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Abstract. Pigment concentrations in leaf tissue affect the visual and nutritional value-based 
indices of lettuce crop quality. To better discern the independent and interactive effects of 
temperature and cultivar on anthocyanin and chlorophyll b concentrations, three closely 
related Lolla Rosso lettuce cultivars (‘Lotto’, ‘Valeria’, and ‘Impuls’), varying primarily 
in the number of genes controlling anthocyanin concentrations, were subjected to different 
air temperatures in controlled environments. Fifteen-day-old seedlings previously grown 
at 20 °C day/night (D/N) were transplanted into growth chambers maintained at 20 °C  
(D/N), 30/20 °C D/N and 30 °C D/N air temperatures. Twenty days later, leaf tissue was 
sampled for measures of pigment concentrations, calculated based on spectrophotometric 
absorbance readings taken at 530 nm (anthocyanin) and 660 nm (chlorophyll b) respectively. 
Although signifi cant, the temperature × cultivar interaction resulted from differences in 
the magnitude (not direction) of the change in pigment concentrations among cultivars 
with changes in temperature. Regardless of cultivar, anthocyanin and chlorophyll b 
concentrations were highest, moderate and lowest after growth at 20 °C D/N, 30/20 °C 
D/N and 30 °C D/N respectively. Likewise, irrespective of temperature, anthocyanin and 
chlorophyll b concentrations followed the pattern ‘Impuls’ (three genes) > ‘Valeria’ (two 
genes) > ‘Lotto’ (one gene). These data provide additional strong evidence that lettuce 
leaf pigment concentrations and growing temperatures are negatively related. The data 
also suggest that low temperatures during the dark phase may mitigate high temperature-
driven reductions in lettuce leaf pigment levels.

Coloration (intensity, distribution) and nu-
tritional value are important quality parameters 
in lettuce (Kader et al., 1973; Ryder, 1999a; 
Simonne et al., 2002) and are based, in part, 
on anthocyanin and chlorophyll levels.

Biotic (genetics, growth stage, disease) 
and abiotic (temperature, light, water poten-
tial, nutrient availability) factors which affect 
lettuce growth are also reported to infl uence 
anthocyanin and chlorophyll concentrations 
in various tissues of other horticultural crops 

anthocyanin and chlorophyll levels in other 
horticultural crops are key but insuffi cient to ex-
plain similar phenomena in lettuce. Diversity in 
crop and tissue physiology and pigment forms 
and distribution leave open the possibility that 
pigment regulation in lettuce may differ from 
that in other crops. Regardless, the prominence 
of lettuce in vegetable industries and human 
diets worldwide calls for studies which help 
to enhance its quality (appearance and nutri-
tional value), including through genetic and 
horticultural manipulation. Temperature may 
modulate anthocyanin and chlorophyll levels 
in lettuce (Kleinhenz et al., 2003; Voipio and 
Autio, 1995), but additional information is 
needed to confi rm and characterize this regu-
lation. Therefore, we set out to further clarify 
the effect of temperature on anthocyanin and 
chlorophyll b levels in immature lettuce, using 
controlled environments and a set of closely 
related cultivars.

Materials and Methods

Plant material and growth conditions. Indi-
vidual seeds of ‘Lotto’, ‘Valeria’, and ‘Impuls’ 
were sown in polypropylene, D16 Deepot cells 
[5 cm in diameter, 18 cm in height, 262 mL 
(Stuewe and Sons, Inc., Corvallis, Ore.)] fi lled 
with 170 mL of Metro-Mix 360 (Scotts-Sierra 
Horticultural Products Co., Marysville, Ohio) 
growing medium. Four cells, each containing a 
single plant of each cultivar were then placed 
in random locations within D16 Deepot trays 
[61 cm in length, 30 cm in width, 172 cm in 
height (Stuewe and Sons)], each tray holding 
a total of twelve Deepot cells. Four trays were 
then placed in random locations within each of 
three different growth chambers (CONVIRON 
4030 model # E15, Controlled Environments 
Incorporation, Manitoba, Canada). Thus, 
each growth chamber contained 16 plants per 
cultivar. Growth chambers were maintained 
at a constant air temperature of 20 °C for 15 
d. Thereafter, one chamber was maintained 
at 20 °C day/night (D/N), the second at 30 °C 
D/N, and the third at 30/20 °C D/N. All plants 
received 600 µmol·m–2·s–1of light energy at 
canopy height from sixteen 1500 milliamp 
fluorescent light tubes (General Electric 
Lighting, Cleveland, Ohio) and twelve 60-W 
incandescent bulbs (General Electric Lighting, 
Cleveland, Ohio) for a 12-h light period each 
day, regardless of temperature regimen. Each 
plant was irrigated by hand once daily with 200 
mL of tap water, with about 100 mL draining 
soon after irrigation. Plants were also fertilized 
weekly with a 200 mg·L–1 (ppm) solution made 
with Peter’s 20–20–20 Professional Water 
Soluble Fertilizer [20N–8.7P–16.6K (Scotts-
Sierra Horticultural Products Co., Marysville, 
Ohio)]. Using this method, each plant received 
about 2.6 mg N, 1.2 mg of P, and 2.2 mg of 
K each week.

