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Abstract: The total land used for land-based food farms is less than 1% in Singapore. As a result,
more than 90% of Singapore’s food needs are imported. To strengthen food security, Singapore has
set a target to develop the capability and capacity of the agri-food industry to locally produce 30% of
its nutritional needs by 2030. To achieve this goal, technology is the key to helping farms to “grow
more with less”. This review first discusses how aeroponic systems have been adapted for growing
all kinds of leafy vegetables in the tropics through the manipulation of root-zone temperature and
heat priming to save power energy. Growing vegetable crops indoors and in greenhouses not only
allows the growers to achieve high productivity but also enables them to enhance nutritional values.
The second part of this paper emphasizes how to achieve substantial yield through deficit irrigation
with higher nutritional quality in a cost-effective manner. Growing crops vertically has become
increasingly popular, as it increases land use. We establish a commercially viable LED-integrated
aeroponic system to grow vegetables vertically. The last part of the paper discusses the impacts of
LED spectral quality, quantity, and duration on vegetable production.

Keywords: aeroponic system; deficit irrigation; heat priming; LED spectral quality and quantity;
root-zone temperature

1. Introduction

In Singapore, a city-state characterized by its high urban population, less than 1%
of its land is allocated to land-based food farms [1]. This scarcity of land for agricultural
purposes is compounded by Singapore’s hot and humid climate, which poses significant
challenges for vegetable cultivation, as plants are sensitive to temperature fluctuations [2].
Consequently, over 90% of Singapore’s demand for subtropical and temperate vegetable
crops, such as Chinese broccoli and lettuce, is met through imports from other coun-
tries [3,4]. Climate change, moreover, exacerbates these challenges, altering traditional
growing conditions and placing strain on existing agricultural practices [5,6]. Coupled with
population growth and the stockpiling of food reserves by countries with large populations,
Singapore’s food security has been under pressure for decades [1,7,8]. The COVID-19 pan-
demic further underscored vulnerabilities in food supply chains, particularly in a highly
urbanized context like Singapore [9,10]. To mitigate these risks and ensure a steady food
supply, Singapore has pursued diversification strategies, reducing reliance on a single
food source [11]. The Singapore Food Agency has set an ambitious target titled “30 by
30”, aiming to locally produce 30% of the nation’s nutritional needs by 2030 [12]. Given
Singapore’s limited land availability and water scarcity, technology plays a pivotal role in
achieving this goal, enabling farms to maximize productivity while minimizing resource
usage by “growing more with less” [12].

High temperatures under tropical climates inhibit the growth of temperate and sub-
tropical crops and decrease their production via a number of physiological mechanisms,
especially photosynthesis [13–15]. Aeroponic farming systems have been adapted by our
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research team to grow subtropical and temperate leafy vegetables in a tropical greenhouse
through the manipulation of root-zone temperature (RZT) [3,16–18] in order to save power
energy. For a tropical greenhouse, even when cooling only the RZ of the vegetable crops,
the power energy requirement is still a major production cost. Our recent studies show
that RZ heat priming could serve as a promising strategy to reduce the energy costs of
growing temperate crops in a tropical greenhouse [19,20]. Thus, the first part of this review
discusses the mechanisms responsible for the manipulation of RZT on the productivity of
aeroponically grown leafy vegetables in the tropical greenhouse.

Growing vegetable crops indoors and in greenhouses allows growers to achieve not
only high productivity but also high accumulations of nutritional compounds through
manipulating growth conditions [21–25]. Plants are able to detect and react to alterations
in their immediate surroundings, termed microclimate changes. Apart from changing the
light environments [21–23], the availability of water not only influences plants’ growth
and development but also impacts their nutritional composition [24,25]. The second part
of this paper focuses on strategies for attaining significant crop yields while enhancing
nutritional value in a cost-efficient manner through deficit irrigation using aeroponic
farming systems both indoors and in a greenhouse. Our studies have shown that the
nutritional quality of leafy vegetables could be improved under mild water deficit through
deficit irrigation [24,25]. Achieving substantial reductions in energy and water consumption
in urban agriculture and doing so without sacrificing yield while improving nutritional
quality could greatly benefit society through resource conservation.

To increase areas of cultivation, growing leafy vegetable crops vertically indoors
under controlled environments and in greenhouses has become increasingly popular in
Singapore [1,8]. Light plays a crucial role in the cultivation of vegetables [26–28]. My
team has developed a commercially viable vertical aeroponic farming system integrated
with LED technology to cultivate leafy greens both indoors and in greenhouses. Our
findings indicate that for the indoor cultivation of leafy vegetables, a combination of red
(R)- and blue (B)-LEDs proves more effective in enhancing photosynthesis, thereby in-
creasing productivity compared to using either R- or B-LEDs alone [29,30]. More and
more studies have highlighted the importance of LED spectral quality on plants grown
indoors [21–23,31–34]. However, the optimal LED spectral combinations vary depending
on the plant species [26,30,35,36]. The success of indoor vertical farming illuminated by
LEDs also hinges on local energy costs and environmental factors such as temperature,
humidity, nutrient availability, and CO2 levels [35]. Relying solely on energy-intensive in-
door vertical farming, which necessitates controlled lighting and environmental conditions,
is not sustainable for achieving the “30 by 30” goal, which emphasizes achieving more
with fewer resources [35]. Therefore, the final part of this review examines the influence of
LED spectral quality, intensity, and duration on various leafy vegetables grown aeroponi-
cally in tropical greenhouse environments, aiming to reduce cooling costs. Additionally,
this review paper also discusses the supplementation of natural sunlight with LED light-
ing to enhance vegetable production [37,38] and improve nutritional quality in tropical
greenhouse environments.

