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Abstract. Leaf samples collected from field plots of nine lettuce cultivars established in the
early (ES) and late (LS) summer of 2002 and 2003 in Celeryville, Ohio, were subjected to
spectrophotometric measurement of anthocyanin concentrations or color analysis based on
colorimeter and spectroradiometer readings and human panelist ratings. Interactions among
year (Y), transplanting date (TD), and cultivar (C) main effects for anthocyanin concentra-
tion were significant as a result of shifts in response magnitude but not direction.
Anthocyanin levels were higher after LS than ES transplanting regardless of Y and C.
The effects of TD were pronounced in 2002, when differences in average daily temperature
between ES and LS transplantings tended to be larger. Also, regardless of Y and TD,
anthocyanin levels followed the pattern ‘Impuls’ > ‘OOC 1441’ > ‘Valeria’ > ‘OOC1426’ >
‘Lotto’ > ‘SVR 9634’ > ‘OOC 1434’ = ‘OOC 1310’ > ‘Cireo’. Treatment-based color
differences were also evident in colorimeter and spectroradiometer readings. Also, panelists
differentiated samples grown in 2003 based on red color intensity. Correlations between
analytic and instrumented and human panelist-based measures suggest instrumented
assessments of red coloration may serve as proxies for direct measures of anthocyanin
levels or human panelist ratings, particularly if the aim is to establish color differences
between major experimental groups and assign quantitative, repeatable values to red color
intensity.

Although nutritional value, texture, size,
shape, flavor, and freedom from defects are
major indicators of lettuce crop quality
(Arthey, 1975), leaf color is particularly
important because it is often the first trait that
registers with potential consumers or buyers
(Ryder, 1999). In addition to their key roles
in the plant (Burger and Edwards, 1996;
Chalker-Scott, 1999; Choinski and Johnson,
1993; Cooper-Driver and Bhattacharya, 1998;
Harborne, 1988; Leng and Qi, 2003; Nogués
et al., 1998; Woodall and Stewart, 1998) and,
possibly, human health (Keevil et al., 2000;
Mazza and Miniati, 1993; Wang et al., 1999),
the amounts and distributions of chlorophylls
and anthocyanins contribute significantly to
leaf color and product appeal.

That anthocyanin levels appear to be
driven by genetics, temperature, and light
(Kader et al., 1974) has been best demon-
strated in fruit and floricultural crops (Dela

et al., 2003; Katz and Weiss, 1999; Nunes
et al., 2003; Nunez et al., 2004; Poll et al.,
2003; Shvarts et al., 1997b; Solovchenko
and Schmitz-Eiberger, 2003), although other
evidence suggests these factors also influence
anthocyanin levels in lettuce (Gazula et al.,
2005; Kader et al., 1974; Kleinhenz et al.,
2003a; Timberlake and Bridle, 1975). Still,
given that anthocyanins vary widely in
makeup and crop and tissue specificity
(Timberlake and Bridle, 1975) and results
from controlled environment studies (Dela
et al., 2003; Katz and Weiss, 1999; Nunes
et al., 2003; Shvarts et al., 1997a) may poorly
predict crop responses in field production
(Christie et al., 1994; Leng and Qi, 2003;
Pietrini and Massacci, 1998; Pietrini et al.,
2002; Shvarts et al., 1997a, 1997b; Wang and
Zheng, 2001), additional tests of the genetic
and environmental controls of anthocyanin
levels in lettuce are needed. Lettuce is
planted in many months annually with crops
experiencing a range of environmental con-
ditions. However, little is reported regarding
seasonal (i.e., transplanting date) effects on
anthocyanin levels in lettuce.

