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ABSTRACT 
 

This review focused on the influence of environmental systems and/or factors including high 
tunnel, UV and visible light, fertilization, and irrigation on bioactive compounds in vegetables and 
fruits. Most studies reported that high tunnel reduced chicoric acid and luteolin in vegetables 
including lettuce and pac choi, and fruits including raspberry and tomato versus open field, 
although a few studies demonstrated that high tunnel did not significantly impact on the bioactive 
compounds. Light including UV such as photosynthetically active radiation (PAR), UV-A, and UV-
B, and visible light especially red and blue light, significantly stimulated biosynthesis of 
anthocyanins, flavonoids, and phenolics, and promoted their contents in vegetables such as onion 
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and spinach, and fruits for example blueberry and strawberry. The effect of fertilization including 
nitrogen, phosphorus, and potassium on bioactive phytochemicals (carotenoids, flavonoids, 
polyphenols) in vegetables (broccoli, kale) or fruits (tomato) varied among the cultivars. Water 
deficit usually increased anthocyanins, flavonoids, and phenolic acids in vegetables such as lettuce 
and red beet, and fruits including grape and pomegranate. Taken together, the bioactive 
compounds in vegetables and fruits in response to environmental factors were species- and 
varieties- dependent. The negative effect of environmental factors on bioactive compounds in 
vegetables and fruits can be overcome by selecting appropriate cultivars, while the positive effect 
can be further manipulated in horticultural production for potential consumer’s health benefits.  
 

 

Keywords: Phenolics; carotenoids; high tunnel; light; fertilization; irrigation; lettuce; tomato. 
 

1. INTRODUCTION  
 
Vegetables and fruits are fundamental in human 
diets because they provide high nutritional values 
including macronutrients such as carbohydrate, 
protein, fiber and micronutrients such as  
minerals, and non-nutrients phytochemicals. 
Phytochemicals are biologically active 
compounds biosynthesized in plants, including 
polyketides, phenolics, terpenoids, alkaloids, 
sulfur-containing compounds, and nitrogen-
containing compounds. Epidemiological studies 
suggest that dietary intake of vegetables and 
fruits rich in phytochemicals is associated with 
reducing risk of chronic diseases such as 
cardiovascular disease, inflammation, obesity, 
diabetes, and cancer [1,2]. Thus, vegetables or 
fruits enriched with bioactive compounds are 
beneficial to human health. Phenolics in 
vegetables or fruits can function as antioxidants 
to protect against the overproduction of reactive 
oxygen species (ROS) which resulted in aging 
related chronic diseases in human body [3]. 
Besides, antioxidant polyphenols showed anti-
cancer effects in vitro such as modulated 
initiation of carcinogenesis by protecting against 
DNA mutation, inhibited cell proliferation, induced 
apoptosis, and down-regulated the expression of 
cancer-related genes [4].  

   
Horticultural production aims to produce 
vegetables and fruits with increased yield and 
improved overall quality. The overall quality of 
vegetables and fruits include phytochemical 
quantity because of associated health benefits 
for chronic disease prevention. It is well known 
that bioactive compound profile in vegetables 
and fruits is determined by genotypic factors, but 
the biosynthesis activities and the bioactive 
compound contents are strongly influenced by 
environmental systems and/or factors such as 
cultivation, light, postharvest condition, 
fertilization, and irrigation, etc. [5]. High tunnel 
cultivation, for example, is commonly used in the 