2. Enhancing Productivity of Aeroponically Grown Leafy Vegetables in a Tropical
Greenhouse through Manipulation of Root-Zone Temperature (RZT)

Vegetables provide essential nutrients for human nutrition and are a fundamental
constituent of the daily diet [39–41]. In Singapore, local produce usually costs much
more than imports. In Singapore’s “30 by 30” strategy, vegetables are one of the most
important food items to focus on. This is because vegetables are easily perishable and
have a limited shelf life after harvest. Singapore has a tropical climate with relatively
high and uniform day and night temperatures and high humidity throughout the year.
In the tropics, the average daily temperature fluctuates between 25 and 34 ◦C, though
it can occasionally soar up to 40 ◦C in greenhouse environments [17]. It is well known
that air temperature is a main factor affecting vegetable growth and yield. The optimum
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growth temperature for vegetable crops is species-dependent [41]. According to Wien [42],
the temperature optimums for hot, warm, and cold season vegetables are, respectively,
25–27 ◦C, 20–25 ◦C, and 18–25 ◦C. High temperatures inhibit the growth and development
of subtropical and temperate vegetable crops under tropical conditions. Thus, Singapore
has to import about 90% of its needs in subtropical crops, for example, Chinese broccoli,
capsicum, and Chinese cabbage, and all its needs in temperate crops such as lettuce [3,4].
Climate changes further affect our ability to farm. Among the types of climate changes,
increases in temperature have the most negative impact on crops, including vegetable
crops [43–45]. In their recent publication, Dumitru et al. [43] conducted a review utilizing
the Web of Science and Scopus databases, examining 219 scientific articles out of a total of
107,799 concerning “climate change impacts” from 1990 to 2023. Their analysis revealed
that only 53 out of the 219 reviewed publications specifically addressed the impacts of
climate change on vegetable crops. Thus, there is a need for more specialized research on
the impacts of climate change on vegetable crops. While crop breeders will have to provide
the farmers with heat-resistant cultivars, it is also necessary for crop growers to adopt better
farming practices to combat climate change [46]. Controlled environment agriculture (CEA),
including either simple greenhouses or indoor farming, is a powerful way to produce fresh
food that reduces the impacts of climate changes on agriculture [47,48].

Both air temperature and root zone temperature (RZT) play crucial roles as envi-
ronmental factors influencing plant growth and eventual production yield. Shoots can
moderate their temperature through transpiration, while roots are unable to do so [49].
Compared to shoot responses, root responses to high temperatures are understudied.
Nonetheless, roots are pivotal for plant growth and development, as they supply the neces-
sary water and essential minerals required for survival. Efficient nutrient uptake and water
absorption by roots lead to enhanced growth and improved yield [50,51]. Not only ambient
temperature but also RZT can strongly affect plant growth and development. Roots can
adjust their morphological, biochemical, and physiological traits in response to RZT [52–55].
It was reported that the response of plant growth rates to high air temperatures was influ-
enced by RZT [56]. Since the late 1970s, a few studies have even demonstrated that RZT
is more critical than air temperature in enhancing plant growth [57–61]. Using aeroponic
systems, our research team has successfully grown subtropical and temperate vegetable
crops in the tropical greenhouse by cooling the RZ independently of hot ambient tempera-
tures [53]. In aeroponic systems, plants with their roots are suspended in the air, where a
nutrient solution is sprayed on the roots’ surface [53]. Our results show that RZ cooling
provides great benefits to the root growth and development of subtropical vegetables such
as Chinese broccoli (Brassica alboglabra L.) [62] and temperate lettuce (Lactuca sativa L.) in
tropical greenhouses [63]. Subtropical and temperate vegetable crops cultivated in cool
RZTs exhibited longer total root lengths, higher numbers of root tips, expanded root surface
areas, and smaller root diameters in contrast to those grown in hot ambient RZTs [62–64].
Abscisic acid (ABA) and ethylene synthesized in the roots play major roles in regulating
root growth and development [65–69]. Cool RZT decreased ABA concentration and allevi-
ated ABA-induced stomatal closure [65,66,69]. Our studies also revealed that cooling the
RZT promoted root elongation, increased number of root tips, and decreased root diameter,
which is associated with lower RZ ethylene accumulation and corresponds to higher stom-
atal conductance and shoot growth [67,68]. The effects of RZT on root morphology may
have modified root hydraulic conductivity and affected shoot water potential [69]. Grown
in tropical greenhouses under cool RZTs, cool-season vegetable crops with well-developed
root systems could enhance water and mineral uptake, thus, preventing water deficit and
mineral nutrient deficiency [53,63]. The effects of RZT on water and mineral nutrient
uptake have also been reported by other teams in strawberry [70], tomato, muskmelon,
and honey locust crops [71].

