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Abstract: With the development of the economy and society, more attention is being paid to energy
costs and the potential environmental pollution caused by vegetable cultivation. The aim of this
study was to investigate the impacts of zero discharge of nutrient solutions on cucumber growth,
leaf photosynthesis, and the yield and quality of cucumber under greenhouse conditions. The results
show that zero discharge treatment did not change plant height, stem diameter, internode length, leaf
area, net photosynthetic rate (Pp), stomatal conductance (Gs), intercellular CO; concentration (C;),
transpiration rate (Ty), and leaf relative chlorophyll content on the most measurement days. Only
Pr and relative chlorophyll content were significantly reduced after 16 days of treatment but soon
recovered over time. Cucumber plants can adapt to treatment circumstances over the course of days.
Leaf mineral element contents showed significant differences on some treatment days compared
to the control, and trace elements of Fe, Mn, Cu, and Mo can be appropriately supplied during
the treatment days. The cucumber yield and fruit quality in the zero discharge treatment did not
change during the whole experimental period. This study confirmed that the irrigation method of a
nutrient solution with zero discharge can be applied in cucumber cultivation practices. The strict
management of irrigation strategy, plant growth, and greenhouse climate are very important for zero
discharge cultivation. The cultivation method with zero discharge of nutrient solution can reduce the
energy costs of disinfection, save water and fertilizers, and reduce the environmental pollution in

cucumber cultivation.

Keywords: cucumber; zero discharge; growth; fruit quality; yield; greenhouse

1. Introduction

Soilless cultivation or hydroponics is a method of growing plants without using soil
as a rooting medium and plays a significant role in supporting efficient and intensive plant
production [1]. To sustain the rapidly increasing global population, it is very important
to increase horticultural production around the world, while reducing adverse impacts
on the environment by improving resource utilization efficiency regarding water and
nutrients [2,3].

The management of nutrient solutions is a vital component in soilless cultivation. Irri-
gation strategy mainly depends on radiation accumulation, and the drainage of a nutrient
solution, which reaches 20-30% of the daily applied irrigation, is controlled by a computer
in modern greenhouses [4]. The reuse of drainage is not only due to the restriction of
environmental laws and regulations that aim to reduce the nutrient leaching to the envi-
ronment, but also for significant savings of water and nutrients. Normally, the drainage
water is disinfected by heating [5], ultraviolet (UV) irradiation [6,7], or chemical treatments
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of hydrogen peroxide (H,O,) [8], ozone (O3) [9], and chlorine [10]. Whatever the disinfec-
tion methods used, there are a series of drawbacks, such as the high cost of equipment,
high energy consumption, reactions with fertilizers and organics, and potentially toxic
by-products [11]. Furthermore, over 10% of discharges could potentially be discharged
because of a calamity in the disinfection equipment [12].

Coconut coir is a waste product of the coconut industry, consisting of the dust and short
fibers derived from the mesocarp of the fruit. Coconut coir is widely used in greenhouse
vegetable cultivation [1,13]. Rockwool is commonly used in greenhouses in the Netherlands.
As there are only a few companies that can produce and retrieve rockwool, coconut coir
is more commonly used in soilless cultivation in China. Cucumber (Cucumis sativus L.)
is one of the most popular vegetables cultivated in greenhouses worldwide. There are
many studies that focus on cucumber growth, development, physiology, and yield in
greenhouses [14], but the studies about recirculating nutrient solutions with zero discharge
under coir cultivation of cucumber are rare.

The purpose of the study was to explore the effects of zero discharge of nutrient
solution on cucumber growth, yield and fruit quality under coir cultivation in a greenhouse,
so as to find an easy method for fully utilizing nutrient water without affecting the yield
and quality of cucumbers in greenhouses. In this study, we carried out two treatments,
including normal irrigation and zero discharge irrigation, for cucumbers in a Venlo-type
greenhouse in Shanghai and investigated the effects of different irrigation methods on
plant growth, leaf photosynthesis, and the yield and fruit quality of cucumbers.

2. Results
2.1. Changes in Environmental Parameters outside and inside the Greenhouse

The outside air temperature, radiation and greenhouse air temperature gradually
increased from January to May (Figure 1). The maximum outside air temperature and
greenhouse air temperature were 28.8 °C and 40.7 °C, the minimum temperatures were
—2.2°Cand 10.7 °C, and the average temperatures were 11.6 °C and 21.2 °C, respectively.
The maximum radiation was 1039 W-m~2. During the experimental period from 22 January
to 5 May 2021, these maximum parameters appeared in April, when the radiation and
greenhouse air temperature were both at high levels, especially during the middle and
toward the end of April.

2.2. Changes in Plant Height, Stem Diameter, Internode Length, and Leaf Area per Plant

There were no significant differences in plant height, stem diameter, internode length,
or leaf area between the control (normal irrigation) and zero discharge treatments at
different treatment times (Figure 2). For both zero discharge of nutrient solution and
normal irrigation treatments, the plant height increased in parallel with the treatment days,
the stem diameter and internode length did not significantly change with time, and the
highest leaf area was found 16 d after treatment. The leaf area decreased after 16 days of
treatments.