Midwest region of the U.S. to extend growing 
season and increase crop yields. Previously, 
extensive studies have been focused on the 
effect of high tunnel on the yield, biomass, starch, 
amino acids, protein, and vitamins of vegetables 
and fruits [6-11]. The impact of light on yield, total 
carbon, nitrogen, fiber, and minerals of 
vegetables and fruits has also been studied [12-
15]. Utilization of various fertilizers has been 
reported to improve vegetable yield and quality 
[16,17]. To date, some studies observed the 
influence of the aforementioned environmental 
systems and/or factors such as high tunnel, light, 
fertilization, and irrigation on the bioactive 
compounds in vegetables and fruits; however, to 
our best knowledge, comprehensive review is 
more limited yet. Therefore, this review will focus 
on the recent effects of high tunnel, light 
including UV light and visible light, fertilization, 
and irrigation on bioactive phytochemicals in 
vegetables and fruits. The underlying 
mechanisms involved in different environmental 
systems and/or factors will also be further 
discussed. This review will be beneficial to 
horticultural researches that want to produce 
vegetables or fruits with improved quantity of 
bioactive compounds to reach the protective 
amounts for potential consumers’ healthy 
benefits.  

 

2. BIOACTIVE COMPOUNDS IN 
VEGETABLES AND FRUITS   

 
Polyphenols and terpenoids are the most 
common bioactive compounds in vegetables and 
fruits. Terpenoids are the largest group of 
secondary metabolites, while approximately one-
third of dietary polyphenols are phenolic acids 
[18].  
 

Phenolics are biosynthesized through the 
‘shikimic pathway’ or ‘phenylpropanoid pathway’ 
starting from precursor pheylpropanoid. 
Phenylpropanoids originate from cinnamic acid 



formed from phenylalanine via the enzyme 
phenylalanine ammonia-lyase (PAL) [19]. This 
enzyme is the branch point enzyme between 
primary and secondary metabolites [19]. Through 
a series of enzymes, the cinnamic acid will turn 
into other phenolic acids and flavonoids. 
Chemically, simple phenol contains one phenol 
ring with one hydroxyl group, while ph
compounds consist of more than one phenol ring 
with more than one hydroxyl group, which are 
further classified into phenolic acid
tannins, stilbenes, lignans, etc. [20,21]. 
acids contain two subgroups including 
hydroxybenzoic acids (e.g., gallic acid, vanillic 
acid, and syringe acid) and hydroxycinnamic 
acids (e.g., caffeic acid and ferulic acid). Tannins 
are high molecular compounds composed of 
hydrolysable tannins and condensed tannins 
(proanthocyanidins) [20]. Stilbenes are usually 
glycosylated with sugars in vegetables or fruits. 
Flavonoids are the largest subgroup in phenolic 
compounds. So far, more than 4000 flavonoids 
were identified [20]. The flavonoid skeleton 
consists of fifteen carbons with two aromatic
rings linked by a three-carbon bridge. It is a C6
C3-C6 configuration as shown in Fig. 1. 
 

 
Fig. 2. Bioactive compound biosynthesis [19,94]. PAL: phenylalanine ammonia lyase. C4H: 
cinnamate-4-hydroxylase. C3H: p

FLS: flavonol synthase. DFR: dihydrfalvonol reductase. Psy
phytoene desaturase. Zds: -carotene desaturase. 

hydroxylase. -Lcy: lycopene
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Fig. 1. Flavonoid skeleton 

 
As a typical terpenoid, carotenoids 
composed of either oxygenated or non
oxygenated hydrocarbons containing over 40 
carbons including double carbon bond systems 
[23]. Carotenoids contain two subgroups, 
including carotenes which lack oxygen functions 
(e.g., -carotene and lycopene) and 
which contain oxygen functions (e.g., lutein and 
zeaxanthin) [24]. The possible biosynthesis 
pathways of both phenolics and carotenoids
plants are shown in Fig. 2. 
 

