| a| 36.10| K
0 mM/I 1.89 f 131 d 112 | d| 39.75| i 2.01 f 1.39| cd| 124| e | 4005 H
85% | 5 mM/I 2.03 e 148 | bc| 140 | c| 38.87| j 2.12 e 1.61 b 1.39| d| 39.18| |
ET, 10 mMI 2.22 d 1.64 a 1.48 | bc| 38.38| j 2.23 d 1.73 a| 155 c| 38.07| J
20 mMI/l 2.12 de 1.69 a 1.44 | bc| 37.67| k 2.27 d 1.74 a| 156 c| 37.98| J
0 mM/I 1.57 hi 1.32 d 0.89 | ef| 4853| e| 1.63 j 1.34| de| 0.94| g | 49.35| D
70% | 5 mMI/I 1.66 gh 128 | de| 097 | e| 4722| f 1.75 ghi| 1.35| de| 1.05| f | 47.97| E
ET, 10 mMI 1.73 g 137 | cd 114 | d| 46.03| ¢ 1.84 g 148 | bc| 124| e | 46.25| F
20 mMI/l 1.65 gh 151 b 1.16 | d| 45.05| h 1.77 gh 1.59 b 122| e | 4535| G
0 mM/I 1.36 j 0.86 g 058 | i| 60.80| a| 1.39 k | 0900| f | 062 j| 61.67| A
55% | 5 mM/I 1.52 i 0.92 g 067 | h| 59.97| b| 161 j 097| f | 0.75| i | 59.00 B
ET, 10 mMI 1.60 hi 1.13 f 0.81 | fg| 55.57| ¢ 1.67 hij 1.23 e | 082 h| 5482 C
20 mM/I 1.62 ghi| 117 | ef| 076 | g| 5457| d 1.65 ij 1.32| de| 0.80| hi| 55.38] C
100% ET, 2.39 A 1.61 A 162 | A| 3645| D 2.46 A 165| A | 168 A| 36.27| D
85% ET, 2.06 B 1.53 B 136 | B| 38.67| C 2.16 B 162| A | 143| B| 3882| C
70% ET, 1.65 C 1.37 C 104 | C| 46.71| B 1.75 C 1.44 B | 1.11| C| 47.23| B
55% ET, 1.52 D 1.02 D 071 | D| 57.72| A 1.58 D 1.11 C| 075 D| 57.72| A
0 mMI/l 1.71 D 1.25 B 102 | C| 4648| A 1.78 C 1.29 C| 109| C| 46.90] A
5 mM/I 1.89 C 1.29 B 116 | B| 4566| B 1.98 B 1.37 B | 1.21| B| 4563| B
10 mM/I 2.05 A 1.47 A 128 | A| 44.00| C 2.12 A 156| A | 134 A| 4380| C
20 mM/I 1.98 B 1.52 A 126 | A| 4340| D 2.07 A 160| A | 133| A| 4370| C

Values followed by the same letter (s) within column are not significantly different (P<0.05)

Regarding the interactions between DI treatments and foliar application of GB, the highest significant
values of chlorophyll a were obtained with (100% ET, (control) and foliar application of 10 mM/I GB)
treatment, but the highest significant values for chlorophyll b and carotenoids were gained by (100% or 85%
ET, and 10 or 20 mM/I GB) treatments. As to proline content in tomato leaves, plants were irrigated with 55%
ET, and foliar sprayed by GB at 0 mM/I (control treatment) gave the highest significant values in both seasons.

Flowering and fruit yield:

Data in Table (7) show the effect of DI treatments and foliar application of GB on number of flowers
per plant, number of fruits per plant and total marketable yield. Results illustrated that drought stress adversely
affected number of flowers per plant and fruit yield of tomato plants. The highest significant values were
obtained with 100% ET, (control) treatment followed by 85% ET, and the lowest values were obtained by 55%
ET, treatment. DI treatments which negatively affected and reduced plant growth of tomato plants as shown in
Tables (5and 6). So, thus affected the development of flowering and fruiting characteristics. These results are in
agreement with other works on bean®®® and onion®. In addition, maximum marketable tomato yields are
obtainable under irrigation with water amounts based on 100% ET., or by irrigation water amounts
determined using kp. 1.00'®. Besides, a negative trend in response to increasing soil water deficit was observed
for fruit yield®. In this respect, it was observed that the number of marketable fruits per plant reduced as soil
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water tension increased during fruit development®. Also, higher yields of tomatoes could be realized with a
greater seasonal water application™.

