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annuum L.), pineapple [Ananas comosus 
(L.) Merrill], potato (Solanum tuberosum L.), 
spinach, strawberry (Fragaria ×ananassa 
Duch.), and tomato (Lycopersicum esculentum 
Mill.). Ascorbic acid is critical in maintaining 
a healthy immune system, reducing the sever-
ity of colds by preventing secondary viral or 
bacterial infections, protecting against damage 
by reducing free radicals (Larsen, 1997), and 
in the prevention of cardiovascular disease 
(Eichholzer et al., 2001). 

Folic acid (vitamin B9). Folic acid was fi rst 
isolated in 1941 from spinach and characterized 
as B9, a water-soluble vitamin and a member 
of the vitamin B complex (Cossins, 2000). 
The richest plant sources for folic acid can 
be found in asparagus (Asparagus offi cinalis 
L.), broccoli, butterhead lettuce (Latuca sativa 
L. var. capitata), chickpea (Cicer arietinum 
L.), dry beans (Phaseolus vulgaris L.), lentils 
(Lens culinaris Medik.), and spinach. Other 
members of the B complex are B1 (thiamine), 
B2 (ribofl avin), B3 (niacin), B5 (pantothenic 
acid), B6 (pyridoxine ), B12 (cyanocobalamin), 
and biotin (vitamin H). Folic acid helps in the 
transport of amino acids to the appropriate loca-
tion in protein chain creation (Kelly, 1998), is 
involved in methylation of amino acids, DNA, 
and RNA (Lucock at al., 1996; Ma et al., 1997); 
regenerates methionine from homocystine, 
a compound contributing to cardiovascular 
disease (Laclerc et al., 1998); is involved in 
cell division, differentiation, and regulation 
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A diet rich in fruits and vegetables provides 
an abundance of human health compounds. 
These compounds synthesized originally by 
plants or accumulated by plants and which are 
known to have a multitude of human health 
(wellness) benefi ts are called phytonutrients. 
Three of the most important human health 
phytonutrients are vitamins (A = β-carotene, 
B9 = folic acid, and C = ascorbic acid) that 
are abundant and easily derived from fruits 
and vegetables (Craig and Beck, 1999). As 
such, this illustrative review will focus on 
ascorbic acid, β-carotene, and folic acid, and 
how environmental factors affect their accu-
mulation in plants. 

PHYTONUTRIENTS

β-Carotene (pro-vitamin A). Vitamin A, per 
se, is not available from plants, it is synthesized 
in the body from ingested plants containing 
carotenoids, e.g., β-carotene (pro-vitamin 
A). β-carotene, a powerful antioxidant, is a 
fat-soluble precursor to vitamin A (Kiokias 
and Gordon, 2004) discovered in carrots in 
1831 (Gross, 1991). The richest plant sources 
of β-carotene can be found in apricot (Prunis 
armeniaca L.), broccoli (Brassica oleracea 
L. Italica group ), carrot (Daucus carota L.), 
kale (Brassica oleracea L. var. acephala), 
mango (Mangifera indica L.), muskmelon 
(Cucumis melo L.), nectarine (Pruuis persica 
var. nucipersica (Suchow) C.K. Schneid.), 
orange (Citrus sinensis (L.) Osbeck.), pars-
ley (Petroselinum crispum), papaya (Carica 
papaya L.), peach (Prunus persica (L.) 
Batsch), spinach (Spinacia oleracea L.), sweet 
basil (Ocimum basilicum L.) and sweet potato 
(Ipomoea batatas (L.) Lam) (www.nal.usda.
gov/f n i c / foodcomp. β-Carotene helps the im-
mune system target and destroy cancer cells 
(Nkondjock and Ghadirian, 2004); reduces the 
risk of heart disease, stroke, cardiovascular 
disease, chronic fatigue syndrome, psoriasis, 
skin cancer, and lupus (Hyson, 2002); and 
is necessary for human-eye light reception, 
prevention of night blindness, and cataracts 
(Bartley and Scolnik, 1995).

Ascorbic acid (vitamin C). Ascorbic acid 
was fi rst discovered in citrus in 1928, and is a 
water-soluble antioxidant (Lavine, 1986). The 
richest plant sources for vitamin C (ascorbic 
acid) can be found in broccoli, all citrus 
(Citrus sp.), muskmelon, pepper (Capsicum 

(Henning et al., 1997); and regulates the cen-
tral nervous system, mood, sleep, and appetite 
(Bottiglieri et al., 2000). Folate defi ciencies in 
women of child bearing age are highly linked 
with neural tube defects and spina bifi da in 
newborn infants. This is both a fi rst and third 
world problem (Scott et al., 2000).