2. Bioactive compound biosynthesis [19,94]. PAL: phenylalanine ammonia lyase. C4H: 
hydroxylase. C3H: p-coumaroyl ester 3-hydroxylase. CHS: chalcone synthase. 

synthase. DFR: dihydrfalvonol reductase. Psy-1: phytoene synthase. Pds: 
carotene desaturase. -Lcy: lycopene -cylase. CrtR

Lcy: lycopene-cylase. -Chy:-carotene hydroxylase
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3. INFLUENCE OF ENVIRONMENTAL 
SYSTEMS AND/OR FACTORS ON 
BIOACTIVE COMPOUNDS IN 
VEGETABLES AND FRUITS  

 

3.1 High Tunnel Cultivation  
 

Conventionally, vegetables and fruits are grown 
in the open field. However, plant yield is affected 
by the natural environment fluctuations. 
Unheated plastic films covered on the tunnel, 
known as high tunnel, have been developed as a 
protective measure to protect against weather 
fluctuations. High tunnel, also known as high 
hoops or hoop houses, is constructed to be 
passively heated and ventilated, and so far has 
been widely applied in Asia, mid-west America, 
and western Oregon and Washington. High 
tunnel cultivation has many advantages such as 
protecting vegetables or fruits against weather 
fluctuations, extending growing season, and 
physically reducing pest infection [25]. By 
covering with plastics, the temperature and 
humidity in the high tunnel can be relatively 
stable in contrast to the open field. Thus the 
microclimate in the high tunnel favors crops 
physiological processes such as germination, 
flowering, pollination, and ripening, especially in 
early spring or late fall [26]. However, it is 
important to note that the temperature in high 
tunnel could be high around noon, so careful 
monitoring is needed. The main disadvantage of 
high tunnel is that most high tunnels are 
stationary and immovable as well as the negative 
impact on micronutrient values including 
phytochemical contents. 
 
So far, several plastic materials have been 
commonly covered on the high tunnel         
including greenhouse-grade polyethylene (PE), 
polycarbonate (PC), and polypropylene (PP) 
either with single layer or double layers [11]. 
Films used for the covers range from 80-220 m 
thick and up to 20 m wide [27]. The definition, 
structure, main design, historical and global use, 
microclimate change of high tunnel, and the 
economic profitability of high tunnel have been 
widely discussed [11,26,28]. To date, high-value 
and warm-season crops are primarily selected to 
grow in the high tunnel such as green bean, 
tomato, pepper, squash, cucumber, zucchini, 
strawberry, cut flowers, etc. [26]. However, 
previous studies showed reduction of phenolics 
in lettuce grown in the high tunnel [5,29,30]. In 
our recent study, we have confirmed that the 
high tunnel cultivation resulted in reduced 
phenolic contents in ‘Two Star’ lettuce and 

decreased carotenoid contents in ‘Celebrity’ 
tomato in contrast to those grown on the open 
field [31]. It was interesting that the high tunnel 
cultivation did not affect the phenolic contents in 
‘New Red Fire’ lettuce and carotenoid content in 
‘Mountain Fresh’ tomato [31]. Therefore, the 
change of bioactive compounds in vegetables 
and fruits grown in high tunnel seems species- 
and varieties-dependent. A summary of recent 
studies related to bioactive compounds in 
vegetables or fruits grown in high tunnel versus 
open field cultivation is listed in Table 1. 
 

The microclimate in the high tunnel is 
complicated because many factors are changed 
in contrast to the open field, including air 
temperature around the plants, humidity, insect, 
and light. Considering UV-A, UV-B and PAR are 
essential to phenolics or carotenoids 
biosynthesis in vegetables or fruits due to 
stimulating the PAL enzyme activity [5,19]. 
However, studies reported that UV light 
especially UV-B and UV-A radiation ranged from 
250-400 nm were absorbed by PE films, thus 
resulting in less UV light to the vegetables or 
fruits grown in the high tunnel [32,33]. Similarly, 
our previous study showed that PE films reduced 
46% UV-B, 33% UV-A, and 17% PAR inside the 
tunnel compared to the open field [31]. Therefore, 
receiving less UV-B light in the high tunnel 
lowers the activity of PAL enzyme in vegetables 
or fruits, which results in lower accumulation of 
bioactive compounds. However, not all 
vegetables or fruits showed such decreasing 
trend of bioactive compounds. Except for our 
recent study [31], Palonen et al (2017) 
demonstrated that high tunnel did not 
significantly affect the phenolic compound 
contents in three varieties of raspberry [34]. 
Hence, the effect of high tunnel cultivation on 
bioactive compounds in vegetables or fruits may 
be cultivar- and variety-dependent.  
 