Under cool-RZT, the photosynthetic efficiency and final production yield of subtrop-
ical and temperate vegetable crops were enhanced remarkably compared to the whole
plants grown under hot ambient temperatures [16–18]. Our studies showed that cool-RZT
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alternates the partitioning of mineral nutrients uptake by the roots [63]. In response to
the changes in RZT, the partitioning of photoassimilates produced in the leaves was also
altered to meet changes in shoot and root nutrient demands [72]. Cool-RZT also alleviates
the negative effects of hot-ambient-RZT on NO3

− assimilation and the coordination of
carbon and nitrogen metabolism [53]. Studies conducted in the tropical greenhouse re-
vealed that cooling the RZT of subtropical and temperate vegetable crops alleviated both
stomatal and non-stomatal constraints on photosynthesis, including reductions in chloro-
phyll content, photosynthetic light use efficiency, Rubisco protein content, and maximum
Rubisco activity, irrespective of hot ambient temperatures [17,18]. Studies conducted by
other researchers have also shown that RZT affects photosynthesis and assimilate par-
titioning [61,73]. Through the mitigation of high-temperature stress on root and shoot
growth and development and various physiological processes (Figure 1), subtropical and
temperate vegetable crops can now be grown all year round through cooling only the RZ
in a tropical greenhouse.
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Figure 1. Changes of various physiological parameters of subtropical (Brassica alboglabra L.) and
temperate vegetable crops (Lactuca sativa L.) grown with aeroponic systems by exposing their roots to
cooling temperatures (15–25 ◦C) while their aerial parts were maintained at fluctuating hot ambient
temperatures (25–40 ◦C) in the tropical greenhouse. The changes of different physiological parameters
are in comparison to those whole plants grown under hot fluctuating ambient temperatures.

3. Root-Zone (RZ) Heat Priming Effects on Growth, Productivity, Physiology, and
Nutritional Quality

Recently, there has been an increasing number of reports on the phenomenon of plant
stress memory responses to abiotic stress including heat stress, which has provided new
strategies for improving crop heat resilience [74–76]. According to the literature, plants have
mitotic stress memory (somatic memory, in the same generation) and meiotic stress memory
(in the next generations) [76]. Many plants can remember past stress events, leading to
increased tolerance for future stressors, which is referred to stress priming [76–78]. Plants
naturally cope with heat stress, which is defined as basal heat tolerance. Most plants have
the capacity to enhance their resistance to higher temperatures following a short period of
exposure to heat stress, a phenomenon known as acquired heat tolerance or heat priming,
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also known as thermopriming [79–81]. Species with low heat tolerance are predicted to be
most vulnerable to global warming [76]. It was reported that for each degree rise in average
temperature, there is an estimated decrease in yield by 3.1%, 3.2%, and 6.0% respectively
for soybeans, maize, and rice [82]. Extensive literature has detailed the diverse mechanisms
through which various crop species have evolved to perceive ambient temperature signals
to facilitate heat priming as an adaptive response to hotter environments [76]. Heat
priming protects plants from the damage of different physiological responses, especially
photosynthesis upon subsequent more frequent and severe heat stress, by increasing the
accumulation of protective chemicals, including heat shock proteins, antioxidants, and
secondary metabolites [77,83,84]. For instance, in the study with Origanum vulgare, it was
reported that heat stress induced stomatal and non-stomatal limitation of photosynthesis,
but heat priming enhanced photosynthetic heat tolerance [84].

Heat-priming treatment on aerial parts of the plants and their responses has been well
studied [76,83]. Reports have discussed seed and whole plant priming [76,85]. However,
there is scant information regarding the effects of RZ heat priming on photosynthetic
performance, productivity, and root morphology. Although aeroponic systems have been
adapted for growing all kinds of vegetables in the tropics through the manipulation of RZT
to save power energy, high energy costs were still incurred, even when cooling only the RZ
of the vegetable crops. Increases in both the average temperatures and frequency of heat
waves are likely to happen severely in the tropics [84]. Thus, RZ heat priming could serve
as one of the promising means to further reduce high energy consumption in cultivating
vegetable crops in tropical greenhouses [19,20]. In our previous study, two different leafy
greens, Eruca sativa (cv. arugula) and Lactuca sativa (cv. canasta), were first grown under
25 ◦C in a tropical greenhouse for 10 days. They were then exposed to sublethal RZT of
38 ◦C for RZ heat priming for 10 days. Our results showed that RZ heat priming did not
have any negative impact on root morphology [19]. RZ heat-primed canasta plants had
better photosynthetic performance and higher productivity after subjecting to subsequent
RZT of 42 ◦C for 10 days compared to non-primed canasta plants. However, RZ-heat-
priming-enhanced thermotolerance was not observed in arugula during the same periods
of experiments [19]. This result suggests that the effect of RZ heat priming is largely
species-dependent.