Anthocyanin levels are commonly mea-
sured using spectrophotometry (Gazula et al.,
2005), paper chromatography, thin-layer
chromatography, and high-performance liq-
uid chromatography (Harborne and Grayer,
1988), methods that are expensive, time-
consuming, and require destructive sampling
(Gamon and Surfus, 1999). Less destructive
and more resource-efficient estimates of
anthocyanin levels in leaf tissues have been
attempted with colorimetry (Gonnet, 1998;
Katori et al., 2002) and leaf reflectance
(Gamon and Surfus, 1999), although not in
lettuce. Estimates of anthocyanin levels based
on reflectometer readings may have promise
(Gamon and Surfus, 1999), but the reliability
of such estimates is thought to vary with
species and the presence of copigments (Sims
and Gamon, 2002). Yet, correlations between
direct but costly and destructive measures of
anthocyanin levels and indirect but efficient
and nondestructive estimates in lettuce would
have important practical and scientific appli-
cations and are, therefore, worth testing.

More powerful still would be relation-
ships between direct or indirect instrumented
estimates of anthocyanin levels and ratings of
leaf coloration provided by human panelists.
Photographs and digital images combined
with conjoint or cluster analysis have been
successfully applied in evaluations of con-
sumer responses to various external charac-
teristics of apples (Cliff et al., 2002),
geraniums (Behe et al., 1999), and Satsuma
mandarins (Campbell et al., 2004). Earlier,
colorimeter readings were related to a color
chart to help substitute instrumented mea-
sures for color visualization (Voss, 1992).
Such evaluations reinforce that the influence
of visually based traits of fresh horticultural
products on consumer preferences or habits
can be quantified. These evaluations also sug-
gest similar approaches may help improve
understanding of lettuce crop management–
consumer quality relationships, facilitate
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cultivar development, and provide other
benefits. For lettuce, more information is
needed to understand the genetic and envi-
ronmental controls of anthocyanin levels
and to use either anthocyanin levels
measured analytically or descriptions of
color obtained with instruments as poten-
tial proxies for human assessments of leaf
color (i.e., initial perceptions of product
quality). Therefore, we set out to: 1) docu-
ment the effects of field transplanting date
(early summer—June/July and late sum-
mer—August/September) on anthocyanin
concentrations in nine lettuce cultivars vary-
ing in red coloration; 2) assess panelists’
abilities to differentiate samples of these
cultivars grown in 2003 based on red color-
ation; and 3) test relationships among visual
(human panelist), instrumented (colorimeter,
spectroradiometer), and analytic (spectro-
photometric) assessments of red coloration
and anthocyanin concentrations using field-
grown lettuce.

Materials and Methods

Lettuce growth
Thirty day-old seedlings of ‘Cireo’,

‘Lotto’, ‘Valeria’, ‘Impuls’ (Nunhems Seed,
Haelen, The Netherlands), ‘SVR 9634’,
‘OOC 1434’, ‘OOC 1426’, ‘OOC 1310’,
and ‘OOC 1441’ (Sunseeds Co., Parma,
Idaho) lettuce cultivars representing a range
of pigmentation from green to dark red were
planted in early and late summer of 2002 and
2003 at the Ohio Agricultural Research and
Development Center (OARDC) Muck Crops
Research Station in Celeryville, Ohio. Plots
were harvested 30 d after transplanting.
Transplanting and harvest dates for early
(ES) and late summer (LS) plots were: ES
2002: 27 June, 27 July; ES 2003: 20 June,
20 July; LS 2002: 1 Sept., 30 Sept.; and LS
2003; 15 Aug., 15 Sept. Two weeks before
transplanting, soil in the experimental area
was prepared by moldboard plowing, disk-
ing, and fertilizer (95.2 kg�ha–1 N, 42.0
kg�ha–1 P, and 79.0 kg�ha–1 K via 17–17–17;
Country Star Coop., New Washington, Ohio)
application and incorporation.

Seedlings were placed into 4.6 m · 1.5-m,
three-row plots arranged in a randomized
complete block design with six replications
per cultivar per transplanting date using a
cone-type transplanter. Rows were separated
by 0.5 m and plants within rows by 0.3 m.
Standard pest management strategies based
on scouting, thresholds, and application of
labeled pesticides were used. Plots were
provided with 2.13 cm, 2.54 cm, 2.54 cm,
and 3.56 cm of irrigation on 27 June 2002,
17 July 2002, 5 Sept. 2002, and 11 Sept.
2002, respectively.