The main purpose of utilizing high tunnel is to 
extend growing season and increase yield for 
food sustainability. In terms of bioactive 
compounds in vegetables and fruits grown in the 
high tunnel, the negative effect on bioactive 
compound accumulation might be overcome by 
selecting various varieties. In addition to the 
results shown in Table 1, more studies may be 
warranted by expanding current lettuce, tomato, 
and pepper to other high-value and warm-season 
crops such as squash, cucumber, zucchini, 
strawberry, and cut flowers and by understanding 
the underlying mechanisms focusing on the key 
genes or enzymes involved in the phenolic or 
carotenoid biosynthesis as illustrated in Fig. 2. 
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Table 1. Bioactive compounds in vegetables and fruits grown in high tunnel versus open field  
 
Vegetables or fruits Plastics Bioactive compounds Reference 
Lettuce (‘Red Sails’, ‘Kallura’) Single layer 

PE 
Reduced phenolic contents in both 
varieties 

[30] 

Lettuce (‘Barone’, ‘Red Sails’) Luminance PE Reduced phenolic contents in both 
varieties 

[5] 

Lettuce (‘Two Star’, ‘New Red 
Fire’), tomato (‘Celebrity’, 
‘Mountain Fresh’) 

Single UV 
clear PE 

Reduced phenolic contents in ‘Two 
Star’ lettuce but not in ‘New Red 
Fire’. Reduced carotenoid contents 
in ‘Celebrity’, but not in ‘Mountain 
Fresh’ 

[31] 

Pac choi, red leaf lettuce, 
romaine lettuce, spinach 

Single layer 
PE 

Reduced phenolic contents in all 
species 

[29] 

Raspberry (‘Glen Ample’, 
‘Glen Dee’, ‘Maurin Makea’) 

PE No significant difference [34] 

 

3.2 Light Spectra  
 

Light is an important abiotic factor influencing 
bioactive compound biosynthesis in vegetables 
and fruits [35,36]. Secondary metabolites 
especially phenolics and their derivatives are 
responsive to UV light to accumulate in 
epidermal cells for reducing UV penetration in 
deeper cell tissues [37,38]. It is reported that 
phenolics in plants absorbed UV-B wavelength 
from 280-320 nm and worked as ROS 
scavengers to protect against UV-B radiation 
which is considered as a self-defensive 
mechanism to protect against UV exposure [39]. 
Verdaguer et al. [40] demonstrated that UV-A 
light improved the leaf chlorophyll content and 
photosynthetic activity in plants. UV-B light 
stimulated phenolics, alkaloids and terpenoids 

biosynthesis in plants [41-43]. The studies 
related to the effects of UV light on bioactive 
compound accumulation in vegetables and fruits 
are summarized in Table 2. The influence of UV 
light on bioactive compounds in vegetables and 
fruits seems variable among cultivars and 
varieties.  
 
It has been reported that UV radiation favored 
the flavonoid biosynthesis in leafy tissues [44]. 
UV-A and UV-B also stimulated the a key gene 
Chalcone synthase (CHS) for flavonoid 
biosynthesis pathway, resulting in accumulation 
of flavonols such as quercetin and kaempferol 
[45,46]. Thus, UV-A and UV-B elevated flavonoid 
contents in vegetable and fruits. Agati et al. [47] 
demonstrated that PAR favored the flavonoids 
accumulation especially the quercetin in the crop.  