In another recent study, we carried out the same RZ heat priming for 10 days for the
same species in the same greenhouse, but plants were exposed to a subsequent RZT of 42 ◦C
for 16 days. It was found that RZ heat priming at RZT of 38 ◦C resulted in the slower leaf
expansion of canasta after six days of RZ heat priming compared to those grown under RZT
of 25 ◦C. However, RZ heat priming did not affect the leaf expansion of arugula compared
to 25 ◦C-RZT plants [20]. During RZ heat priming, dynamic photoinhibition measured
by lowered midday Fv/Fm ratios in canasta leaves [20] could lead to a decline in overall
photosynthetic performance [17,86], which could be partially responsible for the slower
leaf growth. Improvements in heat resistance to prevent damage to the photosynthetic
apparatus may be coupled with reduced photosynthetic performance during heat priming.
This could be due to the development and maintenance of the primed effect [84]. Despite its
significantly lower midday Fv/Fm ratio, RZ heat priming did not affect the leaf expansion
of arugula [20]. Both plant species had predawn Fv/Fm ratios greater than 0.8, indicating
that no chronic photoinhibition occurred in any plants during RZ heat priming [20]. After
being exposed to a subsequent 42 ◦C-RZT for 16 days following RZ heat priming, arugula
had similar higher fresh shoot weights (Figure 2A) and larger root systems with a higher
total root length (Figure 2B), larger total root surface area, and a similar total number
of root tips [20] as those of 25 ◦C-RZT plants compared to those of non-primed arugula.
However, RZ heat priming did not enhance the shoot productivity of canasta (Figure 2A)
after exposure to 42 ◦C-RZT for 16 days compared to those non-primed plants. Arugula
seems to retain and sustain stressful memories for a longer period, allowing for longer
responses to subsequent stressful situation compared to canasta. At harvest, arugula had
higher accumulations of dietary minerals such as Ca (Figure 2C) and Mg (Figure 2D) in RZ-
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heat-primed plants than in 25 ◦C-RZT plants, which could be due its larger root system [3].
However, RZ heat priming did not promote the root development of canasta (Figure 2B).
RZ-heat-primed and non-primed canasta plants had higher concentrations of Ca and Mg
(Figure 2C,D) compared to those grown at 25 ◦C-RZT, suggesting that the minerals were
concentrated within small plants.
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Figure 2. Shoot FW (A), total root length (B), concentrations of Ca (C) and Mg (D) of arugula and
canasta at harvest (36 days after transplanting). The vertical lines through the means represent
standard errors (n = 4). Different lowercase letters are statistically different (p < 0.05, Tukey’s multiple
comparison test). Each species was analyzed separately. 25 ◦C-RZT: plants were kept at a constant
25 ◦C-RZT for 24 h daily for 36 DAT (days after transplanting); 25 ◦C-RZT→38 ◦C-RZT→42 ◦C-RZT
(RZ heat priming): plants were grown at a constant 25 ◦C-RZT, 24 h daily for the first 10 days, then
subjected to fluctuating hot A-RZT with a constant 38 ◦C-RZT maintained from 1100 to 1700 h for
6 h daily from 11 to 20 DAT and then exposed to fluctuating hot A-RZT with a constant 42 ◦C-RZT
maintained for 16 days from 1100 to 1700 h for 6 h daily; 25 ◦C-RZT→42 ◦C-RZT (non-priming):
plants were grown at a constant 25 ◦C-RZT 24 h daily for 20 days and for the last 16 days were
transferred to fluctuating hot A-RZT with a constant 42 ◦C-RZT maintained from 1100 to 1700 h for
6 h daily (Modified from He et al. [20].

During heat stress, the chloroplast is the major site that produces reactive oxygen
species (ROS) such as H2O2, which may induce oxidative stress [87]. Heat priming pro-
tected plants from heat damage to the photosynthetic apparatus and enhanced their
photosynthetic capacity compared to non-primed plants via increased antioxidant ac-
tivity [78,84,88]. Ascorbic acid, an antioxidant, confers resistance to heat stress to lower
the H2O2 concentration [88,89]. Phenolic compounds are also natural antioxidants that
protect plants from photodamage. It was reported that coriander (Coriandrum sativum L.)
accumulated higher levels of total phenolic compounds under a combination of PPFD of
300 µmol m−2 s−1 and 30 ◦C-RZT than under lower PPFD and lower RZT [89]. In our study,
RZ-heat primed arugula and canasta plants had higher concentrations of total ascorbic
acids (Figure 3A) and total phenolic compounds (Figure 3B) compared to non-primed
plants after being subjected to a subsequent 42 ◦C-RZT for 16 days. Although RZ heat
priming also enhanced its nutritional quality, the productivity of canasta was compromised
(Figure 3). The results of our second study [20] imply that RZ heat priming effects depend
on not only species but also the duration of subsequent high RZT. Our results also suggest
that it is feasible to enhance the productivity and nutritional quality of temperate leafy
green at lower production costs in a tropical greenhouse through RZ heat priming strategy.
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Figure 3. Total ascorbic acid (A,C) and total phenolic compounds (C,D) concentration of arugula
and canasta at harvest (36 days after transplanting). The vertical lines through the means represent
standard errors (n = 4). Different lowercase letters are statistically different (p < 0.05, Tukey’s multiple
comparison test). Each species was analyzed separately. Refer to Figure 2 for the details of different
RZT treatments (Modified from He et al. [20]).

4. Deficit Irrigation Effects on Productivity and Nutritional Quality of Aeroponically
Grown Leafy Vegetables Indoors and in a Tropical Greenhouse

Due to its land scarcity, Singapore lacks natural freshwater resources. Although
Singapore has four “national taps” (local catchment area, imported water, NEWater, and
desalinated water) that have helped mitigate water scarcity, Singapore remains vulnerable.
Agricultural activities account for about 70% of freshwater withdrawals. Furthermore,
global warming will result in severe water shortages [90]. An integrated approach, therefore,
is imperative for increasing food security. For instance, using aeroponic farming systems
for vegetable production could be the most promising water-efficient approach to urban
agriculture [26,91]. The adoption of innovative technologies has the potential to decrease
water consumption while simultaneously preserving or even enhancing crop yields [92].
Grown with the aeroponic farming systems, plant roots are sprayed with a fine mist of
nutrient solution at different spraying intervals depending on plant species. Aeroponic
farming systems allow for the reuse of water and circulate nutrients back to the nutrient
tank. Both water and nutrients, which have not been absorbed by plants, will be recycled
after adjusting the EC and pH to the optimal levels. Thus, water use efficiency could be
maximized [53,91].