Increasing the concentration of these and 
other human wellness compounds in fruits 
and vegetables is the current challenge to 
plant scientists. Traditionally, plant breed-
ing and molecular genetics (genomics) are 
considered the only approaches to improving 
fruit and vegetable nutrient quality. However, 
it has been shown that produce growers, using 
specifi c commercial cultivars, can increase as 
much as 5-fold the concentration of some hu-
man wellness compounds by simple soil type 
selection (Lester and Eischen, 1996; Lester 
and Crosby, 2002).

ENVIRONMENTAL FACTORS: 
CLIMATIC, CULTURAL, PESTS AND 
POLLUTION (AIR), AND FRUIT OR 

VEGETABLE SIZE

The qualitative make-up of all fruits and 
vegetables is highly regulated by genetics 
(Stevens, 1974). Once a cultivar is growing, the 
environment imparts a major infl uence on the 
concentration of all phytonutrients (Mozafar, 
1994). It is with this environmental effect in mind 
that we as plant physiologists, horticulturists, 
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Fig. 1. Ascorbic acid, β-carotene, and lycopene content of vine ripened tomato ‘John Baer’ fruit grown at 
low vs. high day/night temperatures (Sayre et al., 1953). 
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and growers can infl uence the phytonutrient 
levels in fruits and vegetables, by considering 
where and when we grow specifi c produce. This 
review will provide an illustrative overview of 
how environmental factors including tempera-
ture, light intensity, light quality, altitude, soil 
pH, soil type, fertilizers, production practices 

(organic versus conventional, and fi eld versus 
greenhouse), irrigation, pests, and pollution 
(primarily air pollution), and fruit or vegetable 
size affect the concentration of ascorbic acid , 
β-carotene, and/or folic acid in harvested fresh 
produce. The comprehensive guiding informa-
tion source for this review was Mozafar (1994). 

Other factors infl uencing phytonutrients such 
as genotypic variation (Harris, 1975; Stevens, 
1974), maturity at harvest, harvesting method, 
and postharvest handling (Kader, 1988; Kalt, 
2005; Lee and Kader, 2000) have been reviewed 
and will not be discussed herein. 

Temperature. Vine ripened tomato fruit 
grown at low versus medium, or high day/
night temperatures have altered concentra-
tions of ascorbic acid and carotenoids (Fig. 
1) (Sayre et al., 1953). Ascorbic acid declines 
with increasing temperature, while lycopene, 
the principal carotenoid (coloring agent) in 
tomatoes, increases with an increase from 
low to medium temperatures, then drastically 
declines as temperatures increase from medium 
to high. In a similar study measuring α- and 
β-carotenes in carrot roots exposed to 15, 20, 
or 25 °C temperatures 2 weeks before harvest, 
a dramatic difference in the synthesis of the two 
carotenoids was shown (Figs. 2 and 3, Bradley 
et al., 1967). Total carotenoids increased with 
an increase in temperature, but the orange 
color decreased (Fig. 2) (Bradley et al., 1967). 
α-carotene increased with increasing tempera-
tures, infl uencing the overall increase in total 
carotenoids concentration, whereas β-carotene 
decreased with increasing temperatures, re-
sulting in decreased orange carrot root color. 
The overall general effects of temperature on 
ascorbic acid and β-carotene content in fruits 
and vegetables from these examples and others 
(Mozafar, 1994) can be summarized as follows: 
1) most leafy vegetables and temperate fruits, 
grown at low versus high (30 °C) temperatures 
will have higher ascorbic acid concentrations; 
2) an increase or decrease in air temperature of 
4 °C, 4 to 5 d before harvest, has the greatest 
impact on postharvest ascorbic acid concentra-
tions; 3) low temperatures increase ascorbic 
acid concentrations in produce, because 
degradation is reduced; and 4) temperature 
regulation of carotenoids is crop specifi c. In 
cool season crops such as carrot, maximum 
β-carotene synthesis occurs at 15 to 21 °C. In 
warm season crops such as guava (Psidium 
guajava L.), papaya, mango, and melon, op-
timum β-carotene synthesis occurs at 30 °C. 
Carotenoid synthesis in tomato is even more 
temperature dependent; maximum lycopene 
synthesis occurs at 25 to 30 °C and is inhibited 
above 32 °C (Tomes, 1963). In watermelon 
(Citrullus lanatus (Thunb.) Matsumura and 
Nakai), lycopene synthesis is inhibited above 
37 °C (Vogele, 1937).