Direct measures of anthocyanin levels
and instrumented and human panelist
assessments of leaf color

The experimental approach used here
emphasized using individual leaf samples in
multiple measures, thereby strengthening the

opportunity to explore correlations among
these measures. Thirty days after transplant-
ing, samples consisting of the intact, above-
ground portion of four different plants were
collected from the center row of each field
plot (six replications per cultivar per trans-
planting date), placed in plastic bags, and
transferred while over ice to the OARDC in
Wooster, Ohio, within 2 h of removal from
the field. Samples were held in dark storage
at 7 �C until further subsampling or measure-
ments were completed within 48 h of foliar
sample removal from the field. Individual
leaf samples were used in one or more
measures as described subsequently.

Anthocyanin measurement. Within 24 h
after harvest, tissue was removed from leaf
number four (fourth leaf from the outer
whorl) of three plants per plot as in Kleinhenz
et al. (2003a) and held in dark storage at
–20 �C until pigment extraction. A portion of
the same leaf was used to calculate tissue
moisture content by weight difference before
and after drying at 70 �C for 72 h.

Pigment extraction and quantification was
completed as described previously (Kleinhenz
et al., 2003a) with three exceptions. Absor-
bance readings corresponding to anthocyanin
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 previously (Mancinelli, 1990;
Oren-Shamir and Levi-Nissim, 1997; Pietrini
et al., 2002). Absorbance readings were taken
using a Beckman Coulter DU 640 spectro-
photometer (Beckman Coulter, Fullerton,
Calif.). Finally, standard curves were devel-
oped using high-performance liquid chroma-
tography grade cyanidin 3-glucoside
(Chromadex, Santa Ana, Calif.) with a
molar absorptivity of 26,900 and a mole-
cular weight of 449.2 (Giusti and Wrolstad,
2002).

Instrumented assessments of leaf color. In
2003, colorimeter and spectroradiometer
readings were taken on leaf number 5 (fifth
leaf from the outer whorl) of the same three
foliar samples also used for anthocyanin
analysis. For both instruments, a single read-
ing was taken on the adaxial surface of each
leaf at the same location from which samples
were drawn for anthocyanin measures on leaf
number 4 (midway between the acropetal
and basipetal ends and within 2.54 cm of
the margin) within 24 h after removal from
the field.

Colorimeter readings. External lettuce
leaf color was measured using a Minolta
Chromameter (model CR-100; Ramsey,
N.J.) in CIE L*, a*, b* mode with an 8-mm
measuring aperture using CIE Standard Illu-
minant C. The instrument was calibrated with
the Minolta Calibration standard white
reflector plate before sampling lettuce leaves.
Whole-leaf samples were placed on a white
background and single readings were taken
on the upper surface of each leaf midway
between the apical and basal ends with the
handheld unit. Individual leaves were then

positioned between two paper towels moist-
ened with distilled water in a plastic bag and
held on ice until all readings were completed.
L*, a*, b* readings were transformed to those
of the L, a, b color space and finally to hue
angle and chroma according to Setser (1984)
and as recommended by McGuire (1992).

Spectroradiometer readings. After color-
imeter readings, reflectance on the adaxial
surface of the leaf was recorded at 635 nm in
the visible range using a spectroradiometer
(PS-2; ASD, Boulder, Colo.). The machine
was calibrated with the white reference. The
whole-leaf sample was placed within the
clamps of the integrating sphere and leaf
reflectance measured.

Human panel color ratings.