2.3. Changes in Leaf Gas Exchange Parameters, and Relative Chlorophyll Content

The leaf net photosynthetic rate (P,), stomatal conductance (Gs), intercellular CO,
concentration (C;j), and transpiration rate (T;) were not significantly influenced by the
different irrigation treatments (Figure 3) for all days except for the Py, of zero discharge
treatment, which was significantly lower for the zero discharge treatment than the control
after 16 d of treatment. The T gradually increased in parallel with the treatment days.

There were no significant differences in relative chlorophyll content between the
control and zero discharge treatments 8 d before treatment, or 4 d, 54 d, and 84 d after
treatment (Figure 4). Compared to the control, the zero discharge treatment significantly
decreased the relative chlorophyll content 16 d after treatment.
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Figure 1. Changes in greenhouse air temperature, radiation and outside air temperature between
22 January and 5 May 2021. Data of greenhouse air temperature and outside air temperature were
recorded every half an hour.

2.4. Changes in Leaf Mineral Elements

Compared to the control, the leaf total N content of the zero discharge treatment
significantly decreased after 16 d of treatment, and there were no significant differences
between them after 36 d and 54 d of treatment, while the leaf total N content of the zero
discharge treatment significantly increased after 84 d of treatment (Figure 5). The leaf
P content of the zero discharge treatment was clearly higher than the control after 16 d
of treatment, and there were no significant differences on the following treatment days.
Leaf K content of the zero discharge treatment was significantly increased compared to
the control after 16 d, 54 d, and 84 d of treatment, and there was no significant difference
after 36 d of treatment. For the Ca content, there were no significant differences between
the control and zero discharge for all the treatment days. The leaf Mg content of the zero
discharge treatment significantly increased compared to the control after 16 d, 54 d and
84 d of treatment and was significantly decreased after 36 d of treatment. Compared to the
control, there was no significant difference between the leaf S content of zero discharge after
16 d and 36 d of treatment, but this significantly increased after 54 d and 84 d of treatment.
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Figure 2. Changes in plant height, stem diameter, internode length, and leaf area in different

treatments 8 d before treatment and 4 d, 16 d, 54 d, and 84 d after treatment. Control and zero

discharge represent normal irrigation and zero discharge irrigation. Data are means of at least three

biological replications.
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Figure 3. Changes in cucumber net photosynthetic rate (P,), stomatal conductance (Gs), intercellular

CO; concentration (Cj) and transpiration rate (Ty) of different treatments 8 d before treatment and

4d,16d, 54 d, and 84 d after treatment. Control and zero discharge represent normal irrigation and

zero discharge irrigation. The data are means of at least three biological replications.
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Figure 4. Changes in the relative chlorophyll content of different treatments 8 d before treatment
and 4 d, 16 d, 54 d, and 84 d after treatment. Control and zero discharge represent normal irrigation

and zero discharge irrigation, respectively. Data are means of at least five biological replications. “*”

indicate significant differences at « = 0.05 based on the least significant difference (LSD) test.
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Figure 5. Changes in the leaf macro minerals content of different treatments after 16 d, 36 d, 54 d,
and 84 d of treatment. Control and zero discharge represent normal irrigation and zero discharge
irrigation. Data represent the mean + SD (n = 3). “*” indicates significant differences at o = 0.05
based on the least significant difference (LSD) test.

For different treatment times, leaf Fe and Cu contents of the zero discharge treatment
were both significantly decreased compared to the control (Figure 6). Leaf Mn content
of the zero discharge treatment was lower than the control after 16 d, 54 d, and 84 d of
treatment, and was higher than the control after 36 d of treatment. The reverse changes in
leaf Zn content were found in the treatments compared with Mn content. The leaf B content
of the zero discharge treatment was significantly decreased after 16 d and 54 d of treatment
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compared to the control and was significantly increased after 36 d of treatment. There was
a significant decrease in leaf Mo content of the zero discharge treatment compared to the
control after 54 d and 84 d of treatment.
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Figure 6. Changes in leaf trace elements content of different treatments after 16 d, 36 d, 54 d, and 84 d
of treatment. Control and zero discharge represent normal irrigation and zero discharge irrigation.
Data represent the mean + SD (n = 3). “*” indicate significant differences at « = 0.05 based on the
least significant difference (LSD) test.

The averaged leaf macro minerals of P, K, Mg, and S were significantly increased in
the zero discharge treatment compared to the control, and the other macro minerals N and
Ca showed no significant difference between the zero discharge and control treatments
(Table 1). The averaged leaf trace elements of Fe, Mn, Cu, and Mo were significantly
decreased, while Zn was significantly increased in the zero discharge treatment.

Table 1. The averaged leaf mineral element contents in the two irrigation treatments over the four
measurements.

