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The  contents  of two  bioactive  compounds  (polyphenols  and  flavonoids)  and  their  antioxidant  and  enzyme
activities  were  determined  in  the  leaves  of  six  lettuce  (Latuca  sativa  L.)  cultivars  subjected  to 4  different
day/night  temperatures  for 6 weeks.

The total  polyphenol  and  anthocyanin  contents  and  the  corresponding  antioxidant  activities  were  the
highest at  13/10 ◦C  and  20/13 ◦C, followed  by 25/20 ◦C  and  30/25 ◦C. The  enzymatic  activities  of polyphenol
oxidase  (PPO)  and  phenylalanine  ammonia-lyase  (PAL)  were  also  the  highest  at  low  day/night  tempera-
tures,  but  the  peroxidase  (POD)  activity  was  decreased  at  low  day/night  temperatures  and  increased  at
ettuce
olyphenols
ntioxidants
nthocyanins
olyphenol oxidase
eroxidase
henylalanine ammonia-lyase

high  day/night  temperatures.
The  most  significant  positive  correlation  existed  between  anthocyanin  content  and  PPO  activity,  total

polyphenols  and  their  antioxidant  activities.  The  results  showed  that  at relatively  low  temperatures,
lettuce  plants  have  a  high  antioxidant  and  enzymatic  status.  These  results  provide  additional  information
for  the lettuce  growers.

© 2011 Elsevier Ireland Ltd. All rights reserved.
. Introduction

Lettuce is an annual herbaceous plant of the Compositae fam-
ly, which is one of the largest and the most diverse families of
owering plants. The pigments of red lettuce are attributed to the
ccumulation of anthocyanins, which are water-soluble and are
erived from flavonoids via the phenylpropanoid pathway. The
hytochemicals in lettuce are mostly secondary metabolites that
re synthesized during the normal growth of plants or in response
o a number of environmental conditions [1,2]. The photoinduction,
ignal transduction, gene expression and biosynthetic pathway of
nthocyanins have been studied [3].  The phytochemicals in lettuce,
uch as anthocyanins and polyphenols, have a positive effect on

he prevention of cardiovascular disease [4].  The accumulation of
nthocyanins in fruits [5] and lettuce [6] is higher at low temper-
tures. Various antibrowning agents had been evaluated for their

Abbreviations: PPO, polyphenol oxidase; POD, peroxidase; PAL, phenylalanine
mmonia-lyase; ANT, anthocyanins; POL, polyphenols; TE, trolox equivalent; GAE,
allic acid equivalent; DPPH, 2,2-diphenyl-1-picrylhydrazyl.
∗ Corresponding author. Tel.: +82 62 228 0508; fax: +82 62 228 0508.

E-mail addresses: gorin@cc.huji.ac.il (S. Gorinstein),
honsu4100@yahoo.co.kr (S.-U. Chon).

168-9452/$ – see front matter ©  2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.plantsci.2011.07.013
influence on phenolic compounds in lettuce. Oxalic and ascorbic
acids were more effective in preserving the phenolic compounds
in comparison with cysteine and citric acid [7].  It was shown that
polyphenol oxidase (PPO, o-diphenol: oxidoreductase, EC 1.10.3.1)
catalyzes the oxidation of phenol to quinine. Quinine can cova-
lently modify and crosslink various cellular nucleophiles, undergo
melanin-forming autoxidation reactions, or participate in other
redox reactions [8].  PPO is found in most higher plants and is
responsible for the enzymatic browning of raw fruits and vegeta-
bles. Such reactions are generally considered undesirable in food
preservation and processing because of the unpleasant appear-
ance and the concomitant development of a substandard flavor
[7]. During the growth of lettuce, changes also occur in peroxi-
dase (POD, EC 1.11.1.7). PPO is an important reagent for clinical
diagnosis and micro-analytical immunoassays because of its high
sensitivity [9].  Many fruits and vegetables contain POD in amounts
that contribute to browning-like reactions [10,11]. Although PPO
primarily degrades phenolics, they can also be degraded by POD
[12,13]. The activities of both enzymes are increased in response to
biotic and abiotic stresses [14]. Phenylalanine ammonia-lyase (PAL,

EC 4.3.1.5) is a key plant enzyme in the biosynthesis of phenolic
compounds.

