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Abstract: Processing tomato is one of the most important economic crops in Xinjiang, China, which
was constrained with severe water shortage and extreme arid climate. Alternate partial root-zone
irrigation (APRI) may provide an effective way to increase irrigation water use efficiency (iWUE)
without yield reduction. However, limited studies concerned about applying APRI in processing
tomato plantation have been done, especially combined with drip irrigation to further control the
irrigation and improve iWUE. Therefore, the two-year pot experiments were conducted to study the
effects of different irrigation treatments, including three APRI treatments (irrigation quota of 67.5, 51.6,
and 43.7 mm, respectively), fixed partial root-zoon drip irrigation (FPRI, 67.5 mm) and conventional
drip irrigation (CDI, 67.5 mm). The results indicated that APRI was an appropriate irrigation method
in processing tomato plantation in arid desert area such as Xinjiang, as high irrigation quota of
APRI (APRIH) significantly improved its yield without fruit quality reduction in comparison with
those of CDI. However, the yield without fruit quality of FPRI significantly decreased. Even if the
irrigation quota of APRI decreased to the medium level (APRIM, 51.6 mm), iWUE by increased
31.8–32.7% on the contrary, as irrigation water was saved by 23.6%; while keeping the yield and fruit
quality. Therefore, APRIM is recommended for processing tomato plantation in arid northwest China,
to increase plant growth, fruit quality, yield, and iWUE synergistically.

Keywords: processing tomato; alternate root-zone drip irrigation; plant growth; physiological
characteristics; fruit quality; yield and irrigation water use efficiency

1. Introduction

Xinjiang is the largest processing tomato production place in China and ranks as the world’s
third largest with the exporting proportion being more than 30% of global trade [1]. Nowadays
the annual planting area maintains stable which exceeding 46,667 hm2 [2], taking advantages of the
sufficient solar radiation and illumination, the large temperature difference between day and night,
and the high effective accumulated temperature in local area. These factors are beneficial for processing
tomato growth and development, accumulation of dry matter, improvement of soluble solids and
production of lycopene [1]. However, due to the extreme water shortage and arid desert climate in
Xinjiang, applying high-efficiency water-saving irrigation is critical to sustainable processing tomato
production [3].
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Alternate partial root-zone irrigation (APRI) is regarded as a new water-saving irrigation
technology, as by applying it, half of the root-zone is irrigated while the other half is controlled
as dry, and then switched with regulated pattern [4,5]. Under this condition, the plants would response
as partial stomatal closure, reduced leaf initiation, expansion rates, and transpiration efficiency without
significant impact on photosynthesis, thus increasing irrigation water use efficiency (iWUE) and
lycopene [6]. These reactions depend on the biochemical signals, including plant growth regulators
and other chemicals those derived from roots or recycled from shoots in response to dry soil [7,8].
Previous studies have demonstrated that APRI would save large amounts of irrigation water compared
to traditional irrigation and maintain crop yields and improves water use efficiency, using furrow
irrigation or drip irrigation on cotton [9], apple [10–12], pear [13], maize [14,15], grapes [16,17],
pomegranate [18], sugar beet [19], eggplant [5], potato [20] and tomato [21,22]. However, there were
limited studies reported applying APRI in processing tomato, especially combined with drip irrigation
in the arid area.

Therefore, by carrying out the pot experiments with APRI and drip irrigation applied in processing
tomato plantation to accurately control the irrigation quota, the objectives of this paper were to study
(1) whether APRI combined with drip irrigation technology suitable for planting processing tomato in
the typical arid area such as Xinjiang? (2) What is the appropriate irrigation mode if it is suitable? Their
answers would be concluded with comprehensive consideration of the effects of different treatments
on processing tomato quality, yield and iWUE. The results obtained in this paper would provide
theoretical references to processing tomato plantation.