Treatments Leaf Mineral Elements
Macro minerals N P K Ca Mg s
Control (mmol-kg~! DW) 42555+ 645a 2711 +78b 8919 +£223b 1334.7 £ 389 a 3344+79b 2493 +2.6b
Zero discharge g 4268.7 £ 883 a 3141 +28a 1015.6 + 4.6 a 1390.5 + 60.9 a 399.0+7.7a 288.4+13a
Trace elements Fe Mn Zn B Cu Mo
Control (umol-kg-! DW) 3321.2+277.0a 42944 + 188.7 a 1561.8 +239b 8896.3 + 331.2a 1354 +2.8a 50+ 04a
Zero discharge K & 1868.8 + 31.6 b 3363.8 £445b 2268.8 £ 52.2a 8878.8 + 16.1a 92.1+£22b 25+02b

Data represent the mean 4 SD (n = 3). Different letters indicate significant differences at o = 0.05 based on the
least significant difference (LSD) test.

2.5. Changes in Cucumber Fruit Quality and Yield

The measured cucumber fruit quality included total phenolic, flavonoid, solute protein,
fiber, nitrate and nitrite contents (Figure 7). Compared to the control, the total phenolic and
flavonoid contents of fruit for the zero discharge treatment were significantly increased
after 84 d of treatment, while lower fiber content was found at the time. There were no
significant differences in solute protein, nitrate, and nitrite contents between the control
and zero discharge treatments for all of the treatment times.
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Figure 7. Changes in cucumber fruit quality parameters of different irrigation treatments after 4 d,
16 d, 54 d, and 84 d of treatment. Control and zero discharge represent normal irrigation and zero
discharge irrigation, respectively. Data represent the mean + SD (1 = 3). “*” indicates significant
differences at « = 0.05 based on the least significant difference (LSD) test.

The accumulated yield of cucumber gradually increased over time for both the control
and zero discharge treatments, and the value of the zero discharge treatment was a little
higher than the control at the end of all harvest times (Figure 8). There was no significant
difference in yield per area between them.
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Figure 8. Changes in the accumulated yield of cucumber of different treatments. Control and zero
discharge represent normal irrigation and zero discharge irrigation, respectively. Data represent the
mean £ SD (n = 3).

3. Discussion

Irrigation is an important management practice that provides water, nutrients, and
oxygen to plants in order to satisfy their needs for growth and production. In this study, we
compared zero discharge irrigation and normal irrigation treatments and their effects on
the growth, yield and fruit quality of cucumber in a soilless greenhouse production system.
The results show that there were no significant differences in plant height, stem diameter,
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internode length, leaf area, Gs, Cj, and T; between the control and zero discharge treatments;
only the P, and relative chlorophyll content in the zero discharge treatment exhibited a
significant decrease after 16 days of treatment. As the changes in gas exchange parameters
and chlorophyll content are directly related to plant health and growth conditions [15,16],
our results indicate that the zero discharge treatment had a limited adverse influence
on cucumber plants. Cucumber was not immediately influenced by the zero discharge
treatment, and only 16 days after treatment, the cucumber leaves showed significantly low
chlorophyll content and Py, but soon recovered over time. The phenomena of this situation
also illustrated that the zero irrigation treatment was adequate for cucumber production,
and cucumber plants could adapt to the treatment circumstance over days [17].

Nutrients mainly enter plants via their roots, with the relevant nutrients dissolved in
water. Nevertheless, some nutrients, especially trace elements, such as iron, zinc, copper,
and manganese, are often applied via foliar spray [1]. In our study, 16 days after the zero
discharge treatment, leaf N, Fe, Mn, B, and Cu were significantly decreased compared
to the control. A pale green color was found for leaves in the zero discharge treatment,
while simultaneously, a dark green color was found in the control. Therefore, the foliar
spraying of some nutrients can be performed in cultivation practice at the time of the
experiment. The differences in elements between the control and zero discharge treatments
became smaller with the treatment days, mainly because of the adaptation to the treatment.
The reasons for discharge in growers’ traditional irrigation practices included concerns
regarding a high sodium level, filter rinsing water, fear of diseases, and an imbalance in
the circulating nutrient solution [12]. In our study, cucumber plants in the zero discharge
treatment grew well during most of the cultivation times, and mineral contents in leaves
were mainly in the health ranges according to Tsukagoshi et al. [18].

The fruit quality is important to growers and a key issue to be improved by the
management of cucumber production [19,20]. Total flavonoids and phenols are closely
related to antioxidants, which can prevent and suppress various diseases and greatly
affect consumer preference for cucumber fruit [21,22], and soluble protein, fiber, nitrate,
and nitrite contents are important quality parameters [23]. In this study, most of the
quality parameters were not significantly different between the control and zero discharge
treatments; only in the last measurement were some differences found. These illustrated
that the zero discharge treatment had no negative effect on cucumber fruit quality. The
reason for the difference in the last measurement was mainly due to plant senescence
caused by high greenhouse temperatures and the invasion of red spiders. Research has
been conducted to decrease the accumulation of nitrate and nitrite [24,25]. In our study, we
were also concerned about the potential increases in nitrate and nitrite content in the zero
discharge treatment. To our pleasant surprise, the contents of nitrate and nitrite in the zero
discharge treatment were mostly maintained at the control level.