Light. Light intensity and light quality 
are extremely infl uential in regulating fruit 
and vegetable vitamin content. Mustard 
greens grown under full sunlight versus 50% 
sunlight were signifi cantly lower in ascorbic 
acid concentration, and signifi cantly higher in 
total carotene and total chlorophyll concen-
trations (Fig. 4) (Makus and Lester, 2002). 
Findings from this mustard-leaf light study 
demonstrated that 1) reduced light intensity 
reduces the synthesis of glucose, the starting 
molecule in ascorbic acid biosynthesis, and 
the ascorbic acid concentration declined; 2) 
reducing light intensity reduces leaf tem-
perature, which is favorable for β-carotene 
synthesis; 3) increased β-carotene content 

Fig. 3. Effects of carrot root temperatures 2 weeks before harvest on α-carotene and β-carotene (Bradley 
et al., 1967). 

Fig. 2. Effects of carrot root temperatures 2 weeks before harvest on total carotene and root color (Bradley 
et al., 1967).
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increases the protection of chlorophyll from 
photo-bleaching, thus increasing chlorophyll 
concentration; and 4) light intensity appears 
to have little infl uence on folic acid content in 
mustard greens. Several studies on a variety of 
fruits and vegetables such as apple (Zhi-Qiang 
et al., 1999), broccoli (Krumbien and Schonhof, 
1999), citrus (Izumi et al., 1992), green bean 
leaves (Schmitz-Eiberger and Noga, 2001), 
grape (Uhlig-Birgit, 1998), pepper (Simkin 
et al., 2003), and spinach (Nakamoto et al., 
1998) have examined the effect of light qual-

ity and found that 1) supplementing natural 
light with blue or sodium vapor light increases 
ascorbic acid concentration; 2) UV-B radiation 
decreases both ascorbic acid and β-carotene 
concentrations; and 3) red light greatly stimu-
lates lycopene synthesis in tomato, while far-
red light inhibits lycopene synthesis (Alba et 
al., 2000; Cookson et al., 2003). 

Altitude. Effects of altitude are due to 
a combination of light and temperature. 
Altitude is particularly important as a cul-
tural consideration in hilly or mountainous 

agricultural regions. Apples grown at higher 
altitudes contain higher ascorbic acid levels 
(Feteliyer, 1977). At 1000 vs. 50 m, apples 
contained 2-fold more ascorbic acid due to 
higher light intensity (140 vs.160 mW), and 
also likely due to lower temperatures which 
were not reported. However, apricots grown 
at higher altitudes contain lower β-carotene 
concentrations (Maroutian et al., 1985). At 
870 vs. 1250 m apricot fruit had 2-fold more 
β-carotene, due to higher temperatures (20 
vs. 12 °C). Maximum β-carotene synthesis in 
apricots occurs at 15 to 21 °C.

Soil type, pH, and mineral content
Soil type. Sand, loam, clay, and organic 

matter content can have a signifi cant effect 
on the vitamin and mineral concentrations in 
fruits and vegetables. The likely affect is due 
to higher mineral concentrations in the more 
ionic exchangeable soils. Tomatoes grown 
on sand versus clay had less ascorbic acid (El 
Mahmoodi et al., 1966). Carrots grown on 
mineral (clay) versus organic (peat) had more 
β-carotene (18 vs. 8 mg/100 g fresh weight, 
respectively) (Gormley et al., 1971). Melons 
grown on clay-loam vs. sand-loam had 25% 
more ascorbic acid, 20% more β-carotene and 
100% more folic acid (Table 1) (Lester and 
Crosby, 2002; Lester and Eischen, 1996). 

Soil pH. Plants grown at their optimal pH 
likely will have optimal concentrations of 
phytonutrients for that crop. Peas grown in 
increasing soil pH levels (pH 4, 5, 6, and 7) 
had increasing levels of β-carotene of 106, 
112, 264, and 193 µg·g–1 dry weight, respec-
tively (Virtanen et al., 1933). Spinach grown 
at pH 4 versus pH 7 had generally decreasing 
levels of ascorbic acid (400 vs. 200 g/100 g 

dry weight, respectively) (Pfaff and Pfutzer, 
1937). In general it can be concluded that plants 
grown at low or acidic pH levels will have low 
carotene concentrations whereas plant grown 
at high or alkaline pH levels will have low 
ascorbic acid concentrations. For additional 
studies on soil pH affects on phytonutrients, 
see Mozafar (1994).