2. Materials and Methods

2.1. Experimental Location

The pot experiments were conducted in the Key Laboratory of Modern Water-Saving Irrigation of
the Xinjiang Production and Construction Corps (44◦19′ N, 85◦59′ E, 412 m above sea level) at Shihezi
City, Xinjiang (Figure 1). Local climate is the typical arid continental climate and the experiments were
carried out in 2017 and 2018. Air temperature, rainfall data were recorded by an automatic weather
station (type: TRM-ZS2; manufacturer: Jinzhou Sunshine Meteorological Technology CO.LTD, Jinzhou,
China) located 100 m away from the experimental location. The total rainfall in 2017 was 96.8 mm,
and the temperature ranged from 10.1 to 32.9 ◦C; while the total rainfall in 2018 was 77.6 mm, and the
temperature ranged from 9.6 to 30.78 ◦C (Figure 2). The physical and chemical properties of the soil
are shown in Table 1.
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Figure 2. Distribution of precipitation and air temperature in 2017 and 2018 during the experiments. 
Note: Figure (a) showed the precipitation and air temperature in 2017, and figure (b) showed the 
precipitation and air temperature in 2018 

Table 1. Soil properties used in the pot experiments. 

Year pH Soil Type 
Unit Weight 

(g m−3) 
Organic Matter 

(g kg−1) 
Total N 
(g kg−1) 

Available N 
(mg kg−1) 

Available P 
(mg kg−1) 

Available K 
(mg kg−1) 

2017 7.5 middle loam 1.42 17.88 1.32 52.44 24.66 187.33 
2018 7.3 middle loam 1.43 16.54 1.21 51.32 23.68 179.65 

Note: The experiment soil was Middle loam which was distinguished by soil texture. Middle loam is 
a type of loam. It consists of powders of different thicknesses, and the sand and clay content are 
roughly the same, with a slight roughness. It has plasticity and can be twisted into small strips with 
a diameter of about 3 mm, but it is easy to break when bent into an arc of 2 to 3 cm. 

2.2. Experimental Design 

The pot experiments used the plastic films to separate different root zones (Figure 3). Irrigation 
methods included conventional drip irrigation (CDI), fixed partial root-zoon drip irrigation (FPRI), 
and three levels of alternate partial root-zoon drip irrigation (including high irrigation quota, APRIH; 
medium irrigation quota, APRIM; and low irrigation quota, APRIL). There were five treatments 
included in the experiment and the specific irrigation schedules are shown in Table 2. Each treatment 
had three replications, and a total of fifteen pots. The processing tomato planted for two consecutive 
years was “JinFan 3166” (The main stem is 70 cm to 75 cm, and the fruit has an elliptical shape with 
good hardness and is not easy to crack. The average fruit weight ranges from 75 g to 85 g. Under high 

Figure 2. Distribution of precipitation and air temperature in 2017 and 2018 during the experiments.
Note: Figure (a) showed the precipitation and air temperature in 2017, and figure (b) showed the
precipitation and air temperature in 2018

Table 1. Soil properties used in the pot experiments.

Year pH Soil Type Unit Weight
(g m−3)

Organic Matter
(g kg−1)

Total N
(g kg−1)

Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

2017 7.5 middle loam 1.42 17.88 1.32 52.44 24.66 187.33
2018 7.3 middle loam 1.43 16.54 1.21 51.32 23.68 179.65

Note: The experiment soil was Middle loam which was distinguished by soil texture. Middle loam is a type of loam.
It consists of powders of different thicknesses, and the sand and clay content are roughly the same, with a slight
roughness. It has plasticity and can be twisted into small strips with a diameter of about 3 mm, but it is easy to
break when bent into an arc of 2 to 3 cm.