The cucumber yield was not significantly influenced by the zero discharge treatment in
the experiment, confirming that the method can be applied in cucumber cultivation practice
in greenhouses in spring or winter (Figure 9). Root diseases were not observed in the
experiment, which may be due to the clean irrigation water and substrate, and the relatively
low temperature at the beginning of the experiment. The high greenhouse temperature in
the middle and end of April led to plant senescence, and red spiders emerged, spreading
quickly and suppressing cucumber yield. Thus, we stopped cucumber cultivation in early
May. We propose a schematic system of zero discharge of nutrient solution that can be used
in cucumber cultivation practices (Figure 10). The strict management of irrigation strategy,
plant growth, and greenhouse climate is very important in the zero discharge of nutrient
solution cultivation.
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4. Materials and Methods

The experiments were conducted in a semi-closed Venlo-type glass greenhouse at the
Chongming base of the National Engineering Research Center of Protected Agriculture
(31°34’ N, 121°41’ E), Shanghai Academy of Agriculture Sciences (Shanghai, China) in 2021.
The cucumber variety used in this study was Deltastar (Rijk Zwaan Company, De Lier,
Netherlands). The cucumber grew under natural light in a well-heated greenhouse of about
280 m?. Greenhouse CO, was supplied by natural ventilation and air treatment unit (ATU)
air circulation during the cucumber growth. For a more detailed description of the climate
control, irrigation strategy and plant management, please refer to Ding et al. [4].

Outside temperature, radiation, and air temperature in the greenhouse were automat-
ically monitored. Measurements were automatically recorded at 30 min intervals using
climate sensors (Priva, De Lier, The Netherlands) in the greenhouse.
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The substrate used in the experiment was coconut coir (EC < 1, pH 5.8-6.8; Qingdao
Remmy Commerce and Trade Co., Ltd., Qingdao, China). A block with 100% coconut
coir granules (0—6 mm) about 10 cm x 10 cm x 6.5 cm was used for cucumber seedling
growth, and a slab with coconut coir granules (50% of 0-6 mm, and 50% of 10-20 mm)
about 100 cm x 20 cm x 8 cm was used for cucumber planting. The raw water used for
irrigation came from rainwater, after the colloidal and suspended particles, fungi, proteins,
bacteria, viruses, etc., were removed by ultrafiltration [11]. Before sowing and planting, the
coconut coir blocks and slabs were soaked in nutrient solution (EC 3.0 dS-m~1, pH 5.5) for
24 h, and then the remaining solution was drained. The original mother nutrient solutions
(A and B) are listed in Table 2. Every time the same amounts of A and B were used by
the fertilizer applicator, the EC was controlled by a computer. Nitric acid (HNO3) and
sodium hydroxide (NaOH) were used to adjust the pH of the nutrient solution. We grew
the cucumber seedlings until the sixth true leaf had expanded and transplanted them into
the greenhouse (22 January 2021). Cucumber seedlings were irrigated by drip fertigation
controlled by a computer, for which the drain nutrient solution was about 20-30% of the
applied after two weeks of planting. Plants were pruned to a single stem and one flower
was kept at each node from the third node onwards. Stem density was 1.6 stems m~2,
and plants were grown using a high-wire growing system. After two weeks of normal
irrigation in the coconut coir slabs, the plant roots grew well, and we started zero discharge
irrigation treatment (see description of treatments below). We ended the experiment on 5
May 2021, as the greenhouse temperature was, to some extent, too high for plant growth,
the cucumber became senescent, and red spiders emerged and spread quickly.

Table 2. Element components in the mother nutrient solutions A and B in different tanks.

A kg/1000L A /1000 L B kg/1000 L
Ca(NO3),-4H,0 175 MnSO,-H,O 180 KNO; 50
EDTA-Fe (13%Fe) 1.5 ZnSO,-7H,0 125 KH,PO, 25
NazB407'1OH20 280 KzSO4 10
CUSO4 '5H20 25 MgSO4 . 7H20 60
NazMOO4-2H20 15