PAL catalyzes the conversion of phenylalanine to cinnamic acid.
Trans-cinnamic acid, a product of the PAL reaction, may  act as

dx.doi.org/10.1016/j.plantsci.2011.07.013
http://www.sciencedirect.com/science/journal/01689452
http://www.elsevier.com/locate/plantsci
mailto:gorin@cc.huji.ac.il
mailto:chonsu4100@yahoo.co.kr
dx.doi.org/10.1016/j.plantsci.2011.07.013
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2.6. Polyphenol content and antioxidant activity of lettuce plant
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 modulator of PAL turnover. Treatments that prevent the accu-
ulation of endogenous cinnamic acid in vivo may  result in the

uperinduction of PAL [15–20].  In contrast, conditions that inhibit
innamic acid metabolism correspondingly inhibit PAL activity
21]. PAL is induced by a variety of stimuli, including radiation, tem-
erature, plant hormones, wounding, and disease. This induction

s often characterized by the concurrent in vivo development of a
AL inactivation system. The association of anthocyanin synthesis
ith PPO and POD activities is not well documented in literature.
owever, anthocyanin synthesis in several plant tissues is known

o be associated with increased PAL activity. PAL activity is more
losely related with the synthesis of simple phenol than with that of
nthocyanin [15]. The induction of PAL was also associated with the
ncreased synthesis of phenolic compounds, such as tannic, gallic,
affeic, chlorogenic, and cinnamic acids in the chickpea [19]. PPO
nd PAL activities show a significant correlation with the storage or
ipening temperatures in most plants [22]. The increase in PAL and
PO activities occurred more rapidly at low temperatures. Differ-
ntial display was used to characterize gene expression in banana
ruit in response to low temperature stress. Banana fruits were kept
t 10 ◦C for 8 h. Differentially expressed fragments in the pulp and
eel were obtained [22]. Other fruits had similar relationships with
he enzymes [23,24]. In another investigation, the activity of PPO
n the leaves of silver birch (Betula pendula Roth) seedlings was  low
ut increased with elevated temperatures [24]. Therefore, it was

nteresting to investigate the effect of temperature, especially var-
ous combinations of day/night temperatures, on anthocyanin and
olyphenol contents, their antioxidant abilities and the enzymatic
ctivities of PPO, POD and PAL in six lettuce cultivars. Because no
revious studies have been conducted on the properties of enzymes

n lettuce, the aim of this study was to determine the temperature
ependence of anthocyanins and polyphenols and to characterize
heir antioxidant and enzymatic activities.

. Materials and methods

.1. Plant samples

The seeds were purchased from a seed company (“Seoul Seed”,
eoul, Korea). The experiment was performed in three replicates
nd consisted of a randomized complete block design.

The seeds of six red-colored lettuce cultivars, namely, ‘Hongyil’,
Red Fire’, ‘Jinjuck’, ‘Dazzler’, ‘Fire’, and ‘Seoul Red’, were planted
nto plastic pots (10 cm dia. × 15 cm high) and were cultured for
5 days in a greenhouse maintained at a temperature of 22/20 ◦C
day/night). A high organic matter-potting medium (Hanter 21,
eoul, Korea) that contained 30% sphagnum peat moss, 50% ver-
iculite, 18% zeolite, and 2% sand (v/v) per 200 cm3-pot was used

or lettuce cultivation. The seedlings were developed from four to
ve true leaves. The plants were transferred into a temperature-
ontrolled chamber at 13/10 ◦C, 20/13 ◦C, 25/20 ◦C, and 30/25 ◦C
day/night) under 150 �mol  m−2 s−1 of photosynthetically active
adiation (PAR). The low temperature regime at 13/20 ◦C was added
o observe the physiological responses against an abnormal tem-
erature combination. The photoperiod and duration of the day
emperature was  12 h.