Deficit irrigation (DI), defined as the application of water below the evapotranspira-
tion requirements, is a practical irrigation strategy to enhance water productivity. Using
DI strategy, the crop is exposed to a mild drought stress level either during the whole
growing period or during a particular growth stage [93]. Studies have reported that DI
strategies present significant opportunities for conserving water without sacrificing crop
yield, or with only a minor reduction in yield, while also improving the quality of the
produce [94–97]. Using aeroponic farming systems, irrigation durations and frequencies
could be manipulated to simulate DI [24,25]. In our previous study on common ice plants
(M. crystallinum) grown aeroponically indoors under LED lighting, different degrees of
drought stress were induced with different nutrient spraying intervals of 5, 30, 60, and
240 min. The long spraying interval of 240 min resulted in a reduction in shoot and root
biomass accumulation. However, drought stress induced by longer nutrient spraying
intervals (simulating DI) enhanced the nutritional quality, leading to the higher accumula-
tion of total ascorbic acid, total phenolic compounds, total soluble sugar, and proline of
common ice plants [24]. In a study with hot peppers, (Capsicum annuum cv. Battle) under
different DI treatments, including 85%, 70%, and 55% of water-holding capacity, it was
found that 85% of water-holding capacity resulted in the high accumulation of vitamin C
production and saved a large amount of water compared 100% of water-holding capacity
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(control) [98]. Increased total phenolic compounds and proline of Achillea species were
reported after the moderate drought stress treatment (50% field capacity) [99]. In a study
with two green leafy lettuce cultivars (Lollo Bionda and Vera), it was found that cultivar
Vera could produce desirable fresh mass with improved nutritional quality, increasing
dietary phytochemicals, ascorbic acid, antioxidant activity, glucose, fructose, and reducing
browning under higher DI levels [100]. In our recent study with aeroponically grown
Tuscan kale (B. oleracea L.) in a tropical greenhouse, DI was induced through prolonging
nutrient spraying interval (NSI) one week prior to harvest after growing under 5 minNSI
for four weeks [25]. There was no significant decrease in shoot FW in plants transferred
from 5 min to 60 minNSI (5 minNSI→60 minNSI), while the shoot FW of plants transferred
from 5 min to 90 minNSI (5 minNSI→90 minNSI), was significantly lower compared to
those grown under 5 minNSI (Figure 4B). These results were supported by the size of Tus-
can kale plants shown in Figure 4A. Can nutritional quality be improved in aeroponically
grown Tuscan kale under DI prior to harvesting without a substantial yield penal? The
results of 5 minNSI → 60 minNSI plants were promising, as the concentrations of their
proline and total soluble sugars increased (Figure 4C,D) after NSI transfer for one week
without a substantial yield penalty (Figure 4B). However, no increase in total ascorbic
acid was observed from the same plants (Figure 4E), which could be due to a reduction in
photosynthetic capacity under DI. Plants under severe DI treatment such as 5 minNSI →
90 minNSI had a much lower total ascorbic acid concentration than that of 5 minNSI plants,
resulting from their much lower photosynthetic capacity [25]. This is because the synthesis
of ascorbic acid is highly dependent on the newly fixed carbon in the leaves [101]. Induced
DI prior to harvest did not increase the total phenolic compounds (Figure 4F), which may
also be due to the shortage of newly fixed carbon [102]. However, it was reported that
pre-harvest DI enhanced ascorbic acid and sugars in sugar apples prior to harvest at harvest
and during storage in sugar apples [103]. The optimization of deficit irrigation to increase
water production with enhanced nutritional values of leafy vegetables at pre-harvest can
yield significant advantages for both consumers and growers.
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Figure 4. Tuscan kale grown under different NSI at harvest (A). Proline (B), total soluble sugar
(C), total ascorbic acid (D) and total phenolic compounds (E) concentrations of Tuscan kale after
transferring the four-week-old 5 minNSI plants to different NSIs (F) concentrations of Tuscan kale
grown at different NSIs. I, 5 minNSI, II, 5 minNSI, four weeks→60 minNSI, 1 Week; III, 5 minNSI,
4 weeks→90 minNSI, 1 week. For (B–F), values are means ± standard errors. Means sharing the same
letters are not significantly different from each other (p> 0.05) as determined by Tukey’s multiple
comparison test (Modified from He et al. [25]).
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5. Impacts of LED Spectral Quality, Intensity, and Photoperiod on Productivity and
Nutritional Quality of Leafy Vegetables Grown Indoors and in the Tropical Greenhouse

To increase Singapore’s food security and boost the efficient use of farmland, Sin-
gapore’s government tendered out some new plots of farmland on 20-year leases from
2017 to 2019. Priority was given to the high-tech farmers. Vertical farming enables year-
round production in Singapore’s high-tech farms while using less land to produce more
in CEA [104]. Light is a key factor for the success of vertical vegetable cultivation. To my
best knowledge, we are the first team to elucidate the effect of LED lighting on vegetable
crops in Singapore. Providing sufficient and effective lighting to plants not only allows
fast growth but also minimizes energy utilization [105–107]. A commercially viable LED
integrated farming systems has been established by my team to grow leafy vegetables both
indoors [29,30,108–111] and in a tropical greenhouse [112–114].