Concerning the effect of foliar application of GB on number of flowers per plant and fruit yield. Results
showed that the foliar application of 10 mM/I GB gave the highest significant values of the number of flowers,
number of fruits per plant and total marketable yield. While, the lowest values were obtained with 0 mM/I GB
treatment. Similarly, the application of GB (10 mM) was significant in alleviating the adverse effects of water
deficit on yield and yield components of wheat cultivars®. These results are in conformity with those obtained
on sorghum plant under drought stress’’. This improvement in yield and yield components due to GB
application would result from the beneficial effect of GB on growth and metabolism and its role as
osmoprotectant. Moreover, the positive effects of foliar spraying of GB under water limited environment were
observed in different crops such as tomato* and common bean®.

Respecting the interactions between DI treatments and foliar application of GB, tomato plants were
irrigated by 100% ET, (control) treatment with foliar sprayed with 10 mM/I GB gave the highest significant
values of the above mentioned characteristics. In addition, no significant differences were detected with 5 mM/I
GB treatment on the number of fruits per plant and 20 mM/I GB treatment on the total marketable yield.

Fruit quality:

Data in Table (8) show the effect of DI treatments and foliar application of GB on fruit quality of
tomatoes. Results illustrated that the deficit irrigation treatments significantly decreased the average fruit
weight, where the highest significant values were obtained with 100% ET, (control) treatment. While, there
were no significant differences among 100%, 85% and 70% ET, treatments for the fruit diameter and they were
superior on 55% ET, treatment. The highest significant values for tomato fruit TSS were gained by 55% ET,
treatment compared to the others studied treatments. Similarly, fruit weight and diameter were the highest at the
full irrigated application'®*®. Moreover, the increase of soil water deficit led to rising in fruit soluble solids
content®®. In the same trend, water deficit improved the quality of fruits, by increasing TSS and acidity in
tomato fruits’'. Also, Moderate water deficits increased the total soluble solids in tomato fruits’>".

Regarding the effect of foliar application of GB on the tomato fruit quality, results showed that no
significant differences were noticed among the treatments in both seasons for the mentioned fruit quality
characteristics.

Concerning the interactions between DI treatments and foliar application of GB, tomato plants were
irrigated by 100% ET, (control) treatment with foliar application of 0 mM/l GB, recorded the highest significant
values of average fruit weight and followed by 100% ET, (control) and 10 mM/I GB treatment. While, there
were no significant differences among 100, 85 and 70% ET, treatments, and they were superior on 55% ET,
treatment for the fruit diameter in both seasons. On the contrary, 55% ET, treatment with all the GB
concentrations recorded the highest significant values for TSS compared to the others studied treatments.
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Table (7): Effect of deficit irrigation and foliar application of glycine betaine on the number of flowers
and the number of fruits per tomato plant and the total marketable yield (ton/fed.) of tomatoes during
2012/2013 and 2013/2014 seasons.

Treatments 2012/2013 2013/2014
. Total Total
Deficit bevane | fiowerss | frue/ | marketale | NGRaeror | NEERROOT | marketable
irrigation (DI) (GB) plant plant yield plant plant yield

(ton/fed.) (ton/fed.)

0 mMm/I 11220 | b 81.00 | bc 4382 | ¢ 114.80 | b 82.82 | bc 4378 | ¢

100% ET, 5 mM/I 11170 | b 83.33 | ab 4458 | b 113.70 | b 85.15 | ab 4520 | b
10 mM/I 11870 | a 8550 | a 48.80 | a 122.00 | a 87.32 | a 50.20 | a

20 mM/I 106.80 | b 79.50 | ¢ 4882 | a 109.50 | b 81.32 | ¢ 50.07 | a

0 mMm/I 85.67 | de | 62.67 | e 3752 | g 87.88 | e 64.49 | e 3755 | g

85% ET, 5 mM/I 88.33 | de | 65.33 | e 39.08 | f 9054 | de | 67.15 | e 39.07 | f
10 mMI/I 96.33 | ¢ 7167 | d 4163 | d 99.31 | ¢ 73.49 | d 4240 | d

20 mM/I 91.83 | cd | 64.83 | e 4015 | e 94.04 | cd | 66.65 | e 40.10 | e

0 mMI/l 64.67 | g 4400 | h 32.83 | k 67.01 | g 4582 | h 3293 | j

10%ET, 5 mM/I 7467 | f 50.33 | g 34.34 | j 76.88 | f 5215 | g 3450 | i
10 mM/I 84.83 | e 55.33 | f 36.15 | h 87.04 | e 57.15 | f 3598 | h

20 mM/I 7317 | f 50.50 | g 35.28 | i 75.38 | f 52.32 | g 3543 | h
0 mm/I 4450 | j 3533 | j 22.45 | o 4681 | j 37.15 | j 2319 | m

5% ET, 5 mM/I 46.67 | ij 37.83 | ij 2457 | n 48.31 | ij 39.65 | ij 25.27 | |
10 mM/I 54.83 | h 4267 | h 27.58 | | 56.97 | h 4449 | h 28.00 | k