Panel training. Visual estimates of
anthocyanin levels in lettuce leaves (based
on red color intensity and distribution) were
provided by a panel of 20 volunteers (11
males) aged 20 to 64 years previously
untrained but familiar with vegetable product
sensory evaluation (Kleinhenz et al., 2003a,
2003b; Wszelaki et al., 2005a, 2005b). All
panelists attended a 1-h training session.
During this session, investigators and panel-
ists discussed criteria necessary to distinguish
differences in red color distribution and
intensity among freshly harvested, growth
chamber-grown reference lettuce leaves rep-
resenting a range of red coloration. Panelists
were asked to focus solely on red-pigmented
tissues within each leaf when scoring red
intensity (i.e., to disregard variability in
pigment distribution when scoring intensity).
Copigmented leaves having areas with rela-
tively low anthocyanin levels coupled with
relatively high chlorophyll levels were also
illustrated during the training session (Strack
and Wray, 1989). Panelists were advised to
consider the presence of the resulting brown
color as evidence of underlying redness and
to proceed with rating intensity as discussed
earlier.

Sample collection. The fourth foliar
sample collected from the field in 2003 as

Table 1. Analysis of variance for the impact of
year, transplanting date, and cultivar on
anthocyanin concentrations in leaves of
lettuce (Lactuca sativa L.) grown at the Ohio
Agricultural Research and Development
Center Muck Crops Research Station in
Celeryville, Ohio, in 2002 and 2003.

Source dfz

Anthocyanin
concn.

Year (Y) 1 **
Transplanting date (TD)y 1 **
Cultivar (C)x 8 **
Y · TD 1 **
Y · C 8 **
TD · C 8 **
zdf = degrees of freedom.
yTransplanting dates are early summer and late
summer.
xCultivars are Cireo, Lotto, Valeria, Impuls, SVR
9634, OOC 1434, OOC 1426, OOC 1310, and
OOC 1441.
**Significant at P # 0.01.
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described previously was used in the evalua-
tion. Foliar samples were held in dark storage
at 7 �C until panel testing 48 h after sample
removal from the field. One hour before
evaluation, all six foliar samples for each
cultivar were rinsed with distilled water and
leaf number four was removed and rerinsed.
Thereafter, four leaves comprising the most
uniform group based on size and red colora-
tion were chosen for each cultivar, assigned a
replicate value (1–4), and transferred to the
evaluation site.

Evaluation procedure. All methods for
testing human subjects were approved by the
Office of Responsible Research Practices at
The Ohio State University before testing
began. The testing room was illuminated by
artificial fluorescent light (100 mmol�m–2�s–1

at sample height) and the curtains were drawn
to prevent natural daylight from entering the
room. Thirty minutes before evaluation, sam-
ples were placed in the center of 18 cm ·
23-cm white Styrofoam trays prelabeled with
unique, randomly selected three-digit codes.

Trays were then placed at 15-cm intervals
around the perimeter of a 5 m · 1.5-m lightly
colored wooden table.

Instructions given to panelists during the
introductory session were repeated before the
test. The evaluation lasted �30 min with
panelists scoring samples at self-selected
paces and in a predetermined order, which
was random within and among judges.
According to techniques described by Land
and Shepherd (1984) and Meilgaard et al.
(2000), panelists scored each sample for red
intensity by placing a vertical mark on a 165-
mm horizontal scale at the position that best
described their opinion of the leaf character-
istic. Intensity scores were determined by
measuring the position of vertical marks from
the left anchor point of the scale.

Data analysis
All statistics were completed using Sta-

tistical Analysis System v. 7 for Windows
(SAS Institute, Cary, N.C.). Year (Y), trans-
planting date (TD), and cultivar (C) effects
were estimated using fully specified model
statements and considered significant when
P # 0.01. Treatment effects were further
analyzed using t tests (least significant differ-
ence) with a = 0.01.

Results

Anthocyanin concentrations. Anthocya-
nin concentrations in lettuce leaf tissue were
influenced by Y, TD, and C and their inter-
action (Table 1). Significant interactions
resulted primarily from changes in magni-
tude, not direction, of the response of antho-
cyanin levels at contrasting levels of main
effects. A focus on main effects reveals that
the mean anthocyanin concentration (mg�g–1

dwt) in 2002 (351.3) significantly exceeded
that in 2003 (244.0), late summer transplant-
ing led to a significantly greater anthocyanin
concentration (358.6) than early summer

Fig. 1. Effect of transplanting date on anthocyanin concentrations in leaf number four (fourth leaf from
outer whorl) of nine lettuce (Lactuca sativa L.) cultivars grown at the Ohio Agricultural Research and
Development Center Muck Crops Research Station in Celeryville, Ohio, in 2002 and 2003. Samples
were collected 30 d after transplanting. Asterisks (*) indicate transplanting date significantly affected
anthocyanin concentrations in the cultivars shown according to Fisher least significant difference test
(a = 0.01). Values shown are the 2002–2003 mean of 36 observations per cultivar.