A completely randomized design with four 
replications per temperature-cultivar combi-
nation was used. The entire experiment was 
conducted twice.

Anthocyanin and chlorophyll b extraction 
and quantifi cation. Samples were collected 
from the most fully expanded leaf (third leaf 

(Dela et al., 2003; Maza and Miniati, 1993; 
Oren-Shamir and Levi-Nissim, 1999; Reay 
1999; Shaked-Sachray et al, 2002; Shvarts et 
al., 1997a, 1997b; Wang and Zheng, 2001). 
Genotype, temperature and light are reported 
to act alone and together in shifting lettuce 
pigment levels  (Crozier et al., 1997; Ferreres 
et al., 1997; Kleinhenz et al, 2003; Robinson 
et al., 1986; Ryder 1999b; Voipio and Autio, 
1995). Still, these effects are incompletely 
characterized.

In lettuce, a complementary gene pair 
(CcGg) controls the presence or absence of 
anthocyanins, predominately cyanidin 3-malo-
nylglucoside (Yamaguchi et al., 1996), while a 
multiple allelic system governs the pattern of 
red coloration (Robinson et al., 1986; Ryder, 
1999b; Thompson, 1938). For this study, we 
employed three closely related red-leaved, 
Lollo Rosso cultivars [‘Lotto’, ‘Valeria’, and 
‘Impuls’ (Nunhems Seed, Haelen, Nether-
lands)] differing mainly in the number of 
genes controlling anthocyanin levels. ‘Lotto’ 
(1 gene for color intensity) is the best type 
selection of the cultivars ‘Lollo Bionda’ and 
‘Lollo Rosso’, ‘Valeria’ (2 genes) is a more-
red mutant of ‘Lotto’ and ‘Impuls’(3 genes) 
is a more-red mutant of ‘Valeria’(A. vad der 
Arend, personal communication).

Studies on the environmental regulation of 
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from the outer whorl) on three plants per 
cultivar per replicate (tray) in each growth 
chamber 20 d after the initiation of temperature 
treatments, as previously described (Kleinhenz 
et al., 2003). Samples remained in storage at 
–20 °C until pigment extraction. Total leaf 
fresh and dry weight measurements were also 
taken on all sampled plants.

Pigment extraction and quantifi cation was 
completed as described previously (Kleinhenz 
et al., 2003) with four minor exceptions. First, 
absorbance readings corresponding to antho-
cyanin pigments were measured at 530 nm. 
This wavelength led to maximum absorption in 
wavelength scans taken with a HP 8452 Diode 
array spectrophotometer (Hewlett-Packard Co., 
Palo Alto, Calif.) and has also been used previ-
ously (Pietrini et al., 2002; Reay, 1999). Sec-
ond, absorbance readings for anthocyanin and 
chlorophyll b pigments were measured with a 
spectrophotometer (DU 640; Beckman Coulter, 
Inc., Fullerton, Calif.). Third, standard curves 
were developed using HPLC grade cyanidin 
3-glucoside (Chromadex, Santa Ana, Calif.) 
and laboratory grade chlorophyll b (Sigma-Al-
drich, St. Louis, Mo.). Finally, here we elected 
to document temperature effects on chl b only. 
While chlorophyll a degraded more rapidly than 
chlorophyll b in Brassica and Ipomoea sp. leaf 
disks subjected to gradual- and rapid-boiling 
treatments in the lab (Chao and Yang 1996), 
mean levels of chlorophyll a and chlorophyll 
b in intact lettuce leaves were not differentially 
affected by greenhouse light and temperature 
treatments (Kleinhenz et al., 2003).

Statistical analysis. Preliminary analysis 
indicated that treatment effects did not differ 
between replicates in time (i.e., runs of the 
study). Therefore, data from both runs were 
pooled and subjected to analysis of variance 
(ANOVA) using Statistical Analysis System 
version 8e for Windows (SAS Institute, Cary, 
N.C.), with effects considered signifi cant when 
p ≤ 0.01. Treatment effects were analyzed by 
t tests (LSD) with α = 0.01.