Soil mineral content. The effect of soil min-
erals on plant vitamins depends on the specifi c 
mineral, the mineral form, the phytonutrient, 
and the plant. The most consistent effects of 
soil minerals on plant phytonutrients, accord-
ing to Mozafar (1994), are 1) ascorbic acid 
decreases with increasing levels of nitrogen; 
2) ascorbic acid increases with increasing 
levels of P, K, Mn, B, Mo, Cu, Co, and Zn; 3) 
β-carotene increases with increasing levels of 
N, K, Mg, Mn, Cu, B, and Zn; and 4) B-com-
plex vitamins increase with increasing levels 
of N, P, and B.

Fertilizer: Organic versus mineral. Al-
though limited due to only a few rigorous 
controlled studies, the literature supports the 
popular belief that organic (manure) fertilizer 
is superior to conventional synthetic (mineral) 
fertilization in achieving a more nutritious fruit 
or vegetable (Asami et al., 2003). Examples 
of such studies show that cabbage (Brassica 
oleracia L.), lettuce (Lactuca spp. L.) and 
spinach fertilized with manure either alone or 
in combination with the mineral forms of N, P, 

Fig. 4. Effects of growth under full sunlight or 50% shade on ascorbic acid, folic acid, β-carotene, and total 
chlorophyll of mustard greens (Makus and Lester, 2002).

Table 1. Ascorbic acid, β-carotene, and folic acid concentration in orange-fl eshed muskmelon fruit grown 
on either clay or sandy soil, and the percent difference (Lester and Crosby, 2002; Lester and Eischen, 
1996).

 Ascorbic acid β-Carotene Folic acid
Soil type (mg/100 g fresh wt) (µg·g–1 fresh wt) (µg/100 g fresh wt)
Clay  20 az 20 a 4 a
Sand 15 b 16 b 2 b
Difference (25%) (20%) (100%)
zMeans within a column followed by the same letter are not signifi cantly different at P ≤ 0.05 according 
to Duncan’s.
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2) higher temperatures in the greenhouse will 
lower or inhibit the production of β-carotene 
synthesis, especially in cool season plants. For 
detailed studies see Mozafar (1994).

Irrigation and rainfall. Irrigation or rainfall 
effects are due primarily to a combination of 
light and temperature. Rainy, cloudy, cool 
conditions decrease ascorbic acid and β-caro-
tene levels in most produce. European black 
currants (Ribes nigrum L.) grown under sunny, 
dry conditions (years with 50% sunny days) 
versus cloudy, rainy conditions (years with 
25% sunny days) had more than twice the 
amount of ascorbic acid (247 vs. 110 mg/100 
g fresh weight, respectively) (Shirockenkova 
et al., 1986). Furrow irrigated lettuce had 
more ascorbic acid than lettuce irrigated by 
sprinklers, presumably because the sprinkler 
system reduced the light intensity (Leclerc 
et al., 1992). Also, lettuce irrigated by sprin-
klers had colder leaves, producing 14% less 
β-carotene. Carrots irrigated by a trickle sys-
tem, achieving soil water holding capacities 
of 20%, 40%, 60%, or 80%, at a 30 cm depth, 
demonstrated that the least irrigated (20%) 
had 100% more β-carotene compared to the 
most irrigated treatment (80%) (Nortje and 
Henrico, 1986). The difference is due to soil 
temperature; the 20% treatment, at a depth of 
10 cm, had a soil temperature 5 °C warmer 
than the 80% treatment.

Pests and pollution. Insect and disease pests 
cause a decrease in all vitamins, especially 
ascorbic acid, due to altered biosynthesis and 
translocation (Mozafar, 1994). Pollution from 
dust, ozone, nitrous oxide, nitrite-N, sulfur 
dioxide (acid rain), and ammonia have been 
shown to decrease ascorbic acid, carotenoids, 
and B-complex vitamins in many fruits and 
vegetables. The basis for this involves reac-
tive oxygen species. Pollutants, especially 
oxides, are reactive agents (Hodges, 2003) 
causing oxidative damage to fruit or veg-
etable DNA, proteins, synthesizing enzymes, 
and membranes, therefore altering vitamin 
biosynthesis and mobilization, and accelerat-
ing vitamin loss.

Fruit and vegetable size. Although fruit or 
vegetable size in and of itself, is not an environ-
mental factor, size has a major impact on the 
concentration of the available phytonutrients 
in fruits and vegetables. In lemons [Citrus 
limon (L.) Burnf.; McDonald and Hildeb-
rand, 1980] and grapefruit (Citrus ×paradisi 
Macfad.; Aparicio et al., 1990), there exists a 
negative linear relationship between fruit size 
and ascorbic acid content.