20 mM/I 51.83 | hi 39.17 | i 26.17 | m 53.97 | hi 40.99 | i 25.65 | |
100% ET, 112.30 | A 8233 | A 4651 | A 115.00 | A 84.15 | A 4731 | A
85% ET, 90.54 | B 66.13 | B 39.60 | B 92.94 | B 67.94 | B 3978 | B
70% ET, 7433 | C 50.04 | C 3465 | C 76.58 | C 51.86 | C 3471 | C
S5% ET, 49.46 | D 38.75 | D 2519 | D 5151 | D 4057 | D 2553 | D
0 mMm/I 76.75 | C 55.75 | C 3415 | D 79.13 | C 5757 | C 3437 | D
5 mM/I 80.33 | B 59.21 | B 3564 | C 82.35 | B 61.03 | B 36.01 | C
10 mM/I 88.67 | A 63.79 | A 3854 | A 91.33 | A 65.61 | A 3015 | A
20 mM/I 80.92 | B 58.50 | B 37.60 | B 83.22 | B 60.32 | B 3781 | B

Values followed by the same letter (s) within column are not significantly different (P<0.05)
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Table (8): Effect of deficit irrigation and foliar application of glycine betaine on average fruit weight (g),
fruit diameter (cm) and TSS (%) of tomato fruits during 2012/2013 and 2013/2014 seasons.

Treatments 2012/2013 2013/2014
Deficit irrigation Glycine Average Fruit Average Fruit
(DI) g betiane fruit weight | diameter TSS (%) | fruit weight diameter TSS (%)
(GB) (9) (cm) @) (cm)
0 mM/I 99.75 | a 531 | a 6.14 | d 95.60 | a 497 | a 6.19 | ef
5 mM/I
100% ET, 92.05 | bc 517 | a 6.02 | d 92.90 | ab 502 | a 6.03 | f
10 mM/I 98.04 | ab 524 | a 6.15 | d 9492 | a 5.08 | a 6.18 | ef
20 mM/I 89.55 | cd 5.18 | a 6.13 | d 89.63 | abc 5.08 | a 6.36 | de
0 mM/I 86.09 | cd 5.06 | a 6.53 | ¢ 86.59 | bc 517 | a 6.66 | c
5 mMI/l
85% ET, 85.49 | cd 498 | a 6.39 | c 86.65 | bc 527 | a 6.53 | cd
10 mMm/I 88.04 | cd 5.06 | a 6.38 | c 85.92 | bc 512 | a 6.23 | ef
20 mM/I 86.05 | cd 493 | a 6.15 | d 87.73 | bc 518 | a 6.40 | de
0 mM/I 82.16 | d 498 | a 6.90 | b 8334 | c 5.02 | a 6.97 | b
5 mM/I
70% ET, 83.68 | d 494 | a 6.95 | b 8451 | c 515 | a 7.04 | b
10 mMm/I 84.98 | cd 503 | a 7.00 | b 89.40 | abc 501 | a 7.18 | b
20 mM/I 83.14 | d 5.00 | a 702 | b 87.29 | bc 515 | a 7.15 | b
0 mM/I 7053 | e 395|b | 768 |a 67.66 | d 416 | b 7.86 | a
5 mM/I
55% ET, 7398 | e 422 |b | 760 | a 7187 | d 434 | b 782 | a
10 mM/I 73.28 | e 430 | b | 763 a 7143 | d 432 | b 778 | a
20 mM/I 71.88 | e 424 |b | 753 | a 70.86 | d 431 | b 7.65 | a
100% ET, 94.85 | A 523 | A | 611 | D | 9326 | A 504 | A | 619 | D
85% ET, 86.42 | B 501 | A | 636 |C | 8672 |B 518 | A | 646 | C
70% ET, 83.49 | B 499 | A | 697 | B | 8613 |B 508 | A | 7.08|B
55% ET, 7242 | C 418 | B | 761 | A | 7045 | C 428 | B | 7.78 | A
0 mM/I 84.64 | A 483 | A | 681 | A | 8330 | A 483 | A | 692 | A
5 mM/I 83.80 | A 483 | A | 674 | A | 8398 | A 494 | A | 685 | A
10 mMm/I 86.08 | A 491 | A | 679 | A | 8542 | A 483 | A | 684 | A
20 mM/I 82.66 | A 484 | A | 671 | A | 8387 | A 493 | A | 689 | A

Values followed by the same letter (s) within column are not significantly different (P<0.05)

Water measurements (LRWC & IWUE):