In the indoor cultivation of leafy vegetables, the ideal combination of red (R)- and blue
(B)-LEDs, or red (R)- and green (G)-LEDs proves more effective in enhancing productivity
compared to using red (R)-LEDs or blue (B)-LEDs alone. This was supported by our studies
on Chinese broccoli (B. alboglabra Bailey) [108], common ice plants (Mesembryanthemum
crystallinum) [29], and lettuce (L. sativa L. cv. canasta) [30] grown indoors under different
combinations of LED spectral qualities. The optimal combination of RB-LED promoting the
growth of vegetable crops has also been reported by other researchers in lettuce, [105,115],
radish and spinach [105], cucumber [106,116], rapeseed rosette leaves [117], and sweet
basil [118]. For certain crops such as Chinese broccoli [108], cucumber [106,116], sweet
basil [118], and ice plants [29], the effective LED spectral quality increasing vegetable
production is closely linked to the enhanced photosynthetic performance on a leaf area
basis. Under optimal combinations of LED lighting, higher photosynthetic performance
was achieved by a higher light-saturated photosynthetic CO2 assimilation rate and stom-
atal conductance and greater concentrations of photosynthetic pigments and soluble and
Rubisco proteins compared to plants grown under R-LED or B-LED alone or other inef-
fective combinations of R- and B-LED [30]. However, for lettuce (L. sativa L. cv. canasta),
the effect of LED spectral quality on productivity is not associated with photosynthetic
performance on a leaf area basis but is closely linked to leaf traits [30]. For example, when
grown under 100% R-LED or 20% green (G)-LED and 80% R-LED, lettuce plants had the
lowest maximal photosynthetic rate on a leaf area basis due to the inhibitory effects on
maximum quantum efficiency of photosystem II (PS II) with lower photosynthetic pig-
ments, total soluble protein, and total Rubisco protein. However, lettuce plants grown
under 100% R-LED or 20% G-LED and 80% B-LED had the largest total leaf area and light
interception area but the highest shoot biomass compared to other plants [30]. To sum
up the above, shoot productivity is closely related to photosynthetic performance on a
leaf area basis when plants have the maximum light interception per unit leaf area. This
is because light interception by plant canopy is a main factor determining plant biomass
production [119]. On the other hand, light absorption and light interception area play
important roles in whole plant photosynthetic capability, which is associated with shoot
productivity [30,120,121]. However, the optimal combinations of LED spectral quality
on crop production are species-dependent [122]. According to the mega-analysis from
350 articles using ISI Web of Science, Ma et al. [122] found that the impact of LED lighting
on plant growth and quality characteristics varied depending on the plant species and
cultivation conditions. They noted that existing research on LED lights lacks comprehen-
sive information for horticultural production. They then recommended that future studies
incorporate secondary and respiratory metabolism, which are closely linked to crop quality,
to provide more valuable insights.

Indoor farming requires a temperature- and light-controlled environment. To achieve
the “30 by 30” goal in Singapore using a “grow more with less” strategy, it is not possible
to totally rely on high energy-cost indoor vertical farming systems. Thus, LED-integrated
vertical aeroponic farming systems [112,114] and supplemental LED lighting in addition to
natural sunlight for greenhouse vegetable production [37,38,113] are alternative approaches
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to reduce energy consumption. Our study showed that both LED spectral quality and light
intensity are important for enhancing the shoot productivity of three subtropical vegetables
grown with a vertical aeroponic farming system in a tropical greenhouse, namely Kai Lan
(B. alboglabra), Nai Bai (B. chinensis L.), and mizuna (B. juncea var. japonica) [114]. In a study
of six different vegetable crops, Nájera and Urrestarazu also found that both LED spectral
quality and intensity influenced productivity [123]. In another study on heat-resistant
(HR) and heat-sensitive (HS) recombinant inbred lines (RILs) of lettuce (L. sativa) grown
with vertical aeroponic farming systems, we found that both lettuce RILs had higher shoot
and root productivity when they were grown under longer photoperiods [112]. However,
higher shoot and root productions were not associated with higher photosynthetic CO2
assimilation rate on a leaf area basis. Instead, both lettuce RILs exposed to longer photope-
riods promoted the development of additional and larger sinks supported by increased
leaf numbers and total leaf area [112]. The whole-plant carbon gain depends on the total
photosynthetic area. An increase in the total leaf area enhanced the carbon gain at the
whole-plant level resulting from high light interception and absorption [30,122,124]. For
example, the total CO2 assimilation of both lettuce RILs per plant under 18 h was more than
twofold compared to those grown under 12 h, regardless of their similar photosynthetic
rates on a leaf basis [112]. Furthermore, the intercepted light energy must be transduced
into the biomass area [124]. Due to the increased leaf number and total leaf area, there were
decreases in the soluble and insoluble sugar concentrations in lettuce leaves exposed to
longer photoperiods, implying no feedback inhibition of photoassimilates [112]. When
photoassimilates could be effectively transported out from the source leaves during the
photoperiod, most of the new fixed carbon could be traduced into biomass [125]. These
findings indicate that extending the photoperiod at a consistent moderate level of PPFD,
such as 300 µmol photon m−2 s−1, has the potential to enhance the production of lettuce
plants [112].