The plants were sampled after being subjected to the treatment
onditions for 6 weeks, which ensured that the leaf tissue had been
cclimated to the experimental conditions. The outer leaves of at
east three replicate plants were sampled in the middle of the pho-
operiod and analyzed.
.2. Determination of anthocyanin content

The anthocyanins were extracted from the leaves, which were
oaked in methanol containing 1% HCl, in the dark overnight at 6 ◦C.
e 181 (2011) 479– 484

The crude pigment extract was filtered through Whatman No. 42
filter paper, evaporated and kept at −20 ◦C prior to the analysis.
The samples were hydrolyzed with 15% HCl, boiled for 1 h prior
to analysis, cooled on ice, and filtered through a 0.22 �m-syringe
filter [1].  The anthocyanin composition and the concentration of
the purified aglycone were analyzed by thin layer chromatography
(TLC) and high performance liquid chromatography (HPLC Waters
2996 Alliance System, Milford, MA,  USA). An acetic acid:HCl:water
(30:3:10) solvent was  used, and the separation was  performed on
TLC plates (DC – Plastikfolien Cellulose, 20 × 20 cm,  0.1 mm thick-
ness; Merck). The extract for the HPLC analysis was  injected into
a �Bondapak C18 column, 3.9 mm × 300 mm (Waters, Dublin, Eire,
Ireland) with a solvent water:methanol:acetic acid (58:40:2) mix-
ture at a flow rate of 0.7 ml/min. The detection was obtained at
530 nm [25].

2.3. PPO activity assay

Fresh plant material was ground in a mortar with 0.1 M
buffer (Na2HPO4/KH2PO4, pH 7.0) containing 1.5% PVP (solid
polyvinylpyrrolidone). Subsequently, the homogenate was filtered
and centrifuged at 15,000 × g for 15 min  [26]. The supernatant was
used for the PPO assays. All procedures were carried out at 4 ◦C.
The assay mixture contained 100 mM buffer (Na2HPO4/KH2PO4,
pH 7.0) and 0.58% Triton X-100 in the enzyme extracts. The reac-
tion was  initiated by the addition of 30 �M of caffeic acid. The PPO
activity was  measured spectrophotometrically at 370 nm and 30 ◦C
by the disappearance of caffeic acid. The activity was expressed as
�mol  mg−1 protein min−1.

2.4. POD activity assay

Fresh material was ground with 50 mM Tris–acetate buffer, pH
7.5, containing 2 mM EDTA and 0.5% PVP [27]. The homogenate
was filtered and centrifuged at 40,000 × g for 10 min  [27]. The reac-
tion mixture of 3 ml  contained 100 �M Tris–acetate buffer, pH 5.0,
1 �M EDTA, 0.1 �M guaiacol and 0.003 �M H2O2. All procedures
were conducted at 4 ◦C. The POD activity in the supernatant was
determined by the absorbance change at 485 nm due to guaiacol
oxidation. The activity was expressed as �mol  mg−1 protein min−1.

2.5. PAL activity assay

The enzyme PAL was extracted, purified and assayed according
to the method described by Nagaranthna et al. [28], where 1 g of the
leaf tissue was macerated to a fine paste in a mortar with 1 g of acid-
purified sand, 2 ml  of 3 mM �-mercaptoethanol and 10 ml  of 25 mM
sodium borate buffer (pH 8.8). The homogenate was centrifuged
at 20,000 × g for 20 min  at 4 ◦C. The reaction mixture of 3 ml  con-
tained 0.5 ml  of enzyme extract, 2.5 ml  of 10 mM l-phenylalanine
and 2.5 ml  of 25 mM sodium borate buffer (pH 8.8). After incubating
for 2 h at 40 ◦C, the activity was  stopped by the addition of 0.1 ml  5 N
HCl. The enzymatic activity in the supernatant was measured spec-
trophotometrically at 290 nm by the production of trans-cinnamic
acid from l-phenylalanine. The absorbance was read against the
same volume of the reaction mixture without l-phenylalanine. The
enzymatic activity was  expressed as mmol  of trans-cinnamic acid
produced h−1 g−1 FW.
The leaves from lettuce plants were freeze-dried, and the mois-
ture losses were recorded. The freeze-dried lettuce samples were
blended into powder for solvent extraction.
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.6.1. Polyphenol extraction
Freeze-dried lettuces (0.25 g) were weighed into 30 ml  screw-