2.2. Experimental Design

The pot experiments used the plastic films to separate different root zones (Figure 3). Irrigation
methods included conventional drip irrigation (CDI), fixed partial root-zoon drip irrigation (FPRI),
and three levels of alternate partial root-zoon drip irrigation (including high irrigation quota, APRIH;
medium irrigation quota, APRIM; and low irrigation quota, APRIL). There were five treatments
included in the experiment and the specific irrigation schedules are shown in Table 2. Each treatment
had three replications, and a total of fifteen pots. The processing tomato planted for two consecutive
years was “JinFan 3166” (The main stem is 70 cm to 75 cm, and the fruit has an elliptical shape with
good hardness and is not easy to crack. The average fruit weight ranges from 75 g to 85 g. Under high
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temperature and climatic conditions, the ability to continuously flower and fruit is strong, and the heat
resistance is strong. The first growth cycle yields 1.44 × 105 kg/hm−2, and the second growth cycle
yields 1.29 × 105 kg/hm−2), which was transplanted on 1 May with the height of about 13 cm. It entered
the flowering period on 1 June, as the first flower all opened on 9 June and the second flower began
to bloom on 12 June. The experiments ended on 12 August, lasting 104 days. In 2017 and 2018, the
treatments were the same. During the flowering period within one month after transplanting, whole
irrigation was applied to ensure the uniform growth of the roots on both sides before proceeding the
treatments. The FPRI was only irrigated on the same side; while the APRI was irrigated on both sides
alternately, keeping one side dry and the other side moist. The fertilization, weeding and pest removal
methods were kept the same in all the treatments.
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Figure 3. Diagram of roots in the pots.

Water used for irrigation was the local shallow well water in the experimental station, with the
salinity of 0.87 g L−1. The medical infusion tube was used to simulate the dripper, which could control
irrigation amounts of each pot precisely, and the flow rate was 1.80 L h-1 (Figure 3). Fertilization was
carried out with irrigation and all treatments kept the same management, which was started after
30 min of irrigation and ended 30 min before irrigation stopped. The irrigation quota, the number
of irrigation times, and the amount of fertilization were referenced to those of the tomato plantation
in Shihezi and surrounding farms in recent years. The fertilizers used including urea (N 46%) in
375 kg hm−2, phosphate monoamine (N 12%, P2O5 62%) in 375 kg hm−2, and potassium chloride
(K2O 60%) in 525 kg hm−2.
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Table 2. Processing tomato irrigation schedules during the experiments.

Year Growth Stage Period
Irrigation Treatment/mm Irrigation

Times
Fertilization

TimesAPRIH APRIM APRIL FPRI CDI

2017

Seeding 05/01~05/20 67.5 51.6 43.7 67.5 67.5 1 1
Flowering and fruiting 05/21~06/15 202.5 154.8 131.1 202.5 202.5 3 3

Fruit expanding 06/16~07/23 337.5 258.0 218.5 337.5 337.5 5 5
Harvesting 07/24~08/12 67.5 51.6 43.7 67.5 67.5 1 0

Total 05/01~08/12 675.0 516.0 437 675.0 675.0 10 9

2018

Seeding 05/01~05/22 67.5 51.6 43.7 67.5 67.5 1 1
Flowering and fruiting 05/23~06/18 202.5 154.8 131.1 202.5 202.5 3 3

Fruit expanding 06/19~07/21 405.0 309.6 262.2 405.0 405.0 6 6
Harvesting 07/22~08/15 67.5 51.6 43.7 67.5 67.5 1 0

Total 05/01~08/15 742.5 567.6 480.7 742.5 742.5 11 10

2.3. Sampling and Testing Measurements

2.3.1. Growth Indices

Two plants were selected for each treatment, and the plant height and stem diameter were
measured every five days and ten days, respectively, with the ruler (measurement accuracy: the ruler
measured plant height was 0.05 mm; the ruler measured stem diameter was 0.02 mm). Plant height:
The natural height from the base of the plant to the growth point of the main stem, measured by a tape
measure. Stem thick: A cross stem 3 cm above the surface of the soil, measured by a digital vernier
caliper. Root fresh and dry weights (g), crown fresh and dry weights (g), root-shoot ratio (%) were
measured at the end of the reproductive period. At the end of the experiments, the sampling was
obtained by destructively taking processing tomato roots out. The total biomass of the above-ground
and the underground parts is the biomass of each plant, and the root-shoot ratio was calculated as the
ratio of the underground part dry weight to that of the aerial part.