 
Table 2. Effect of UV or PAR light on bioactive compounds in vegetables and fruits  

 
Vegetables or fruits Light Bioactive compounds Reference 
Blueberry, lettuce (‘Lollo 
Rosso’ and ‘Lollo Biondo’), 
strawberry, and raspberry 

UV UV increased phenolics and 
anthocyanins in ‘Lollo Rosso’, 
raspberry, and blueberry, but did not 
alter phenolic and anthocyanin 
contents in ‘Lollo Biondo’ 

[66] 

Coleus aromaticus UV-B Increased carotenoid, anthocyanin, 
and flavonoid compounds 

[67] 

Lemon catmint, lemon balm, 
and sage 

UV-B, PAR UV-B and PAR increased polyphenol 
contents sage, UV-B and PAR 
increased phenolic acid contents in 
lemon catmint and lemon balm 

[68] 

Tomato (‘Oregon Spring’ 
and ‘Red Sun’) 

UVA + UVB UV light increased phenolic and 
carotenoid contents in both varieties 

[25] 

Prunella vulgaris UV-B UV-B light increased total flavonoid, 
rosmarinic acid, caffeic acid content 

[69] 
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In addition to UV light, visible light is another 
critical factor for vegetables and fruits growth. It 
is well known that blue light plays an important 
role in chloroplast development, chlorophyll 
formation and stomata opening, while red light is 
crucial to plant growth such as stem elongation, 
leaf expansion, and photosynthesis [48]. Blue 
light has been demonstrated in simulating the 
transcription of cryptochrome CRY1 gene that is 
responsible for anthocyanin biosynthesis in 
Arabidopsis thaliana [49]. Extensive studies have 
been focused on the effect of visible light spectra 
on the growth and development of vegetables 
and fruits [48,50,51], but some studies showed 

the effect of visible light especially red and blue 
light on bioactive phytochemicals in vegetables 
and fruits (Table 3). 
 
It seems that impact of visible light especially the 
blue and red light on carotenoids in vegetables 
and fruits varies among the cultivars and the 
underlying mechanisms are mostly unknown. 
When manipulation of visible light via specific 
light spectra is recognized as a promising 
solution for phytochemical biosynthesis, more 
studies appear to be warranted to confirm              
the effect and discover the underlying 
mechanisms.  

 
Table 3. Effect of visible light on bioactive compounds in vegetables and fruits  

 

Vegetables or fruits Light spectra Bioactive compounds Reference 

Chinese cabbage Blue, green, red, 
red:blue (6:1), 
yellow 

Blue, green, red, and yellow all 
reduced carotenoid contents, but 
red:blue (6:1) did not alter 
carotenoids 

[70] 

Chinese kale sprouts Red  Enhanced total phenolics [71] 

Chili pepper (‘Capsicum 
annuum’, ‘Cheonyang’) 

Blue, red Blue+red increased carotenoid 
contents in both varieties. Blue 
improved capsaicinoid content in 
both varieties  

[48] 

Green oak lettuce Blue, far red, 
green, red, and 
yellow 

Blue and red increased 
carotenoid contents in lettuce, but 
far red, green and yellow reduced 
carotenoids 

[72] 

Lettuce 
(‘Hongyeomjeokchukmyeon’ 
and ‘Aram’) 

Blue and red Red 53: blue 47, red 58: blue 42 
increased anthocyanins in both 
varieties  

[73] 

Lettuce ‘Red Cross’ Blue, green and 
red 

Blue light increased phenolic and 
carotenoid contents, but green 
and red light did not 

[74] 

Lettuce (‘Outredgeous’) Blue, green, far 
red, and red 

Red, red+green+blue, red+blue 
increased anthocyanin contents. 
Far red reduced anthocyanin 
contents 

[75] 

Lettuce (‘Lollo Rossa’) and 
basil (‘genovese gigante’) 

Blue Increased phenolics in lettuce. No 
effect of blue light on phenolics in 
basil 

[76] 