Data presented in Table (9) show the effect of DI treatments and foliar application of GB on leaf
relative water content (LRWC) and irrigation water use efficiency (IWUE). Results revealed that, the DI
treatments significantly decreased the LRWC and the highest significant values were obtained with 100% ET,
(control) treatment. On the other hand, there were positive effects for DI on IWUE. Where 55% ET, treatment
recoded the highest significant values compared to the others studied treatments. These results are in harmony
with other works, which refer to the using of DI strategy is very important to increase crop water use efficiency
(WUE)®. Moreover, the adoption of DI strategies at 50% reduction of ET. could be suggested in open-field
processing tomato in South Italy, for increasing WUE, minimizing fruit losses and maintaining high fruit
quality levels®.
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Table (9): Effect of deficit irrigation and foliar application of glycine betaine on leaf relative water
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content (LRWC) (%) and the irrigation water use efficiency (IWUE) (kg/m3) of tomato plants during

2012/2013 and 2013/2014 seasons.

Treatments 2012/2013 2013/2014
Irrigation
Deficit GIvei Leaf relative Irrigation water Leaf relative water use
S ycine - -
irrigation betiane (GB) water content use efficiency water content efficiency
(D) (%) (LRWC) | (IWUE) (kg/m3) | (%) (LRWC) (IWUE)
(kg/m3)
0 mM/I 85.28 | d 3153 | j 85.77 | ¢ 30.08 | i
5 mM/I 86.02 | ¢ 33.20 | i 8597 | ¢ 33.62 | h
100% ET, 10 mM/I 88.42 | a 3861 | h 89.01 | a 4023 | ¢
20 mM/I 86.86 | b 42.08 | g 8714 | b 43.08 | f
0 mM/I 8153 | f 4359 | f 8217 | e 4430 | f
8506 ET, 5 mM/I 83.07 | e 4756 | e 83.27 | d 49.06 | d
10 mMI/I 84.86 | d 54.92 | bc 85.14 | ¢ 56.13 | b
20 mM/I 84.79 | d 5450 | ¢ 85.22 | ¢ 55.69 | b
0 mM/I 65.56 | j 46.90 | e 66.31 | i 4769 | e
70% ET, 5 mM/I 66.53 | i 4959 | d 67.28 | h 50.06 | d
10 mMI/I 67.49 | h 5433 | ¢ 68.65 | g 55.56 | b
20 mM/I 68.99 | g 56.14 | b 69.76 | f 56.60 | b
0 mM/I 60.38 | n 5378 | ¢ 61.08 | | 5373 | ¢
5506 ET, 5 mM/I 63.01 | m 54.76 | bc 63.28 k 55.26 | b
10 mM/I 64.13 | | 59.89 | a 64.27 | j 61.33 | a
20 mM/I 64.87 | k 59.86 | a 65.47 | i 6101 | a
100% ET, 86.64 | A 36.35 | D 86.97 | A 36.75 | D
85% ET, 83.56 | B 50.14 | C 8395 | B 5129 | C
70% ET, 67.14 | C 51.74 | B 68.00 | C 5248 | B
55% ET, 63.10 | D 57.07 | A 63.52 | D 5783 | A
0 mM/I 7319 | C 4395 | D 7383 | C 4395 | D
5 mMI/l 7466 | B 46.28 | C 7495 | B 47.00 | C
10 mM/I 76.22 | A 5194 | B 76.77 | A 5331 | B
20 mM/I 76.38 | A 5314 | A 7690 | A 5409 | A

Values followed by the same letter (s) within column are not significantly different (P<0.05)

Respecting the effect of foliar application of GB on the above mentioned parameters, results showed
that foliar spraying of 10 and 20 mM/I GB treatments gave the highest significant values of LRWC, while 20
mM/l GB treatment only for IWUE in the both seasons. Similarly, plants treated by GB under water stress
treatment, showed a slower decrease in leaf water potential, thus developing wilting symptoms much later than
untreated plants. In addition, GB treated plants showed better ability to recover from wilting than untreated

plants*.

Regarding the interactions between DI treatments and foliar application of GB, using 100% ET,
(control) with 10 mM/I GB treatment gave the highest significant values of LRWC, but using 55% ET, with 10
or 20 mM/I GB treatments had the highest significant values of IWUE.

Conclusion

It was concluded that, tomato plants could be produced under sandy soil conditions using DI strategy at
85% ET,with foliar spraying by 10 mM/I GB to overcome the negative effects of water stress and improve the

vegetative growth, fruit yield and quality.
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Abbreviations

-GB Glycine betaine -ET Evapotranspiration

- DI Deficit irrigation -ET, Crop evapotranspiration

- LRWC Leaf relative water content -ET, Reference evapotranspiration

- IWUE Irrigation water use efficiency - kpe Class A pan evaporation

- WUE Water use efficiency - mM/I Millimolar/liter

-TSS Total soluble solids - F.Wit. Fresh weight

- D.Wt. Dry weight - T.Wt. Turgid weight

- ABA Abscisic acid
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