2.3.2. Physiological Parameters

Physiological parameters such as diurnal variation of leaf photosynthesis rate (Pn), transpiration
rate (Tr) and stomatal conductance (gs) were measured with a portable photosynthesis system
(LI-6400XT, LI-COR Corporation, Lincoln, NE, USA) at a 2 h interval from 7:00 to 19:00 on cloudless
sunny days in the middle of an irrigation interval. This diurnal variation was measured three times
with the same healthy leaves at fruit expanding stage. Three fully developed and healthy leaves of
different plants in each treatment those were fully exposed to sun were chosen for the measurements.
The mean value of every parameter in selected time point of 9:00, 11:00, 15:00, 17:00 and 19:00 was
calculated to indicate the leaf gas exchange effectively. The leaf WUEins (instantaneous water use
efficiency at leaf scale) was calculated as the ratio of Pn to Tr and leaf WUEint (intrinsic water use
efficiency at leaf scale) was calculated as the ratio of Pn to gs.

2.3.3. Yield and Irrigation Water Use Efficiency

During the harvesting period, processing tomato fruits were picked four times with an interval of
six days when they got bright red luster in each season. Individual fruit weight and total yield were
measured using an electronic balance (type: BT-417; measurement accuracy: 0.1 g; manufacturer: Botu,
Shenzhen, China). The irrigation water utilization efficiency (iWUE) was calculated as the ratio of
yield (kg hm−2) to irrigation quota (m3 hm−2).

2.3.4. Fruit Quality and Shape Indicators

The matured second spikes were selected for fruit quality tests. Five tomatoes were randomly
selected for each treatment. Total soluble solids (TSS) of processing tomato juice were determined using
a handheld refractometer (type: PR-32; manufacturer: Atago, Tokyo, Japan) with automatic temperature
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compensation. Organic acid was titrated with 0.1 mol L−1 NaOH and calculated as equivalents of
citric acid expressed as percentage of fresh mass [23]. Total soluble sugar content was measured
using anthrone method [24]. Vitamin C (ascorbic acid) was measured with the 2,6-dichloroindophenol
titrimetric method [25]. Lycopene content was measured at 474 nm on a spectrophotometer using the
modified method [26,27]. Fruit water content was measured using oven-drying method.

The horizontal and vertical diameters of the fruits were determined by digital vernier calipers
(type: 91511; measurement accuracy: 0.01 mm; manufacturer: Sata, Shenzhen, China). The transverse
diameter coefficient of variation is the ratio of the standard deviation of the transverse diameters to the
mean value of the two vertical directions on the fruit plane. The fruit shape index is the ratio of the
longitudinal diameter of the tomato to the average transverse diameter.

2.4. Statistical Analysis

The experimental data was initially collated by Microsoft Excel 2016, plotted with Origin Pro 2017.
Correlation analysis, multi-way analysis of variance (ANOVA) were performed using SPSS 17.0 version
soft-ware (SPSS Inc., Chicago, IL, USA), and all treatment means were compared for significant
differences using the Duncan’s multiple range test at level of p < 0.05.

3. Results

3.1. Effects of Different Irrigation Methods on Plant Height and Stem Diameter of the Processing Tomato

The effects of different treatments on pressing tomato plant height and stem diameter are shown
in Figure 4.
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Figure 4. Plant height and stem diameter under different irrigation methods. Note: “a” represents the 
slope of the fitted line. The fitted straight line indicates the growth rate of plant height (a)、(b) and 
stem diameter (c)、(d) relative to conventional drip irrigation (CDI) treatment under alternate partial 
root-zone irrigation (APRI) and fixed partial root-zoon drip irrigation (FPRI) treatment, and the points 

Figure 4. Plant height and stem diameter under different irrigation methods. Note: “a” represents the
slope of the fitted line. The fitted straight line indicates the growth rate of plant height (a,b) and stem
diameter (c,d) relative to conventional drip irrigation (CDI) treatment under alternate partial root-zone
irrigation (APRI) and fixed partial root-zoon drip irrigation (FPRI) treatment, and the points indicate
the actual measured values of plant height and stem diameter for each treatment, line y = x indicates
the growth rate of the plant height and stem diameter of the CDI treatment.
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Seen from Figure 4, the heights of processing tomato were 15.62–60.58 cm, 15.22–52.02 cm and
14.01–63.88 cm for three APRI treatments, FPRI treatment and CDI treatment, respectively, in 2017,
while comparable values were acquired in 2018 as 19.56–64.98 cm, 19.44–59.87 cm, 20.21–69.41 cm,
respectively. Among all the treatments, CDI showed the largest plant heights in average, and all those
of the APRI and FPRI treatments showed significant linear correlations with them. Under the same
irrigation quota, the plant height of CDI was larger than APRIH and FPRI in 5.2–6.4% and 13.8–18.6% in
two years. And with lower irrigation quota, the plant heights of APRIM and APRIL further decreased
by 7.2–10.7% and 13.5–18.3%, respectively.