Light, temperature, water, and nutrients are the main factors that determine crop
productivity [126]. In greenhouses, it is not difficult to control the temperature, water,
and nutrients. As mentioned earlier, cooling the RZ allows the production of subtropical
and temperate vegetable crops in Singapore all year round [3,16–18]. However, green-
house crops have experienced frequent cloudy or rainy days in Singapore. The intensity of
natural sunlight (SL) is low in greenhouses, which affects plant growth and productivity,
even for a horizontal single-layer growing system. It is not easy to control the growth
irradiation [126,127]. There are numbers of papers that demonstrated that supplemental
LED to natural SL could efficiently compensate for a shortage of light for photosynthe-
sis and plant growth [37,38,113,128,129]. In a study on HR and HS lettuce RILs grown
under natural SL supplemented with different combinations of red (R)- and blue B-LED
ratios: 100R:0B (0B), 92R:8B (8B), 84R:16B (16B), and 76R:24B (24B) with an equal PPFD
of 100 µmol m−2 s−1, it was found that 16B supplementary light treatment is optimal for
HR-RIL, while HS-RIL had higher shoot FW under the 8B condition. The different re-
sponses of HR and HS lettuce RIL could be due to their different susceptibilities to heat
stress in a tropical greenhouse [113]. Apart from light spectral quality, light intensity highly
influences plant physiological processes, plant growth, and plant development [129]. In a
tropical greenhouse, we studied the effects of two different intensities of supplementary
LED (PPFDs of 150 and 300 µmol m−2 s−1) and natural SL on sweet potato (Ipomoea batatas
L.) leaves, which are consumed as fresh tropical vegetables [38], as well as a temperate
Cos lettuce (L. sativa L. cv. CL—2741) [37]. Sweet potato leaves grown under natural SL
with supplemental LED lighting had higher leaf FW and higher photosynthetic pigment
concentrations compared to those grown under natural SL. The enhanced leaf biomass
was due to the increased thickness of leaves, which improved their photosynthetic capac-
ity under their growth temperature and irradiances. However, there were no significant
differences in these parameters between leaves exposed to natural-SL-supplemented LED
lighting under 150 and 300 µmol m−2 s−1) [38]. With Cos lettuce grown in the tropical
greenhouse under natural sunlight, it was found that total leaf area, shoot FW, photosyn-
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thetic rate, and the concentrations of photosynthetic pigments, cytochrome bf, leaf total
soluble protein, and Rubisco protein were higher in plants supplemented with LED light-
ing of 300 µmol m−2 s−1 than with LED lighting of 150 µmol m−2 s−1 [37]. The different
responses of sweet potato leaves and temperate Cos lettuce to supplementary LED intensity
are mainly due to different levels of sunlight during different months of the year. In the
study on sweet potato leaves [38], the natural SL inside the greenhouse was much higher
(average maximum PPFD ~ 800 µmol m−2 s−1) than in the study with Cos lettuce study
(average PPFD ~500 µmol m−2 s−1). The daily light integral (DLI, mol m−2 day−1), which
describes the number of photosynthetically active photons that are delivered to a specific
area over a 24-h period, has been shown to better relate many plant growth traits and
physical performances than instantaneous PPFD levels at any given time [130]. To save
energy, the optimization of supplemental LED lighting intensity must take the DLI inside
the greenhouse into consideration.

Under LED lighting, adjustments can be made to control both light intensity and
photoperiod in order to optimize DLI, thereby enhancing both crop productivity and nutri-
tional quality. In the meta-analyses, Poorter et al. [130] reported that 70 traits, including
morphology, anatomy, physiology, and growth, are better related to DLI than to instanta-
neous PPFD levels at any given time. In a study with sweet basil (Ocimum basilicum), it was
reported that shoot FW, photosynthesis, soluble sugar, and phenolic contents were higher
in plants grown under higher DLIs of 12.9, 16.5, or 17.8 mol m−2 day−1 than under lower
DLI of 9.3 mol m−2 day−1 [131]. Similar results of biomass accumulation with increasing
DLI were also reported in lettuce (L. sativa L. cv. Ziwei) [132], “Red Russian” kale (B. na-
pus pabularia), “All Star” lettuce mix (L. sativa) and spinach (Spinacia oleracea) [133], and
cucumber (Cucumis sativus L.) [134]. There are two different ways to achieve the same DLI:
a low PPFD with a long photoperiod or a short photoperiod with a high PPFD. Recently,
our team studied the effects of light intensity and duration, including 24 h of continuous
lighting (CL) and different DLIs on C4 halophyte purslane (Portulaca oleracea L.) grown
indoors. Compared to purslane plants grown under lower PPFD, shorter photoperiods,
and thus lower DLI (240 µmol photon m−2 s−1, 12 h, DLI = 10.368 mol m−2 day−1), higher
DLIs (20.736 mol m−2 day−1) via different combinations of PPFD and photoperiods pro-
moted root and shoot growth and thus increased shoot productivity. Higher DLIs also
enhanced nutritional quality, resulting in higher accumulations of proline and total phe-
nolic compounds as well as dietary minerals such as K, Ca, Mg, and Fe [135]. However,
under the same higher DLI (20.736 mol m−2 day−1), different combinations of specific
PPFD and photoperiod could have different effects on plant growth and the nutritional
quality [136]. Overall, growing purslane under a PPFD of 320 µmol m−2 s−1 with 18 h
photoperiod (DLI = 20.736 mol m−2 day−1) is the most suitable strategy for enhancing the
productivity and nutritional quality of purslane [135]. However, purslane grown under the
CL condition with the same DLI (240 µmol photon m−2 s−1, 24 h photoperiod) had lower
shoot and root biomass, which resulted from the lower maximal quantum efficiency of PS
II (Fv/Fm ratios < 0.8) and lower electron transport rate, indicating photoinhibition and
low light use efficiency [137]. Both the photoperiod and light intensity supply to plants are
directly related to the electricity cost. Hence, more research needs to be carried out on DLI
strategies via different combinations of PPFD and photoperiod by studying their impacts
on growth, yield, and nutritional quality [138].