Table 2. Cultivar effects, within transplanting date, on mean red color intensity (measured on a relative scale from 0–165 mm), hue angle (�), and chroma in leaves
of lettuce (Lactuca sativa L.) grown at the Ohio Agricultural Research and Development Center Muck Crops Research Station in Celeryville, Ohio, in 2003.

Transplanting date

Early summer Late summer

Cultivar
Anthocyanin

(mg�g dwt–1)z,y

Red color
intensityx,w

Hue angle
(�)v,u Chromav,t

Anthocyanin
(mg�g dwt–1)y

Red color
intensityx,w

Hue angle
(�)v Chromav

Cireo 115.33 h —s 133.18 a 18.02 f 155.88 h — 115.69 a 40.16 d
Impuls 401.40 a 136 a 6.59 f 50.51 a 493.56 a 141 a 12.26 f 56.67 a
Lotto 192.30 e 90 c 10.01 ef 27.05 d 261.14 d 93 d 28.15 d 38.10 e
OOC 1310 143.29 g 46 d 40.83 b 13.57 g 187.62 g 34 e 44.40 b 17.09 h
OOC 1426 248.55 d 132 a 13.28 e 26.46 d 284.62 c 125 b 9.59 g 35.81 f
OOC 1434 144.50 g 90 c 31.22 c 12.68 g 193.98 f 89 d 40.03 c 16.18 h
OOC 1441 282.22 b 112 b 7.74 f 39.02 b 305.00 b 106 c 8.58 g 45.71 b
SVR 9634 165.09 f 35 d 29.02 c 24.65 e 239.12 e 45 e 29.35 d 25.52 g
Valeria 274.35 c 107 b 17.31 d 32.86 c 303.48 b 106 c 16.82 e 42.88 c
Least significant

difference0.01 6.05 1.4 4.27 1.78 5.69 1.2 2.65 2.05
zNumbers in the same column followed by the same letter are not significantly different according to Fisher least significant difference test (a = 0.01).
yNumber of data points per cultivar used in statistical analysis = 18.
xNumber of data points per cultivar used in statistical analysis = 80.
wDistance (mm) from left-most anchor on a 165-mm-long horizontal line scale bearing the caption ‘‘light red.’’
vNumber of data points per cultivar used in statistical analysis = 18.
uHue expressed in degrees of a circle: 0� = pure red, 90� = pure yellow, 180� = pure green, 270� = pure blue.
tChroma values indicate color saturation; higher values indicate greater color intensity.
sCireo lacks visible red pigment. Therefore, red color intensity was not scored.
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transplanting (236.7), and that, regardless of
Y and TD, mean varietal anthocyanin con-
centrations tended to follow the pattern
‘Impuls’ > ‘OOC 1441’ > ‘Valeria’ >
‘OOC’1426’ > ‘Lotto’ > ‘SVR 9634’ >
‘OOC 1434’ = ‘OOC 1310’ > ‘Cireo’ (Fig. 1).

Panel scores of red color intensity. In
2003, judges distinguished cultivars based on
red color intensity (anthocyanin concentra-
tion) regardless of TD (Table 2). ‘Impuls’
received the highest intensity scores and
either ‘SVR9634’ or ‘OOC1310’ the lowest
(Table 2). Relative to scores for ES-planted
samples, scores for LS-planted samples
increased in three cultivars, decreased in
three cultivars, and remained unchanged in
two cultivars; however, changes in panel
scores from ES to LS were not significant
(data not shown).