The two irrigation treatments are designed as below: (1) Control: normal irrigation,
controlled by the computer, irrigated nutrient solution (EC 3.0 dS‘m~!, pH 5.0-6.0) from
fertilizer applicator, with the drain nutrient solution reaching up to 20-30% of the applied
every day [3,4], and all the drainage was temporarily collected in a big container. (2) Zero
discharge: irrigation method of nutrient solution with zero discharge. Nutrient solution (EC
3.0dSm™1, pH 5.0-6.0) was irrigated by a pump (550 W) from container one (500 L), and
the nutrient solution also came from the fertilizer applicator that was stored in container
two (1000 L). After irrigation, the drainage floated into container one and mixed with clean
rainwater (by ultrafiltration), and the new nutrient solution (which came from container
two) every day to ensure that the irrigate nutrient solution was always EC 3.0 dS-m~!, pH
5.0-6.0 in the whole cultivation period. We used a block design with three replications. Each
treatment block was set to about 40 m? and repeated three times. From 5 February 2021
to 20 March 2021, we irrigated the plants in the zero discharge treatment six times every
day, and the irrigation times were set as: 9:00-9:05, 11:00-11:06, 12:00-12:06, 13:00-13:06,
14:00-14:06, 15:00-15:03. From 21 March 2021, to the end of the experiment, we increased
irrigation three to four times in the sunny days as the radiation clearly increased to make
sure that there was enough irrigation for cucumber growth. The same irrigation strategy
was applied to the control. The nutrient solution in container one was tested every day, to
ensure that there was enough nutrient solution; the irrigation nutrient solution EC was
3.0dS'm™!, pH 5.0-6.0, guaranteeing that the drain nutrient solution floated into container
one every time.
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4.1. Measurements of Cucumber Yield, Plant Height, Stem Diameter, Internode Length, and
Leaf Aera

Normally, the cucumber fruits were harvested every 1-2 days, the yields were recorded
every time, and the accumulation yield was calculated for future analysis. Cucumber plant
height, stem diameter, internode length, leaf length, and leaf width were measured 8 days
(28 January 2021) before treatment and 4 days (9 February 2021), 16 days (21 February 2021),
54 days (31 March 2021), and 84 days (30 April 2021) after treatment. Five plants were
randomly selected for each measurement, and positions from about one meter to the top of
the plant were selected for stem diameter and internode length measurements. The length
and width of total leaves from the top to the bottom were measured with a caliper (Ding
et al.) [14]. The leaf area was estimated according to the method of Cho et al. [26], in which
the leaf area (SA) = —210.61 + 13.358 x leaf width + 0.5356 xleaf length x leaf width.

4.2. Measurements of Outside Air Temperature, Radiation, and Greenhouse Air Temperature

Environmental factors were automatically measured and stored in the computer. The
data of outside air temperature, radiation, and greenhouse air temperature were recorded
every half an hour.

4.3. Measurements of Leaf Gas Exchange Parameters

A portable photosynthesis system (CIRAS-3, PP Systems, Amesbury, MA,103 USA)
equipped with the leaf chamber fluorometer (PLC3 Universal Leaf Cuvette, 18 x 25 mm
window, CFM-3) was used to measure leaf gas exchange parameters, including the net
photosynthetic rate (Pp), stomatal conductance (Gs), intercellular CO, concentration (C;),
and transpiration rate (T;). The level of irradiance for measurements was set at 1000 pumol
photons m~2s~!. The air temperature, CO, concentration and relative humidity used
were those of the greenhouse conditions. The above and middle fully developed leaves of
different treatments were acclimated to the irradiance level approximately 2 min before
recording. The measurements were conducted at approximately 10-12 am 8 days before
treatment and 4 days, 16 days, 54 days, and 84 days after treatment.

4.4. Measurements of Leaf Relative Chlorophyll Content

The leaf relative chlorophyll contents were measured on the same days as the pho-
tosynthesis measurements using a chlorophyll meter (SPAD 502, Minolta, Japan). The
measurements were made on the intact top and middle fully developed leaves, and each
treatment measurement was replicated at least five times [27].

4.5. Measurements of Soluble Protein, Fibre, Total Phenolic, Flavonoids, Nitrate and
Nitrite Content

Cucumber fruit quality parameters were measured 4 days, 16 days, 54 days, and
84 days after treatment. Soluble protein content was measured using Coomassie brilliant
blue G-250 staining, which used the method of Bradford [28]. Fiber content was measured
referencing the improved method of Smiechowska and Dmowski [29]. Total phenolic, and
flavonoids were determined by test kit (Suzhou Comin Biotechnology CO., Ltd., Suzhou,
China) according to Dewanto et al. [30].

To measure nitrate and nitrite content, fresh fruit tissues (2 g) received from ho-
mogenates by Mincer were added to a test tube with 10 mL distilled water. The test tube
was heated in boiling water for 30 min and then cooled down with tap water. The extract
in the tube was filtered into a 100 mL flask, and the residue was repeatedly washed. Finally,
distilled water was added to the flask to make the solution of 100 mL. The filtrate was used
for nitrate and nitrite content determinations. The nitrate concentration of the filtrate was
detected using the method of Cataldo et al. [31]. The content of the nitrite in the filtrate was
determined by the method of Kaur et al. [32].
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4.6. Measurements of Leaf Mineral Element Contents

Fully developed leaves for the upper and middle of different treatments were ran-
domly selected after 16 days, 36 days, 54 days, and 84 days of treatment heated at 105 °C
for 2 h and then dried at 80 °C in an oven for 3 days. The leaf mineral element contents
were tested following the advice of Eurofins (branch company of Suzhou, China), and
the method described by Song et al. [33] with modifications. The total nitrogen (TN)
was analyzed using the near-infrared method. Molybdenum (Mo) was determined using
inductively coupled plasma mass spectrometry (ICP-MS). The contents of chloride (Cl),
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), sulfur (S), iron
(Fe), manganese (Mn), boron (B), and copper (Cu) were determined by flow analysis using
inductively coupled plasma atomic emission spectrometry (ICP-AES).