On the other hand, CDI also obtained the largest stem diameter in average (9.12–16.89 mm), and
all those of the APRI and FPRI treatments still had significant linear correlations with them. As the
stem diameter of APRI and FPRI treatments varied within 9.97–17.28 mm and 9.41–15.87 mm, the
stem diameter of APRIH was 2.3–4.4% larger than CDI, while those of FPRI was 6.0–10.3% smaller.
Besides, the stem diameter of APRIM also increased by 0.7–2.9% compared to CDI, while that of APRIL
decreased by 4.4–8.6%.

In addition, whether it was plant height or stem diameter, the growth rate of three APRI treatment
and FPRI treatment was close to and slightly lower than CDI treatment (y = x), probably due to different
irrigation methods.

3.2. Effects of Different Irrigation Methods on Physiological Parameters of the Processing Tomato

The effects of different treatments on pressing tomato physiological parameters are shown in
Table 3.

Table 3. Physiological parameters of the processing tomato under different irrigation methods.

Year Treatment Pn/
(µmol m−2 s−1)

Tr/
(mmol m−2 s−1)

gs/
(mol m−2 s−1)

WUEins/
(µmol mmol−1)

WUEint/
(µmol mmol−1)

2017

APRIH 14.3 ± 0.6a 2.31 ± 0.19ab 0.48 ± 0.03bc 6.2 ± 0.4b 29.8 ± 3.2a
APRIM 14.0 ± 0.7a 1.95 ± 0.22c 0.52 ± 0.02b 7.2 ± 0.3a 26.9 ± 0.3a
APRIL 12.1 ± 0.7b 2.15 ± 0.29b 0.47 ± 0.03bc 5.7 ± 0.4bc 25.9 ± 3.2bc
FPRI 11.8 ± 0.6b 2.44 ± 0.26a 0.44 ± 0.02c 4.9 ± 0.2d 26.9 ± 0.2a
CDI 13.1 ± 0.7b 2.38 ± 0.24ab 0.60 ± 0.03a 5.5 ± 0.4c 21.9 ± 2.3c

2018

APRIH 13.7 ± 0.7a 2.44 ± 0.34b 0.45 ± 0.02bc 5.6 ± 0.1b 30.4 ± 0.1a
APRIM 12.9 ± 0.7ab 2.11 ± 0.31d 0.46 ± 0.03b 6.1 ± 0.2a 28.1 ± 0.1bc
APRIL 11.5 ± 0.5cd 2.31 ± 0.26c 0.41 ± 0.02cd 5.0 ± 0.3c 28.0 ± 2.7bc
FPRI 10.7 ± 0.6d 2.65 ± 0.36a 0.37 ± 0.02d 4.0 ± 0.2d 28.9 ± 0.1ab
CDI 12.4 ± 0.6bc 2.59 ± 0.24a 0.58 ± 0.02a 4.8 ± 0.1c 21.4 ± 0.2d

Note: The value represents “mean ± standard deviation” of sample measurement. reduplicate number: n = 3 for Pn,
Tr, gs, WUEins and WUEint. Within each treatment, means followed by different letters are significantly different by
Duncan’s multiple range test at p < 0.05. The value is “mean ± standard deviation”.

Seen from Table 3, the leaf Pn of processing tomato were 12.1–14.3µmol m−2 s−1, 10.7–11.8µmol m−2 s−1

and 12.4–13.1 µmol m−2 s−1 for three APRI treatments, FPRI treatment and CDI treatment in 2017 and
2018, respectively, with significant difference obtained each year. Compared to CDI and FPRI, there was a
significant decrease in leaf Tr of APRIH in every year. Besides, significant reductions in leaf Tr of APRIM
and APRIL were observed, except for APRIL in 2017, compared to APRIH. However, the leaf gs of APRIH
was significantly smaller than CDI while larger than FPRI. There was no significant difference in gs among
APRI with three different irrigation quotas, except for APRIH and APRIL in 2018. On the other hand, there
was a significant reduction in Pn of lowest irrigation quota (APRIL) compared to APRIH, but neither does
APRIM. Compared to CDI, there was a significant increase in Pn and decrease in Tr and gs of APRIM,
while those of APRIL did not reach the significant level.