Lettuce (‘Grizzly’) Blue, red, 
red:blue (7:3), 
white 

red:blue (7:3) increased 
carotenoid contents. No effect of 
blue, red and white on 
carotenoids 

[77] 

Mustard (‘yellow mustard’), 
spinach (‘Geant d’hiver’), 
rocket (‘Rucola’), dil 
(‘Mammouth’), parsley 
(‘Plain Leavd’), green onion 
(‘White Lisbon’) 

Red Red increased antioxidant 
capacity in dill and parsley, but 
did not alter antioxidant capacity 
in mustard, spinach, rocket, and 
green onion 

[78] 
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Table 4. Effect of fertilization on bioactive compounds in vegetables and fruits  
 

Vegetables or 
fruits 

Fertilizers Bioactive compounds  Reference 

Broccoli  N (0, 15, 30, 50 kg/ha). 
 N (30, 60, 90, 150 kg/ha) 
+S (50, 100 kg/ha) 

N over 30 kg/ha reduced 
glucoraphanin and flavonols in 
broccoli, but not on progoitrin.  
S supply did not alter 
glucosinolates or flavonols in 
broccoli 

[79] 

Kale  N treatment (6, 13, 26, 52, 
105 mg/L) at constant 
1NH4

+
: 3NO3

-
. 

NH4
+: NO3 ratio (100%, 

75:25%, 50%:50%, 25%: 
75%, 0:100%) 

Increased N rate improved 
carotenoids in kale.  
Increased NO3

-
 improved the 

carotenoids in kale 
 

[80] 

Lettuce (‘Mutigreen 
1’, ‘Mutigreen 3’, 
and ‘Multired 4’) 

N supply 60-120 mg/L N increased 
phenolic contents ‘Mutigreen 3’, 
120 mg/L increased phenolic 
contents ‘Mutigreen 1’. ‘Multired 
4’ is less responsive to N supply 

[12] 

Lettuce (‘Romana’) No nitrogen fertilization, no 
phosphorus fertilization 

No nitrogen fertilization resulted 
in increased polyphenol 
contents. No effect of P 
deficiency in polyphenols  

[81] 

Lettuce  N supply  Increased carotenoids in lettuce  [82] 
Mustard 
(‘Xuelihong’, 
‘Zhujie’) 

N (10 and 25 mM), S (0.5, 
1, and 2 mM) 

Increased N resulted in total 
phenolics in both varieties, 
increased S improved total 
phenolics in both varieties 

[52] 

Onion  N supply: dominant 
ammonium (NH4

+), 
dominant nitrate (NO3

-
) 

Dominant nitrate (NO3
-) 

increased quercetin glycosides, 
organosulfur compounds 

[83] 

Tomato (‘BARI 
tomato 15’) 

Trichoderma-enriched 
biofertilizer (BioF/compost) 

BioF/compost did not 
significantly alter carotenoid 
contents 

[84] 

Tomato (‘Firenze’, 
‘Rio Grande’) 

Organic fertilizer Did not significantly alter 
carotenoid contents in both 
varieties 

[85] 

Tomato (‘Honey 
Bunch’) 

N (0, 78, 157, 23, 314, 392 
kg/ha) 

Increased N rate did not 
significantly change carotenoids 
in tomato  

[86] 

Tomato (‘Fla. 
8153’, ‘Mountain 
Spring’) 

K (0, 23, 46, 93, 186, and 
372 kg/ha) 

Increased K improved lycopene 
contents in ‘Fla. 8153’, but did 
not improve lycopene contents in 
‘Mountain Spring’ 

[87] 

Watercress N (6, 56, 106 mg/L) 
S (8, 16 32 mg/L) 

Increased N improved 
carotenoids in watercress. 
Carotenoids in watercress were 
not responsive to S  

[88] 

 