4.7. Statistical Analysis

Analysis of variance (ANOVA) was conducted using SAS v. 9.3 (SAS Institute Inc.,
Cary, NC, USA). Each value is presented as the mean =+ standard deviation (SD) with a
minimum of three replicates. Differences between the treatment means were tested using
the least significant difference (LSD) method at & = 0.05 level of significance. The figures
were plotted using Origin 8.5 (OriginLab, Northampton, MA, USA).

5. Conclusions

This study demonstrated that it is possible and environmentally friendly to use a zero
discharge method of nutrients to the environment in hydroponic cucumber production in a
greenhouse. The zero discharge treatment did not change cucumber growth parameters,
photosynthesis, relative chlorophyll content, cucumber yield, and fruit quality. As leaf
mineral element contents decreased, leaf trace elements of Fe, Mn, Cu, and Mo can be
appropriately supplied on treatment days. Growers need to pay more attention to plant
adaptation at earlier stages of the zero discharge treatment, and the management of irri-
gation, plants, and climate control. A cultivation method with zero discharge of nutrient
solution can reduce the energy costs of disinfection, save water and fertilizers, and reduce
the pollution to the environment in cucumber cultivation.

Author Contributions: Conceptualization, X.D., Y.J.,, KH. and ].Y.; Data curation, X.D., L.H., H.]. and
Q.Z.; Formal analysis, X.D. and J.Y.; Funding acquisition, Q.Z., Y.J. and J.Y.; Investigation, X.D., L.H.,
RL,TQ,HZ,H]J,J.C,HW,QZ,].Z,D.H, Y], KH. and ].Y.; Methodology, X.D.; Resources, X.D.
and J.Y.; Supervision, Q.Z., KH. and ].Y.; Writing—original draft, X.D.; Writing—review and editing,
D.H., K.H. and ].Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Key Research and Development Program of China
(grant no. 2019YFD1001900), the Agricultural Basic Research of the Shanghai Agriculture Commission
(7-2-1, 2014), the Natural Science Foundation of Shanghai (22ZR1460500), and the Shanghai Science
and Technology Committee Program (19DZ2281300). The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data used during the study are available from the author Xiaotao
Ding by request (e-mail: xiaotao198108@163.com).

Conflicts of Interest: On behalf of all authors, the corresponding author states that there is no conflict
of interest.

1. Barrett, G.E.; Alexander, P.D.; Robinson, ].S.; Bragg, N.C. Achieving environmentally sustainable growing media for soilless plant
cultivation systems—A review. Sci. Hortic. 2016, 212, 220-234. [CrossRef]

2. Rouphael, Y.; Franken, P.; Schneider, C.; Schwarz, D.; Giovannetti, M.; Agnolucci, M.; De Pascale, S.; Bonini, P; Colla, G.
Arbuscular mycorrhizal fungi act as biostimulants in horticultural crops. Sci. Hortic. 2015, 196, 91-108. [CrossRef]


http://doi.org/10.1016/j.scienta.2016.09.030
http://doi.org/10.1016/j.scienta.2015.09.002

Plants 2022, 11, 2252 13 of 14

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

De Pascale, S.; Incrocci, L.; Massa, D.; Rouphael, Y.; Pardossi, A. Advances in irrigation management in greenhouse cultivation.
In Achieving Sustainable Greenhouse Cultivation; Burleigh Dodds Science Publishing: London, UK, 2019. [CrossRef]

Ding, X; Jiang, Y.; Hui, D.; He, L.; Huang, D.; Yu, J.; Zhou, Q. Model simulation of cucumber yield and microclimate analysis in a
semi-closed greenhouse in China. HortScience 2019, 54, 547-554. [CrossRef]

Van Os, E.A. Comparison of Some Chemical and Non-Chemical Treatments to Disinfect a Recirculating Nutrient Solution. In
Proceedings of the International Symposium on Soilless Culture and Hydroponics, Lima, Peru, 1 October 2013; Rodriguez-Delfin,
A., Martinez, P,, Eds.; ISHS: Leuven, Belgium, 2009; Volume 843, pp. 229-234. [CrossRef]

Ehret, D.; Alsanius, B.; Wohanka, W.; Menzies, ].; Utkhede, R. Disinfestation of recirculating nutrient solutions in greenhouse
horticulture. Agronomie 2001, 21, 323-339. [CrossRef]

Ahn, T.L; Yang, ].-S.; Park, S.H.; Im, Y.-H.; Lee, ].Y. Nutrient recirculating soilless culture system as a predictable and stable way of
microbial risk management. J. Clean. Prod. 2021, 298, 126747. [CrossRef]