Results and Discussion

Tissue percent moisture values were similar 
among temperature-cultivar treatments, with 
mean values of 94% to 96% (data not shown). 
Therefore, treatment effects on pigment con-
centrations expressed on a fresh weight and 
dry weight basis were similar. Temperature 
and cultivar signifi cantly affected anthocy-
anin and chlorophyll b concentrations (Table 
1). Although signifi cant, the interaction was 
due to a difference in the magnitude of the 
change in response, not its direction (Fig. 1). 
Irrespective of temperature, anthocyanin and 
chlorophyll b concentrations were lowest in 
‘Lotto’, intermediate in ‘Valeria’, and highest 
in ‘Impuls’ (Fig. 1). Likewise, regardless of 
cultivar, anthocyanin and chlorophyll b concen-
trations were lowest, intermediate and highest 
at 30/30 °C D/N, 30/20 °C D/N and 20/20 °C 
D/N, respectively (Fig. 1). These results are ad-
ditional, strong evidence that low temperatures 
may increase anthocyanin and chlorophyll b 
concentrations in red Lollo Rosso lettuce, as 
reported earlier in other lettuces (Kleinhenz 

et al., 2003) and horticultural crops (Leng 
and Qi, 2003; Shvarts et al., 1997a, 1997b). In 
contrast, anthocyanin concentrations increased 

in strawberry fruit and Pinus sp. needles fol-
lowing high temperature exposure (Sallas et 
al., 2003; Wang and Zheng, 2001).

Fig. 1. Anthocyanin (top) and chlorophyll b (bottom) concentrations in leaf tissue of three Lollo Rosso 
lettuce cultivars (‘Lotto’, ‘Valeria’, ‘Impuls’) grown at 20/20 °C, 30/20 °C, and 30/30 °C day/night 
(D/N) in controlled environment growth chambers. Bars within panels topped by the same letter are not 
signifi cantly different according to Fisher’s least signifi cant difference test (α = 0.01). Values shown 
are the means of 24 observations per cultivar per temperature treatment.

Table 1. Analysis of variance for the impact of cultivar and temperature on anthocyanin and chlorophyll b 
concentrations in leaves of lettuce grown in environmentally controlled growth chambers at The Ohio 
State University, Columbus, Ohio. The study was conducted twice.

  Anthocyanin Chlorophyll b
Source df  concn concn
Temperature (T)z 2 ** **
Cultivar (C)y 2 ** **
T × C 4 ** **
zTemperatures are 20/20 °C day/night (D/N), 30/20 °C D/N, and 30/30 °C D/N.
yCultivars are ‘Lotto’, ‘Valeria’, and ‘Impuls’.
**Signifi cant at p ≤ 0.01 for each source.
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Fluctuating day/night air temperatures of 
30/20 °C D/N resulted in higher anthocyanin 
and chlorophyll b concentrations than a 
constant 30/30 °C D/N temperature regimen 
(Fig. 1). This result is cause to speculate that 
the detrimental effects of a daytime high tem-
perature treatment (30 °C) on anthocyanin and 
chlorophyll b levels can be mitigated with a 
nighttime low temperature treatment (20 °C), 
especially in lettuce cultivars predisposed to 
contain relatively high levels of anthocyanins 
(e.g., ‘Valeria’, ‘Impuls’). Possible explana-
tions for temperature effects found here include 
enhanced production and/or retarded degrada-
tion of pigment levels. Low temperatures are 
thought to increase the transcript levels of 
genes, whose products phenylalanine ammonia 
lyase and chalcone isomerase, are enzymes in-
volved in anthocyanin biosynthesis (Dela et al., 
2003). This phenomenon may help to explain 
the higher levels of anthocyanin in the fl uc-
tuating temperature treatment. Furthermore, 
temperatures affect pigment stability, with 
evidence for increased pigment degradation 
at higher temperatures (Chao and Yang, 1996; 
Shaked-Sachray et al, 2002).

Understanding temperature effects on 
pigment concentrations in lettuce has practi-
cal and scientifi c value, including in cultivar 
development and selection and cropping-
storage-distribution systems design and man-
agement. Using a set of genetically similar 
cultivars grown under controlled environment 
conditions, we provide additional, strong 
evidence that anthocyanin and chlorophyll b 
concentrations in lettuce may be reduced at 
temperatures above those considered optimal 
for lettuce growth.
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