3.3 Fertilization  
 
Fertilizers including nitrogen (N), phosphorus (P), 
and potassium (K) are beneficial to crop yield 
and quality [52]. Nitrogen is an important nutrient 

for plant growth and development, especially for 
protein synthesis [52,53]. Potassium is important 
involved in numerous biochemical and 
physiological processes and photosynthesis in 
plants [54]. For example, fertilizers including 
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nitrogen, phosphorus and potassium have been 
reported to increase rice yield from 19 to 41% 
and rapeseed yield from 61 to 76% [55]. 
Recently, there is a growing interest to study the 
effect of fertilization including N, P, and K on 
bioactive compounds in vegetables or fruits, 
which is summarized in Table 4.  
 
Overall, the effect of fertilizers such as N, P, and 
K on bioactive compounds in vegetables and 
fruits is variable among different cultivars. 
Besides the fertilization concentration, the 
dominant type of N-fertilizers such as ammonium 
or nitrate also influences the bioactive 
compounds in vegetables and fruits. A few 
researches have been conducted to study the 
mechanism of N to bioactive compounds in 
vegetables and fruits. For example, low nitrogen 
concentration in fertilizer stimulated flavonoid 
accumulation [56]. Bryant et al. [57] hypothesized 
that N deficiency resulted in lower N uptake, 
causing the reduction of plant growth and 
photosynthesis, further reducing the N-based 
secondary metabolites such as alkaloids but 
increasing the C-based secondary metabolites 
such as flavonoids. However, to date, there is no 
deep study regarding the mechanisms of P and 
K on bioactive compounds in vegetables and 
fruits. Hence, more studies are needed to 
discover the influence and the underlying 

mechanisms of P and K on the alteration                      
of bioactive compounds in vegetables and          
fruits.  
 

3.4 Irrigation  
 
Water accounts for more than 80% of growing 
tissues in crops and regulates the physiological 
processes such as growth, exocytosis, hormone 
signaling, metabolism, nutrient collection, etc. 
[58]. However, in arid or semi-arid areas, drought, 
deficit irrigation or water scarcity are the most 
common environmental stresses which influence 
the production of vegetables and fruits, 
especially the secondary metabolites [59-61]. 
Hence, this phenomenon generates the research 
interests of water stress on bioactive compounds 
in vegetables or fruits. The impact of irrigation on 
bioactive compounds in vegetables and fruits is 
summarized in Table 5. 
 

It has been demonstrated that water deficit stress 
induced a series of key enzymes which were 
involved in the ‘phenolpropanoid pathway’ in 
plants including PAL, C4H, 4CL, CHS, and 
flavanone-3-hydroxylase (F3H) [62]. Therefore, 
phenolic acids and flavonoids were accumulated 
in vegetables and fruits. So far, most studies 
showed that water deficit generally favored           
the biosynthesis of bioactive compounds in

 
Table 5. Effect of irrigation on bioactive compounds in vegetables and fruits  

 
Vegetables or fruits Irrigation  Bioactive compounds Reference 
Berry (‘Cabernet 
Sauvignon’) and 
grape (‘Chardonay’) 

Water deficit  Increased anthocyanins, in 
‘Cabernet Sauvignon’. 
Increased carotenoids and 
aromatic volatiles in 
‘Chardonay’ 

[62] 

Grapevine leaves 
(‘Touriga Nacional’) 

Regulated deficit irrigation 
(RDI), RDI60, RDI40, RDI20, 
providing 60, 40, and 20% of 
reference evapotranspiration 

Increased irrigation reduced 
total phenols, 
hydroxycinnamic acids, and 
flavonols 

[89] 

Lettuce (‘Lollo 
Bionda’, ‘Vera’) 

Deficit irrigation, three 
management allowable 
depletion levels (MAD) at 
25%, 50%, and 75% 

In both varieties, 50% MAD 
increased phenolics acids, 
75% MAD increased 
flavonoids 

[90] 

Lettuce  Irrigation at 100%, 85%, and 
70% of evaporated water 

Decreased irrigation 
improved total phenolics in 
lettuce  

[91] 

Red beet  Water: 100%, 50%, and 30% Decreased water irrigation 
increased the total 
phenolics.  