Direct and indirect assessments of color.
Cultivars were also distinguishable by color-
imetry and spectroradiometry as hue angle
and chroma values differed significantly
among cultivars (Table 2) and a wide range
of reflectance values was observed in 2003
(Fig. 2). Regardless of TD, ‘Cireo’ had the
highest hue angle and ‘Impuls’ the highest
chroma (Table 2). Cultivars ranking low,
medium, or high for red color intensity, hue
angle, or chroma after ES transplanting in
2003 tended to retain their relative ranking
after LS transplanting.

Significant quadratic relationships were
found between instrumented (spectroradiom-
eter, colorimeter) and analytic (spectropho-
tometer) measures taken in 2003 (Fig. 2).
Increases in average reflectance at 635 nm
and chroma were associated with increases in
anthocyanin concentrations (Fig. 2A, C),
whereas increases in hue angle were associated
with decreases in anthocyanin level (Fig. 2B).

Interesting quadratic relationships were
also found between spectroradiometer, col-
orimeter, and spectrophotometer values and
human panelists’ scores in 2003 (Fig. 3).
Increases in average reflectance at 635 nm
and anthocyanin levels were associated with
increases in red color intensity scores (Fig.
3A, C), whereas increases in hue angle were
associated with decreases in red color inten-
sity scores (Fig. 3B).

Twelve additional plots were developed
to elucidate potential TD effects on the
relationships evident in Figures 2 and 3, yet
the shape and statistics of these plots revealed
that TD did not alter these relationships (data
not shown). The shapes and slopes of the 12
regression lines changed little relative to
those shown in Figures 2 and 3. Also, seven
of the 12 R2 values were within 0.03 of the
values shown in Figures 2 and 3 (data not
shown). However, the R2 value in Figure 2B
increased to 0.70 (ES) and 0.59 (LS) and the
R2 value in Figure 2C increased to 0.91 (ES)
when subsets of the data shown in Figure 2
were plotted.

Discussion and Conclusions

Anthocyanin concentrations. Genetics,
temperature, and light influence anthocyanin

accumulation in lettuce (Gazula et al., 2005;
Kleinhenz et al., 2003a). In this study, mean
daily air temperatures tended to be higher in
2002 than in 2003 and after ES versus LS
transplanting (Fig. 4), contributing to the
higher anthocyanin levels observed in 2003

and after LS transplanting. However, culti-
var-specific tests of the Y effect revealed Y
significantly affected anthocyanin levels in only
four of nine cultivars (data not shown). Inter-
estingly, these four cultivars contained mean
experiment-wide anthocyanin concentrations

Fig. 2. Relationships between (A) reflectance at 635 nm measured with a spectroradiometer, and (B) hue
angle and (C) chroma measured with a colorimeter and anthocyanin concentrations measured with a
spectrophotometer for leaves of nine lettuce cultivars grown at the Ohio Agricultural Research and
Development Center Muck Crops Research Station in Celervyille, Ohio, in 2003.
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exceeding 264.0 mg�g dwt–1. Mean anthocy-
anin levels in ‘Cireo’, ‘OOC 1310’, ‘OOC
1434’, and ‘SVR 9634’ (124.1–205.0 mg�g
dwt–1 in 2002 and 135.6–202.1 mg�g dwt–1 in
2003) were lowest experiment-wide and dis-
played little response to changes in temper-
ature and other factors between 2002 and
2003. Anthocyanin levels in ‘Lotto’ and
‘OOC 1426’ (264.0–314.1 mg�g dwt–1 in
2002 and 226.7–266.6 mg�g dwt–1 in 2003)

were intermediate and affected annually in
only ‘Lotto’. However, mean anthocyanin
levels in ‘Valeria’, ‘OOC 1441’, and ‘Impuls’
(446.2–874.4 mg�g dwt–1 in 2002 and 228.9–
447.5 mg�g dwt–1 in 2003) were highest and
affected annually in each of these cultivars.
Also, anthocyanin concentrations were sig-
nificantly greater after LS versus ES trans-
planting in all cultivars (Fig. 1). Across years,
mean anthocyanin concentrations after LS