WUEins and WUEint showed exactly the same variation trend among different treatments:
WUEins/WUEint of processing tomato were 5.0–7.2 µmol mmol−1/25.9–29.8 µmol mmol−1,
4.0–4.9 µmol mmo−1/26.9–28.9 µmol mmol−1 and 4.8–5.5 µmol mmol−1/21.4–21.9 µmol mmol−1 for
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three APRI treatments, FPRI treatment and CDI treatment, respectively. In average, the WUEins/WUEint

of APRIH were higher than those of CDI and FPRI under the same irrigation quota. Under the three
APRI treatments, compared to APRIM, WUEins/WUEint was decreased by 13.9%/10.8% in APRIH with
similar Pn, and increased Tr by 18.5%/7.7%; while WUEins in APRIL was decreased by 20.8%/3.7% with
a significant decrease of Pn. WUEins/WUEint increased by 27.1–30.9%/22.8–31.3% in APRIM compared
to those of CDI, while no significant difference were obtained between CDI and APRIL.

3.3. Effects of Different Irrigation Methods on Fruit Quality of the Processing Tomato

The effects of different treatments on pressing tomato quality are shown in Table 4.
Seen from the table, the fruit shape index of APRIH was significantly higher than CDI and FPRI

in every year. Similarly, the fruit shape index of APRIM was also significantly higher than CDI, but a
reduction in APRIL compared to CDI in every year. There was no significant difference in fruit water
content between APRIH and CDI, but they both significantly larger than the others. The water contents
of APRIM and APRIL was significantly decreased by 12.4–12.9% and 18.4–18.5%, respectively, and
meanwhile, no significant difference were obtained between APRIL and FPRI. On the other hand, in
the sugar-acid ratio between APRIH and CDI were similar, and along with those of APRIM and APRIL,
all significantly larger than that of FPRI.

Among the nutritional qualities of processing tomato (including soluble solid, Vc and lycopene),
there was significant difference observed in neither soluble solid nor Vc between APRIH and CDI,
except for Vc in 2018. Meanwhile, the lycopene of APRIH increased by 6.0–8.2% compared to that
of CDI. On the other hand, soluble solid, Vc and lycopene of FPRI all decreased significantly in
comparison with those of CDI. Although decreasing the irrigation quota to APRIL showed significant
impact on the reduction of soluble solid, Vc and lycopene, APRIM did not show significant changes in
soluble solid, and its Vc and lycopene increased instead.

Table 4. Processing tomato qualities under different treatments.

Year Treatment Fruit Shape
Index

Water
Content/(g)

Sugar-Acid
Ratio/(%)

Soluble
Solid/(%) Vc/(mg 1000 g) Lycopene/(µg g−1)

2017

APRIH 0.748 ± 0.002b 95.65 ± 2.11a 5.92 ± 0.16bc 6.23 ± 0.64a 20.33 ± 0.54b 72.31 ± 2.06b
APRIM 0.774 ± 0.002a 85.62 ± 2.41b 6.32 ± 0.08a 6.59 ± 0.28a 22.63 ± 1.49a 75.26 ± 0.95a
APRIL 0.741 ± 0.005d 80.22 ± 1.63c 6.06 ± 0.19ab 5.88 ± 0.14b 15.62 ± 0.51c 65.21 ± 1.63d
FPRI 0.738 ± 0.003d 78.36 ± 1.85c 5.51 ± 0.12d 5.32 ± 0.27b 14.27 ± 0.73c 62.32 ± 1.73e
CDI 0.743 ± 0.006bc 98.26 ± 1.75a 5.74 ± 0.23cd 6.49 ± 0.38a 18.56 ± 1.30b 68.22 ± 1.24c