In general, ascorbic acid decreases with 
increasing size, whereas carotenoids and B-
complex vitamins increase with increasing size 
(Mozafar, 1994). However, the relationship 
between size and phytonutrient concentration 
may or may not always be linear; and may not 
always be negative for ascorbic acid, and posi-
tive for carotenoids and B-complex vitamins 
with increasing size. In muskmelon fruits, 
ascorbic acid, β-carotene, and folic acid all 
increase with increasing fruit size, but medium 
sized fruit have the highest concentrations 
compared with smaller or larger fruits (Table 3) 
(Lester and Crosby, 2002; Lester and Eischen, 

Fig. 6. Effects of greenhouse or fi eld production on ascorbic acid concentration in different tomato variet-
ies (Currence, 1940).

Fig. 5. Effects of mineral, organic, or a combination of mineral and organic fertilizers on ascorbic acid 
concentration of spinach, lettuce, and cabbage (Schuphan, 1974).

Table 2. Infl uence of organic vs. conventional production practices on ascorbic acid, β-carotene, B-complex 
vitamins, and nitrate nitrogen concentration in carrot roots (Leclearc et al., 1974). 

Vitamin or Production method
mineral Conventional Organic
Ascorbic acid (mg/100 g fresh weight) 4 5
β-Carotene (mg/100 g fresh weight) 7 9
Thiamin (µg/100 g fresh weight) 36 43
Ribofl avin (µg/100 g fresh weight) 16 17
Niacin (µg/100 g fresh weight) 405 440
Pantothenic acid (µg/100 g fresh weight) 178 180
Nitrate-N (ppm) 433 413

and K had signifi cantly higher levels of ascorbic 
acid (Fig. 5) (Schuphan, 1974). Also, carrots 
grown with manure versus mineral fertilizers 
had higher levels of ascorbic acid, β-carotene, 
B-complex vitamins and lower levels of nitrate-
N (Table 2) (Leclearc et al., 1974).

Greenhouse vs. fi eld production. Green-
house grown plants, due to the combined 
effects of higher temperatures and lower light 
intensities, will have lower levels of most 

phytonutrients. In a tomato study comparing 
four cultivars, fruit from all four cultivars 
had signifi cantly lower ascorbic acid levels 
when grown in the greenhouse compared to 
fi eld production (Fig. 6) (Currence, 1940). In 
general, comparing greenhouse versus fi eld 
production, the following points can be made: 
1) lower light intensities in the greenhouse 
lowers the synthesis of glucose, therefore 
lowering the synthesis of ascorbic acid; and 
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1996). Both potato (Misra and Chand, 1990) 
and carrot (Lee, 1986) show a similar response: 
medium size tubers or roots have the highest 
vitamin concentrations compared with small 
or large tubers or roots.

CONCLUSION

Variability in fruit and vegetable phytonutri-
ent content is inevitable as both genetics and 
environment infl uence the rates of synthesis 
and degradation. Until we can perfectly control 
nature, and genetically standardize the level 
of phytonutrients in fruits and vegetables, 
we will always need to be vigilant in select-
ing the best genotypes, and the most ideal 
growing locations to maximize the inherent 
biosynthesis of plant derived human wellness 
compounds. Although environmental factors 
cause large changes in the vitamin content 
of fruits and vegetables, and control appears 
largely unmanageable, some management of 
phytonutrients is possible. Control will occur 
when growers start growing for phytonutrient 
content and not solely for yield, and/or appear-
ance. Most of the environmental infl uences are 
a combination of temperature, light, fertiliza-
tion, and pests. Selecting the best possible 
cultivar, and growing warm or cool season 
cultivars in their appropriate season, with ad-
equate broad-spectrum light, suffi cient water, 
and well managed production (i.e., soil type, 
pH, and balanced nutrients), will produce the 
heartiest/healthiest fruits and vegetables with 
a high level of human wellness compounds. 
Broadly and White (2005) in their overview of 
plant nutritional genomics states that optimiz-
ing production inputs during crop production 
is vital to reducing the use of chemical inputs, 
thus producing healthier crops with superior 
levels of phytonutrients and increased pest and 
disease resistance. 

Over time, crop production focused on 
enhancing the level of phytonutrients, i.e., 
human wellness compounds in fruits and veg-
etables, along with consumption of fi ve-a-day 
or more servings of fruits and vegetables will 
make for a healthier population and a more 
productive nation. 
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