To sum up the work done by our team over the past 10 years, Table 1 summarises the
impacts of LED spectral quality, intensity and photoperiod on productivity, physiology and
nutritional quality of different vegetable crops grown in doors and in the tropical greenhouse.
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Table 1. Impacts of LED spectral quality, intensity and photoperiod on leafy vegetables grown
indoors and in the tropical greenhouse in Singapore.

Vegetable Species LED Spectral Quality/
Intensity/Photoperiod Parameters Studied Reference (Year &

Reference)

Chinese Broccoli
(Brassica alboglabra Bailey)

LED spectral quality
(indoors and greenhouse)

Leaf growth, shoot and root
productivity, photosynthetic gas
exchanges, stomatal conductance,
photosynthetic pigments,
photosynthetic light use efficiency

2015 [108]
2018 [114]
2019 [30]

Nai bai (Brassica chinensis L.) and
Mizuna (B. juncea var. japonica)

LED spectral quality
(greenhouse)

Leaf growth, shoot and root
productivity, photosynthetic gas
exchanges, stomatal conductance,
photosynthetic pigments

2018 [114]

Lettuce (Lactuca sativa L.)

− Heat-resistant and
heat-sensitive recombinant
inbred lines (RILs)

− Green- and red-leaf lettuce
− Cos lettuce

LED spectral quality and
intensity and photoperiod;
supplemental LED lighting to
natural sunlight
(indoors and greenhouse)

Leaf growth, shoot and root
productivity, photosynthetic gas
exchanges, stomatal conductance,
photosynthetic pigments
photosynthetic light use efficiency,
light interception area, light
absorption, photosynthetic capacity,
photosynthetic characteristics

2016 [112]
2018 [113]
2019 [30]
2020 [37]

Common ice plants
(Mesembryanthemum crystallinum)

LED spectral quality
(indoors)

Leaf growth, leaf water status, shoot
and root productivity, photosynthetic
pigment photosynthetic gas
exchanges, stomatal conductance,
light use efficiency, nitrogen
metabolism, nutritional quality

2017 [29]
2019 [30]
2020 [109]
2022 [110]

Sweet potato

LED intensity, supplemental
LED lighting to natural
sunlight
(greenhouse)

Leaf growth, photosynthetic
pigments photosynthetic gas
exchanges, stomatal conductance,
light use efficiency

2020 [38]

Purslane
(Portulaca oleracea L.)

LED spectral quality, intensity,
photoperiod, DLI
(indoors)

Root morphology, leaf growth, leaf
water status, shoot and root
productivity, photosynthetic
pigments, light use efficiency,
nitrogen metabolism,
nutritional quality

2023 [111]
2023 [135]

6. Conclusions

The article presented a review on how to cultivate all kinds of leaf vegetable crops all
year round using innovative indoor and greenhouse growing systems in a land-limited
and a water-scarce country such as Singapore. First, through root-zone cooling while the
aerial parts were maintained at fluctuating hot ambient temperatures in a tropical green-
house, subtropical and temperate vegetable crops were successfully grown aeroponically
in Singapore. Cooling only the RZ promotes root growth and adjusts their morphology.
With well-developed root systems, vegetable crops enhance water and mineral uptake,
thus preventing water deficit and mineral nutrient deficiency. Subtropical and temperate
vegetable crops grown under cool-RZT also enhanced photosynthetic efficiency, partitioned
newly fixed carbon to the additional sinks, and thus increased final yield compared to the
whole plants grown under hot ambient temperature. Our studies also indicate that RZ
heat priming is a viable approach to augment both the productivity and nutritional value
of temperate leafy greens, all while reducing production costs in the tropical greenhouse.
However, the positive effects of RZ heat priming depend on species and the duration
of subsequent high RZT. Apart from a lack of land, Singapore is also one of the most
water-stressed countries in the world. Deficit irrigation could be easily simulated using
aeroponic farming systems as irrigation durations, and frequencies could be regulated.
Deficit irrigation, which was induced by prolonging the nutrient spraying intervals at
pre-harvest, enhanced the nutritional values of Tuscan kale without a yield penalty. Our
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findings suggest that the optimization of deficit irrigation to enhance nutritional values
without a substantial yield penalty of leafy vegetables can bring benefits to both consumers
and growers. To increase land productivity, LED integrated vertical farming systems have
been established to grow different kinds of leafy vegetables indoors or in the greenhouse.
However, the responses of leafy vegetables to LED spectral quality, intensity, duration,
and DIL depend on species and other environmental factors. To reduce energy costs,
supplementing natural sunlight with LED lighting for greenhouse vegetable production
is an alternative strategy. However, the prevailing DLI inside the greenhouse should be
considered in order to optimize the intensity of supplemental LED lighting and thus save
power energy.
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