Nederhoff, E. Hydrogen peroxide unsuitable for root disease control in hydroponic vegetables. Commer. Grow. 2000, 55, 46-50.
Laplante, M.; Brisson, D.; Boivin, C.; Doiron, D.; Gaudreau, L.; Dorais, M.; Lacroix, M.; Martinez, C.; Tweddell, R.; Gosselin, A.
Evaluation of the performance of an ozonization system for the disinfection of the nutrient solution of a greenhouse tomato crop.
In Proceedings of the International Conference on sustainable Greenhouse Systems; VanStraten, G., Bot, G., VanMeurs, W., Marcelis, L.,
Eds.; ISHS: Leuven, Belgium, 2005; Volumes 1-2, pp. 389-394. [CrossRef]

Bandte, M.; Hans Rodriguez, M.; Schuch, I.; Schmidt, U.; Buettner, C. Plant viruses in irrigation water: Reduced dispersal of
viruses using sensor-based disinfection. Irrig. Sci. 2016, 34, 221-229. [CrossRef]

Raviv, M,; Lieth, ].H.; Bar-Tal, A. Soilless Culture: Theory and Practice; Elsevier: Amsterdam, The Netherlands, 2019; pp. 1-714.
Os, E.; Beerling, E.; Blok, C.; Janse, J.; Kaarsemaker, R. Zero discharge of nutrients and pesticides to the environment in hydroponic
production. Acta Hortic. 2019, 1, 443-450. [CrossRef]

Arenas, M.; Vavrina, C.S.; Cornell, J.A.; Hanlon, E.A.; Hochmuth, G.J. Coir as an alternative to peat in media for tomato transplant
production. Hortscience 2002, 37, 309-312. [CrossRef]

Ding, X,; Yu, L;; Jiang, Y.; Yang, S.; He, L.; Zhou, Q.; Yu, J.; Huang, D. Changes in Leaf Length, Width, Area, and Photosynthesis of
Fruit Cucumber in a Greenhouse Production System. HortScience 2020, 55, 995-999. [CrossRef]

Timm, S.; Florian, A.; Arrivault, S.; Stitt, M.; Fernie, A.R.; Bauwe, H. Glycine decarboxylase controls photosynthesis and plant
growth. Febs Lett. 2012, 586, 3692-3697. [CrossRef]

Zong, X.; Zhang, J.; Zhu, ].; Zhang, L.; Jiang, L.; Yin, Y.; Guo, H. Effects of polystyrene microplastic on uptake and toxicity of
copper and cadmium in hydroponic wheat seedlings (Triticum aestivum L.). Ecotoxicol. Environ. Saf. 2021, 217,112217. [CrossRef]
Gruda, N.; Bisbis, M.; Tanny, ]. Influence of climate change on protected cultivation: Impacts and sustainable adaptation
strategies—A review. J. Clean. Prod. 2019, 225, 481-495. [CrossRef]

Tsukagoshi, S.; Shinohara, Y. Nutrition and Nutrient Uptake in Soilless Culture Systems. In Plant Factory: An Indoor Vertical
Farming System for Efficient Quality Food Production; Kozai, T., Niu, G., Takagaki, M., Eds.; Academic Press: Cambridge, MA, USA,
2016; pp. 165-172, ISBN 978-0-12-801848-4. [CrossRef]

Noor, R.S.; Wang, Z.; Umair, M.; Yaseen, M.; Ameen, M.; Rehman, S.-U.; Khan, M.U.; Imran, M.; Ahmed, W.; Sun, Y. Interactive
Effects of Grafting Techniques and Scion-Rootstocks Combinations on Vegetative Growth, Yield and Quality of Cucumber
(Cucumis sativus L.). Agronomy 2019, 9, 288. [CrossRef]

Ali, A.B.; Elshaikh, N.A.; Hussien, G.; Abdallah, FE.; Hassan, S. Biochar addition for enhanced cucumber fruit quality under
deficit irrigation. Biosci. J. 2020, 36, 1930-1937. [CrossRef]

Masaki, H. Role of antioxidants in the skin: Anti-aging effects. J. Dermatol. Sci. 2010, 58, 85-90. [CrossRef]

Fiedor, J.; Burda, K. Potential role of carotenoids as antioxidants in human health and disease. Nutrients 2014, 6, 466—488.
[CrossRef]

Ding, X.; Jiang, Y.; Zhao, H.; Guo, D.; He, L.; Liu, F; Zhou, Q.; Nandwani, D.; Hui, D.; Yu, J. Electrical conductivity of nutrient
solution influenced photosynthesis, quality, and antioxidant enzyme activity of pakchoi (Brassica campestris L. ssp Chinensis) in a
hydroponic system. PLoS ONE 2018, 13, €0202090. [CrossRef]

Reda, M.; Golicka, A.; Kabala, K.; Janicka, M. Involvement of NR and PM-NR in NO biosynthesis in cucumber plants subjected to
salt stress. Plant Sci. 2018, 267, 55-64. [CrossRef]