apped glass tubes, and 20 ml  of methanol:water:acetic acid
85:15:0.5, v/v) was added as extraction solvent [29]. The extraction
ubes were vortexed for 30 s, sonicated for 5 min, incubated at room
emperature for 20 min  and vortexed again for another 30 s. The
ubes were centrifuged at 3000 rpm for 10 min. The supernatants
ere decanted and stored at −20 ◦C until further analysis.

.6.2. Folin-Ciocalteu assay
The total phenolic content was determined by the Folin-

iocalteu assay [30]. Lettuce extracts were mixed with diluted
olin-Ciocalteu reagent and 15% sodium carbonate. The absorbance
t 765 nm was measured spectrophotometrically (Hewlett-
ackard, model 8452A, Rockvile, USA) after 30 min  of incubation
t room temperature. Gallic acid was used to generate a standard
urve. The results for the total phenolic content of the lettuces
ere expressed as milligram of gallic acid equivalent per gram of

reeze-dried leaf samples (mg  GAE/g).

.6.3. DPPH assay
The DPPH scavenging activities of freeze-dried lettuce leaves

ere measured using a published method [31,32]. Twenty grams
f DPPH was dissolved into 100 ml  of methanol to make a DPPH
tock solution. The DPPH working solution was freshly prepared by
ixing 3.5 ml  of DPPH stock solution and 6.5 ml  of methanol. The

ettuce leaf extracts (50 �l) were added to 950 �l of DPPH work-
ng solution and were incubated in darkness for 60 min. Trolox
olutions from 100 to 1000 �M were added to the DPPH working
olution as standards.

The absorbance at 515 nm was measured on a spectropho-
ometer (Hewlett-Packard, model 8452A, Rockvile, USA). The initial
bsorbance of the DPPH working solution was between 0.9 and 1.0.
he results of the DPPH scavenging activity of the lettuce leaves
ere expressed as �mol  Trolox equivalent per gram of freeze-dried

eaf samples (�mol  TE/g).

.7. Data analysis

The statistical analysis was performed using the procedures of
he Statistical Analysis System [33]. The means were separated
y the least significant difference (LSD) using the F-test. Lastly, a
orrelation analysis was  adopted, with the correlation coefficient
ethods, among the anthocyanin levels and the activities of PPO,

OD, and PAL at different day/night temperatures.

. Results and discussion

.1. Anthocyanin, polyphenol contents and antioxidant activity
Table 1 shows the temperature-dependent changes in the
nthocyanin contents among the averaged data of 6 cultivars. The
otal anthocyanin contents were the highest at 13/10 ◦C and fol-

able 1
ffects of day/night combined temperatures on anthocyanins, polyphenols and
ntioxidant activities of lettuce plants.

Average Day/night temperature

13/10 ◦C 20/13 ◦C 25/20 ◦C 30/25 ◦C LSD (0.05)

ANT 69.41 a 61.90 a 33.20 b 4.42 c 22.21
POL 29.14 a 28.45 a 16.74 b 2.48 c 4.70
DPPH 60.18 a 59.87 a 36.96 b 5.87 c 3.18

NT, anthocyanin content, �g/g FW;  POL, polyphenols, mg  GAE/g DW;  DPPH,
,2-diphenyl-1-picrylhydrazyl; DPPH, �M TE/g DW;  Data are means for three repli-
ations.
e 181 (2011) 479– 484 481