[92] 

Pomegranate  Sustained defitic irrigation 
(SDI: 32% of reference 
evaporatranspiration) 

32% SDI increased total 
phenolics and betalains 

[93] 



Fig. 3. Responses of bioactive compounds in lettuce to light, fertilization, and irrigation
 

vegetables and fruits, but not all. For example, 
Mena et al. [63] observed that deficit irrigation at 
12% and 43% reduced the total phenolics and 
total anthocyanins in pomegranate in contrast to 
the control group which irrigated with 75%. 
Besides, the effect of deficit irrigation during 
different growing seasons should b
consideration. Pék et al. [64] reported that total 
phenolics in broccoli were significantly enhanced 
by the non-irrigated method in the spring, but not 
in the autumn, indicating that the growing season 
might also affect the bioactive compounds
vegetables.  
 

In terms of a positive effect of promotion of water 
deficit on bioactive compounds, however, deficit 
irrigation usually reduces the crop yield, biomass, 
production, and quality. The strategies of water 
deficit stress on accumulated bioactive 
compounds in vegetables and fruits should be 
considered carefully.  
 

The impact of the aforementioned environmental 
factors on bioactive compounds was highlighted 
in lettuce as an example in Fig. 3.  
 

4. CONCLUSION  
 
In conclusion, this review summarized and 
discussed the major high impact environmental 
systems and/or factors affecting bioactive 
compounds yield and quality in vegetables and 
fruits. These main environmental systems and/or 
factors include high tunnel, UV and visible light, 
fertilization, and irrigation. Although the response 
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vegetables and fruits, but not all. For example, 
observed that deficit irrigation at 

12% and 43% reduced the total phenolics and 
total anthocyanins in pomegranate in contrast to 
the control group which irrigated with 75%. 
Besides, the effect of deficit irrigation during 
different growing seasons should be taken into 

reported that total 
phenolics in broccoli were significantly enhanced 

irrigated method in the spring, but not 
in the autumn, indicating that the growing season 
might also affect the bioactive compounds in the 

In terms of a positive effect of promotion of water 
deficit on bioactive compounds, however, deficit 
irrigation usually reduces the crop yield, biomass, 
production, and quality. The strategies of water 
deficit stress on accumulated bioactive 

egetables and fruits should be 

The impact of the aforementioned environmental 
factors on bioactive compounds was highlighted 

 

In conclusion, this review summarized and 
discussed the major high impact environmental 
systems and/or factors affecting bioactive 
compounds yield and quality in vegetables and 
fruits. These main environmental systems and/or 

and visible light, 
fertilization, and irrigation. Although the response 

of bioactive compound accumulation in 
vegetables and fruits to high tunnel, light, 
fertilization and water deficit stress varies among 
cultivars, less biosynthesis of bioactive 
compounds in responsive to high tunnel versus 
open field but more bioactive compound 
biosynthesis in response to UV light and visible 
red and blue light as well as water deficit stress 
are generally observed in most studies. The 
effect of nitrogen, phosphorus, a
fertilization on bioactive compounds in 
vegetables or fruits seems variable. More studies 
to confirm the influence and the underlying 
mechanisms by focusing on the key genes and 
biosynthesis enzymes or even using transgenic 
technology to enhancing phytochemical 
biosynthesis as we previously reported [21,65] 
appear to be warranted. Overall, a negative 
effect of environmental factors on the bioactive 
compounds in vegetables and fruits may be 
overcome by selecting various cultivars, while a 
positive effect of environmental factors on 
bioactive compound accumulation in vegetables 
and fruits can be further manipulated in 
horticultural production for potential consumer’s 
health benefits.  
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