2018

APRIH 0.740 ± 0.001b 96.22 ± 1.97a 5.34 ± 0.14b 5.88 ± 0.14b 18.55 ± 0.10b 69.88 ± 2.47a
APRIM 0.755 ± 0.001a 87.45 ± 2.04b 5.94 ± 0.10a 6.35 ± 0.19a 20.37 ± 1.17a 72.63 ± 0.91a
APRIL 0.730 ± 0.001c 81.36 ± 1.89c 5.72 ± 0.11a 5.41 ± 0.18c 13.25 ± 0.59d 62.44 ± 2.19b
FPRI 0.722 ± 0.002d 79.67 ± 1.92c 5.04 ± 0.15c 5.04 ± 0.20d 12.36 ± 0.48d 58.65 ± 1.67c
CDI 0.732 ± 0.002c 99.87 ± 2.77a 5.22 ± 0.19bc 6.12 ± 0.11ab 16.38 ± 0.96c 64.59 ± 2.28b

Note: sugar-acid ratio was calculated as the ratio of soluble sugar to organic acid.

3.4. Effects of Different Irrigation Methods on Yield Irrigation Water Use Efficiency of the Processing Tomato

The effects of different treatments on pressing tomato yield and iWUE are shown in Table 5.
As shown in Table 5, yield of APRIH significantly increased by 10.3% and 3.5% in 2017 and 2018,

respectively, compared to CDI, while those of FPRI significantly decreased by 28.7% and 34.9%,
respectively. APRIM also showed higher yield than CDI but not to the significant level. Significant
reduction in APRIL were obtained as its yield decreased by 29.5–36.0%.

On the other hand, the iWUE of APRIH was also significantly higher than CDI, while that of FPRI
was still significantly lower. However, different from the yield, the iWUE of APRIM reached the largest
numver, which increased by 31.8–32.7% in comparison with CDI. Besides, the iWUE of APRIL was
slightly higher than CDI in 2017, but lower than CDI in 2018, without any significant differences.
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Table 5. Yield and iWUE under different irrigation treatments.

Year Treatment Irrigation Amount/(mm) Yield/(g plant−1) iWUE/(g (mm plant)−1)

2017

APRIH 675.0 1958.36 ± 25.80a 2.90 ± 0.04b
APRIM 516.0 1802.69 ± 46.93b 3.49 ± 0.094a
APRIL 437.0 1252.48 ± 27.52c 2.87 ± 0.064b
FPRI 675.0 1266.35 ± 21.34c 1.88 ± 0.034d
CDI 675.0 1775.26 ± 20.94b 2.63 ± 0.03c

2018

APRIH 742.5 1804.58 ± 40.68a 2.678 ± 0.06b
APRIM 567.6 1754.82 ± 29.50ab 3.40 ± 0.06a
APRIL 480.7 1115.36 ± 20.85c 2.55 ± 0.05c
FPRI 742.5 1135.62 ± 28.90c 1.68 ± 0.04d
CDI 742.5 1743.22 ± 26.65b 2.58 ± 0.04bc

4. Discussion

Through the paper, the effects of different irrigation methods on growth indices, physiological
parameters, yield, fruit quality and iWUE of the processing tomato were systematically studied.
By regulating the amount of irrigation water and spatial distribution within the micro-domains around
root zones, plant growth could be well promoted [28]. In this study, plant height and stem diameter
(except APRIH and APRIM) decreased significantly in APRI and FPRI treatments comparing with
CDI treatment, which may affect dry matter accumulation and the formation of yield [28]. The stem
growth not only reflects the distribution of assimilation products, but also provides basic conditions for
high-yield and high-quality fruits. However, higher plant height does not mean higher yield nor water
use efficiency. Although deep roots of plants can synthesize large amounts of assimilation products,
the large amounts of nutrients needed also indicates that it is not cost-optimal. On the contrary,
by applying irrigation method like APRI, a reasonable smaller plant could reduce the consumption of
nutrients, and meanwhile obtain reasonable high quality and yield [29]. APRI alternated the wetted
and dried sides of the root-zone with less irrigation water, with the potential to reduce plant “luxury”
water use, decrease canopy vigour and maintain the balance between vegetative and reproductive
growth with reduced redundancy growth [9].