lowed by 20/13 ◦C, 25/20 ◦C and 30/25 ◦C. However, no significant
difference in the total anthocyanin contents between 13/10 ◦C and
20/13 ◦C was  observed, showing a higher anthocyanin content at
lower temperatures. The total anthocyanins content in all the cul-
tivars was significantly higher at low temperatures (p < 0.05). The
anthocyanin content was  more stimulated when the low tem-
peratures occurred during the photoperiod than during the dark
period. The cultivars differed in anthocyanin content, specifically,
‘Hongyil’ at 13/10 ◦C and 20/13 ◦C had the highest content and ‘Fire’
had the lowest [34]; the relative differences among the cultivars
were less pronounced at low temperatures (data are not shown).
These results show that the temperature effects on the change of
anthocyanin content were higher than the cultivar effects; there-
fore, we  use the averaged data of all 6 cultivars. Our data are
consistent with reports that strawberry cells produce the highest
anthocyanin content at 20 ◦C. The high temperatures have a nega-
tive influence on the amount of anthocyanins [5]. It was reported
that the exposure of lettuce to light caused a decrease in flavonol
content and a significant increase in anthocyanin content [6].  Our
data are consistent with other reports [35,36], which consider
a variety of plants, including fruits and vegetables. Intense sun-
light caused excessive sunburn in exposed berries and reduced the
anthocyanin accumulation. The associated high temperature also
inhibits the color development [35,36]. In other studies involving
fruit-zone leaf removal, the increased sunlight exposure caused
sunburn damage and reduced anthocyanin accumulation. Thus,
for the maximum production of anthocyanins in grape berries,
moderate sunlight exposure is necessary, but the extent varies
among different cultivars. Generally, low temperatures, such as
25 ◦C, are optimal for anthocyanin biosynthesis. High tempera-
tures, such as 35 ◦C, are associated with anthocyanin degradation
and the inhibition of anthocyanin accumulation. Our results can
also be partly compared with other research [37] involving two
C4 plants, Miscanthus x giganteus and Cyperus longus L., grown at
suboptimal growth temperatures. The relationships between the
quantum efficiencies of photosynthetic electron transport through
photosystem II (PSII) (PSII operating efficiency; Fq′/Fm′) and CO2
assimilation (phiCO2) in leaves were examined. When M.  x gigan-
teus was  grown at 10 ◦C, the ratio of the PSII operating efficiency
to the phi CO2 increased relative to that found in leaves grown at
14 and 25 ◦C. Similar increases in the Fq′/Fm′: phi CO2 occurred in
the leaves of two C. longus ecotypes when the plants were grown
at 17 ◦C compared with 25 ◦C. These elevations of Fq′/Fm′: phiCO2
at low growth temperatures were not attributable to the develop-
ment of anthocyanins, as has previously been suggested for maize
[38].

In our reported results, at 13/10 ◦C, the content of anthocyanins
was the highest. However, the temperature is not applicable to
a real culture environment. Thus, 20/13 ◦C is a more reason-
able environment for lettuce culture than 13/10 ◦C. However,
this temperature setting was added as a scientific approach and
could suggest that storage at low temperatures after a harvest
could induce higher anthocyanin accumulation. These results
can be supported by other reports [37], where further protec-
tion of PSII was effected by a 20-fold increase in zeaxanthin
content in the dark-adapted leaves of M.  x giganteus grown
at 10 ◦C. This observation was  associated with much higher
levels of non-photochemical quenching of excitation energy com-
pared with that observed in leaves grown at 14 and 25 ◦C.
These differences may  explain the long growing season and the
remarkable productivity of this C4 plant in cool climates in com-
parison with other C4 species, such as C. longus,  which occur

naturally in such climates. A similar relationship involving tem-
perature was observed for the amount of polyphenols and their
antioxidant activities, which was consistent with other reports
[29].
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Fig. 1. Effects of day/night combined temperatures on the PPO activity of 6 lettuce
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Fig. 3. Effects of day/night combined temperatures on PAL of 6 lettuce cultivars
of  (averaged data). The PAL activity was determined 6 weeks after temperature
erature treatment. The various lowercase letters within the columns indicates
ignificant differences among the treatments at different temperatures (p < 0.05).
he  bars represent the standard error (SE).