transplanting exceeded those after ES trans-
planting by 32% to 43% with an average ES
to LS transplanting increase of 35% (Fig. 1).
Regardless of Y, daily average temperatures
tended to be higher in ES than LS trans-
plantings, particularly during the 10 days
immediately before plant harvest (Fig. 4).
However, LS plots may also have experi-
enced lower light levels than ES plots. Light
is essential for anthocyanin synthesis
(Reay, 1999; Weiss and Halevy, 1991) and
shaded lettuce may contain less anthocyanin
(Kleinhenz et al., 2003a). However, moderate–
low temperatures are thought to separately
and specifically trigger anthocyanin synthe-
sis, not simply enhance its regulation after
gene expression (Shvarts et al., 1997a).
Therefore, under normal growth conditions,
temperature, not light, may exert the stron-
gest influence on anthocyanin concentrations
in lettuce, an assertion supported by data
from cocoplum (Chrysobalanus icaco)
leaves (Levi-Nissim et al., 2003) and our
own data; the suppressive effect that low light
levels may have had in our LS samples seems
to have been overcome by the enhancement
effect of low temperature in the same sam-
ples. Our data suggest lettuce cultivars genet-
ically predisposed to contain higher
anthocyanin concentrations respond most
strongly to annual or seasonal temperature
patterns.

Associations among instrumented
assessments of color, anthocyanin levels,
and panelists’ scores of red color intensity.
In addition to genotype and TD effects on
anthocyanin levels, three types of associa-
tions were tested in this work. In the first,
physical, instrumented assessments of color
made with a colorimeter and spectroradiom-
eter were compared with direct measures of
anthocyanin concentration. In the second and
third, direct measures of anthocyanin levels
and instrumented assessments of color were
compared with human panelists’ scores of
red color intensity. Relationships evident in
Figures 2 and 3 appear worthy of exploitation
in additional research, particularly that
involving a larger set of genotypes varying
only in anthocyanin production potential.
Leaf reflectance (spectroradiometer, Fig.
2A) and chroma (colorimeter, Fig. 2C) values
strongly correlated with anthocyanin levels.
Also, although weaker, associations between
spectroradiometer, colorimeter, and spectro-
photometer values and human panelists’ rat-
ings (Fig. 3) were encouraging. Interestingly,
anthocyanins were found in ‘Cireo’ but
panelists detected no redness in this cultivar
and, therefore, did not score its red color
intensity. Although the visualization of red-
ness is mitigated by many factors, these
results suggest the threshold level of antho-
cyanins needed for panelists to see red is
more than that reported here for ‘Cireo’.

Overall, the data underscore the potential
for rapid, inexpensive, and potentially non-
destructive instrument-based assessments of
red coloration to serve as proxies for direct
measures of anthocyanin levels and human
panelist red color intensity scores, particularly

Fig. 3. Relationships between (A) reflectance at 635 nm measured with a spectroradiometer, (B) hue angle
and (C) chroma measured with a colorimeter and red color intensity scores (0–165-mm scale) given by
human panelists for leaves of nine lettuce cultivars grown at the Ohio Agricultural Research and
Development Center Muck Crops Research Station in Celervyille, Ohio, in 2003.
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if the aim is to establish color differences
between major experimental groups and
assign quantitative, potentially repeatable
values to red color intensity. The data also
point to careful selection of genotypes and
growing conditions as key to the success of
additional work in this area. Seeking to verify
whether similar relationships exist in lettuce
samples grown under a different set of con-
ditions, anthocyanin levels, and spectroradi-
ometer readings were taken in a subset
(‘Lotto’, ‘Valeria’, ‘Impuls’) of cultivars
used in the current study and subjected to
contrasting growing temperatures in environ-
mentally controlled chambers (Gazula et al.,
2005). A positive, curvilinear relationship
(R2 = 0.97) similar to that shown in Figure
2A was found (data not shown). Lettuce
breeders, product development specialists,
and other sectors of the lettuce production–
distribution–sale continuum are likely to
benefit from clarification of relationships
reported here.
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