Quite a few studies have shown that fertilizer and moisture are the main factors affecting the
crop qualities. Sufficient or overload irrigation increases the yield, but reduces the content of soluble
substances such as sugar and organic acids in the fruit [30]. Therefore, in recent years, deficit irrigation
is attracting more attention as it aims to improve the quality of fruit by controlling soil moisture to give
crops a moderate drought stress [31,32]. In this experiment, the results also indicated that the high and
medium irrigation quota of APRI had improved the quality of processing tomatoes to certain extents,
and among them, medium irrigation quota (APRIM) showed better improvement. Therefore, if the
irrigation quota is well controlled to the appropriate range, applying APRI can significantly improve
the quality of processed tomato and save irrigation water, which FPRI can not accomplish. During
the process, moisture is the most important and most active fertility and environmental factor in crop
production. On the other hand, the comprehensive quality of processing tomato decreased in 2018,
which difference resulted from the growth stage under different weather conditions.

Meanwhile, pressing tomato yield and iWUE were greatly affected in APRI as compared with
CDI and FPRI, especially with APRIM treatment (Table 5). In the 2-year experiment, yield of APRIH
increased by 3.5–10.3% compared to CDI, and APRIM slightly higher than CDI; while APRIM reached
the maximum iWUE among 5 treatments, which was 32.7–31.8% larger than CDI. These results
obtained were similar to the results reported using with the APRI in eggplant [33]. APRI could create a
dry-and-wet cycle in the root-zone soil [34,35]. As an adaptive response to drought, roots develop
specific metabolic adaptations to uptake water and nutrients [36]. In the specific water environment of
APRI, since the root of the dry side can produce ABA [37], the signal is transmitted to cause the leaf
pores to close, which can reduce the amount of water lost by transpiration. The wet side of the plant
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offers sufficient water, and the plant has never been subjected to the pressure of defects like traditional
irrigation methods, which was confirmed by several reports on woody and herbaceous species [38,39].
When the other part of the crop roots subjected to water stress, ABA continuously produced in the root
system and transmitted to the leaves through the xylem juice to adjust the stomatal opening [40,41].
Under this condition, ABA was increased in the root system located in the dry area. The feedback
affected the leaf stomatal opening, reducing transpiration without reducing photosynthesis, and
achieved the purpose of water-saving without affecting photosynthesis substantially [42–44]. These
features could account for the stable yield of processing tomato in the APRI treatments under deficit
irrigation [33]. In general, relatively lower irrigation level was accompanied with higher WUE and
yield with APRI. This study showed that APRIM could achieve the best balance.

5. Conclusions

Although all three APRI treatments decreased the plant height, it improved yield of processing
tomato significantly without negative impacts on fruit quality, with the same irrigation quota of
CDI (67.5 mm), as it enlarged stem diameter and enhanced the photosynthetic process. Therefore,
APRI demonstrated an appropriate high-efficiency and water-saving method in processing tomato
plantation in arid desert area such as Xinjiang. Furthermore, among the APRI treatments, medium
irrigation quota of APRIM (51.6 mm) also increased iWUE by 31.8–32.7% by saving the irrigation water
of 23.6%. As APRIM showed better performance with comprehensive consideration of plant growth,
photosynthetic parameters, fruit quality, yield, and iWUE, than those of APRIH (67.5 mm) and APRIL
(43.7 mm), it is recommended for processing tomato plantation. Further studies may focus more on
the fertilization mode and different growth stages in the yield to have a better understanding of the
mechanism of APRI with controlled medium irrigation quota.

Abbreviations

APRI Alternate partial root-zoon drip irrigation
APRIH Alternate partial root-zoon drip irrigation with high irrigation quota
APRIM Alternate partial root-zoon drip irrigation with medium irrigation quota
APRIL Alternate partial root-zoon drip irrigation with low irrigation quota
FPRI Fixed partial root-zoon drip irrigation
CDI Conventional drip irrigation
Pn Diurnal variation of leaf photosynthesis rate
Tr Transpiration rate
gs Stomatal conductance
WUEins Instantaneous water use efficiency at leaf scale
WUEint Intrinsic water use efficiency at leaf scale
iWUE Irrigation water utilization efficiency
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