Gou, T,; Yang, L.; Hu, W.; Chen, X.; Zhu, Y.; Guo, J.; Gong, H. Silicon improves the growth of cucumber under excess nitrate stress
by enhancing nitrogen assimilation and chlorophyll synthesis. Plant Physiol. Biochem. 2020, 152, 53—61. [CrossRef]

Cho, Y.Y,; Oh, S.; Oh, M.M,; Son, J.E. Estimation of individual leaf area, fresh weight, and dry weight of hydroponically grown
cucumbers (Cucumis sativus L.) using leaf length, width, and SPAD value. Sci. Hortic. 2007, 111, 330-334. [CrossRef]

Ding, X,; Jiang, Y.; Wang, H.; Jin, H.; Zhang, H.; Chen, C.; Yu, ]. Effects of cytokinin on photosynthetic gas exchange, chlorophyll
fluorescence parameters, antioxidative system and carbohydrate accumulation in cucumber (Cucumis sativus L.) under low light.
Acta Physiol. Plant. 2013, 35, 1427-1438. [CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Smiechowska, M.; Dmowski, P. Crude fibre as a parameter in the quality evaluation of tea. Food Chem. 2006, 94, 366-368.
[CrossRef]


http://doi.org/10.19103/AS.2019.0052.12
http://doi.org/10.21273/HORTSCI13703-18
http://doi.org/10.17660/ActaHortic.2009.843.29
http://doi.org/10.1051/agro:2001127
http://doi.org/10.1016/j.jclepro.2021.126747
http://doi.org/10.17660/ActaHortic.2005.691.46
http://doi.org/10.1007/s00271-016-0500-1
http://doi.org/10.17660/ActaHortic.2019.1266.61
http://doi.org/10.21273/HORTSCI.37.2.309
http://doi.org/10.21273/HORTSCI14637-19
http://doi.org/10.1016/j.febslet.2012.08.027
http://doi.org/10.1016/j.ecoenv.2021.112217
http://doi.org/10.1016/j.jclepro.2019.03.210
http://doi.org/10.1016/B978-0-12-801775-3.00011-1
http://doi.org/10.3390/agronomy9060288
http://doi.org/10.14393/BJ-v36n6a2020-47814
http://doi.org/10.1016/j.jdermsci.2010.03.003
http://doi.org/10.3390/nu6020466
http://doi.org/10.1371/journal.pone.0202090
http://doi.org/10.1016/j.plantsci.2017.11.004
http://doi.org/10.1016/j.plaphy.2020.04.031
http://doi.org/10.1016/j.scienta.2006.12.028
http://doi.org/10.1007/s11738-012-1182-9
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1016/j.foodchem.2004.11.026

Plants 2022, 11, 2252 14 of 14

30. Dewanto, V.; Wu, X.Z.; Adom, K.K; Liu, R.H. Thermal processing enhances the nutritional value of tomatoes by increasing total
antioxidant activity. J. Agric. Food Chem. 2002, 50, 3010-3014. [CrossRef]

31. Cataldo, D.A; Maroon, M.; Schrader, L.E.; Youngs, V.L. Rapid colorimetric determination of nitrate in plant tissue by nitration of
salicylic acid. Commun. Soil Sci. Plant Anal. 1975, 6, 71-80. [CrossRef]

32. Kaur, R; Gupta, AK,; Taggar, G.K. Nitrate reductase and nitrite as additional components of defense system in pigeonpea
(Cajanus cajan L.) against Helicoverpa armigera herbivory. Pestic. Biochem. Physiol. 2014, 115, 39-47. [CrossRef]

33. Song, J.; Huang, H.; Hao, Y.; Song, S.; Zhang, Y.; Su, W.; Liu, H. Nutritional quality, mineral and antioxidant content in lettuce
affected by interaction of light intensity and nutrient solution concentration. Sci. Rep. 2020, 10, 2796. [CrossRef]


http://doi.org/10.1021/jf0115589
http://doi.org/10.1080/00103627509366547
http://doi.org/10.1016/j.pestbp.2014.08.005
http://doi.org/10.1038/s41598-020-59574-3

	Introduction 
	Results 
	Changes in Environmental Parameters outside and inside the Greenhouse 
	Changes in Plant Height, Stem Diameter, Internode Length, and Leaf Area per Plant 
	Changes in Leaf Gas Exchange Parameters, and Relative Chlorophyll Content 
	Changes in Leaf Mineral Elements 
	Changes in Cucumber Fruit Quality and Yield 

	Discussion 
	Materials and Methods 
	Measurements of Cucumber Yield, Plant Height, Stem Diameter, Internode Length, and Leaf Aera 
	Measurements of Outside Air Temperature, Radiation, and Greenhouse Air Temperature 
	Measurements of Leaf Gas Exchange Parameters 
	Measurements of Leaf Relative Chlorophyll Content 
	Measurements of Soluble Protein, Fibre, Total Phenolic, Flavonoids, Nitrate and Nitrite Content 
	Measurements of Leaf Mineral Element Contents 
	Statistical Analysis 

	Conclusions 
	References