.2. PPO activity

The average PPO activity of cultivars was highest at 20/13 ◦C
18.6 �mol  mg−1 protein min−1) and reduced at 30/25 ◦C
7.5 �mol  mg−1 protein min−1) (Fig. 1). The cultivar rankings
ere not consistent among day/night temperatures, and no sig-
ificant difference among cultivars at each temperature regime
as observed. At 20/13 ◦C, “Dazzler” had the highest PPO activity

ollowed by ‘Fire’ and ‘Junjuck’ whereas at 30/25 ◦C, the PPO
ctivities for ‘Dazzler’ and ‘Seoul red’ were relatively lower than
he others (data not shown). The oxidation of phenolic substrates
y PPO is a major cause of the brown discoloration of many fruits
nd vegetables [39].

.3. POD activity

Both PPO and POD have been considered defensive mecha-
isms for plants against stress [11]. The POD activity in lettuce,

n contrast with that of PPO, was the lowest at 20/13 ◦C and was

ncreased at higher temperatures (Fig. 2). At 25/20 ◦C, specifically,
Junjuck’ had the highest POD activity, and ‘Fire’ had the lowest
OD activity (data are not shown). However, the POD activities
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ig. 2. Effects of day/night combined temperatures on POD of 6 lettuce cultivars
f  (averaged data). The POD activity was  determined 6 weeks after temperature
reatment. The various lowercase letters within the columns indicates significant
ifferences among the treatments at different temperatures (p < 0.05). The bars
epresent SE.
treatment. The various lowercase letters within the columns indicates significant
differences among the treatments at different temperatures (p < 0.05). The bars
represent SE.

of lettuce responded differently, depending on temperature, but
not on the cultivar. The POD activity was  highest at 25/20 ◦C
while it was the lowest at 20/13 ◦C. Such results demonstrate a
potential relationship between POD activity and physiological dis-
orders in vegetables [11], where the POD activities often increase
with the plant development and senescence [3].  Our results are
not consistent with another report [40] where the peel brown-
ing of harvested litchi fruit was largely attributed to the rapid
degradation of red anthocyanin pigments. This process was asso-
ciated with the enzymatic oxidation of phenolics by PPO and POD.
However, the direct oxidation of anthocyanins does not occur by
these enzymes in litchi pericarp. Thus, litchi enzymatic browning
might involve an anthocyanase–anthocyanin–phenolic–PPO reac-
tion [40]. Future studies should be conducted to determine the
mechanism of browning reactions in lettuce.

3.4. PAL activity

The PAL activity at 13/10 ◦C and 20/13 ◦C was significantly
higher than that at higher day/night temperatures (Fig. 3). The
PAL activity was  higher at 20/13 ◦C than at 25/20 ◦C or at 30/25 ◦C
(p < 0.05). This result indicates that the low temperatures during
the photoperiod enhanced PAL activity. The PAL activity in let-
tuce in vitro was the highest at lower temperatures. However, the
activity declined at higher temperatures, suggesting an inactiva-
tion of the enzyme. The relationship between the anthocyanin
content (Table 1) and the temperature regime was  similar to
the changes in PAL activities. However, the range in PAL activ-
ities among cultivars showed no genetic differences. This result
indicates that PAL activities were more affected by temperatures
than by cultivars [34]. Our data are consistent with other reports
that the increase in PAL activity is associated with increased antho-
cyanin content in several plant tissues [15,19]. The PAL activity
in plant tissues is increased by factors such as temperature, light,
and plant growth regulators. The increased PAL activity in lettuce
facilitates a high rate of anthocyanin content. The relationships
between PAL activity and anthocyanin accumulation in the apple
varied depending on the development stage of the fruit [15]. The
increase in PAL and PPO activities occurred more rapidly at 6 ◦C
that at 10 ◦C in the banana, showing highly significant correlations

between chilling injury (browning) and the activities of PPO and
PAL. The banana fruits were kept at 10 ◦C for 8 h, and 60 differen-
tial expressed fragments in the pulp and peel were obtained [22].
In another investigation, the activity of PPO in the leaves of sil-
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Table 2
Correlation between anthocyanin content, polyphenols, DPPH, PPO, POD and PAL activities and polyphenols and DPPH of lettuce plants.

ANT POL DPPH PPO POD PAL

ANT 1.0000 0.9883 0.9792 0.8648 0.4700 0.6127
POL 1.0000 0.9986 0.9059 0.3649 0.6315
DPPH 1.0000 0.9215 0.3293 0.6217
PPO  1.0000 0.1768 0.3659
POD 1.0000 0.2606
PAL  1.0000
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NT, anthocyanin content, �g/g FW;  POL, polyphenols, mg  GAE/g DW;  DPPH, 2,2-dip
AL,  phenylalanine ammonia-lyase.

er birch (Betula pendula Roth) seedlings was low but increased
ith elevated temperature [24]. A close correlation between the

ncrease in PAL activity and the anthocyanin content in strawberry
ruits and grape berries during various ripening stages was  investi-
ated. It was proposed that the increased PAL activity is required for

 high rate of anthocyanin synthesis [41,42]. This relationship sug-
ests that the phenylpropanoid pathway is synchronized with fruit
ipening, as observed in other plant systems [43], and that the activ-
ty of the enzyme is involved in the synthesis of flavonoids in leaves,
ncluding anthocyanins and polyphenols. The obtained correlation
etween the polyphenols and the antioxidant activity corresponds
ith our previous investigations of the Korean lotus [32]. Other

esearch reports [44] show that PAL inhibition by 2-aminoindan-
-phosphonic acid rendered these plants more sensitive to chilling
nd heat shock treatments. These results suggest that the acti-
ation of secondary and antioxidative metabolism is an integral
art of plant adaptation to normal growing conditions in lettuce
lants. In our research, the polyphenols in different varieties do
ot differ significantly. In another report [45], in which the most
idespread lettuce cultivars (‘Montego’, ‘Great Lakes’ and ‘Salad
owl. Contrary’) were studied, it was found that the concentration
f polyphenols differs among the three varieties and that it was
ighest in ‘Salad Bowl’.

The correlations between the anthocyanin level and the PPO,
OD, or PAL activities in lettuces influenced by day/night tem-
eratures were analyzed. The most significant positive correlation
Table 2) existed between anthocyanin content and PPO activ-
ty (r2 = 0.8648), followed by a correlation with PAL activity
r2 = 0.6127). The polyphenols (POL) were highly correlated with
PPH and the enzymes: POL and DPPH (r2 = 0.9986); POL and
PO (r2 = 0.9059), POL and PAL (r2 = 0.0.6315), DPPH and PPO
r2 = 0.9215), and DPPH and PAL (r2 = 0.6117). However, there was

 low correlation coefficient between anthocyanin content and
OD activity. This result showed that the low temperature induced
n increased level of anthocyanins and polyphenols and PPO and
AL activities, showing more polyphenol and anthocyanin pro-
uction and the enzyme activities at low temperatures. Growth
onditions are one of the most important factors of the nutri-
ional value of this plant [46]. Although the cost of red lettuce is
igher than that of green lettuce, it is becoming popular among
onsumers. This popularity is probably due to its red color and
ts association with increased health, as in the case of red fruits
nd berries [47]. The results show that at relatively low tem-
eratures, lettuce plants have a high antioxidant and enzymatic
tatus, and this result provides additional information for lettuce
rowers.

In conclusion, this study shows that low temperatures lead to
n increase of anthocyanin and polyphenol production as well as
n increase in antioxidant, PPO and PAL activities in lettuce plants.
he cultivar responses of lettuce plants were not consistent for the

nthocyanin and polyphenol contents and the activities of PPO, POD
nd PAL. PPO and PAL activities were high at low temperatures
f 20/13 ◦C, and their activities were low at higher temperatures.
pecifically, the anthocyanin content in lettuce was highly corre-

[

l-1-picrylhydrazyl; DPPH, �M TE/g DW;  PPO, polyphenol oxidase; POD, peroxidase;

lated with PPO and PAL activities. Day/night temperatures affect
anthocyanin content and the activities of PPO, POD and PAL in
lettuce leaves.
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