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AppiTionAL INDEx worDps. CIELAB, Lycopersicon esculentum

AssTrACT. The genetic and environmental variation for flesh color of tomato (Lycopersicon esculentum Mill.) fruit was
quantified using 41 red-fruited breeding lines, open-pollinated cultivars, and hybrids that are representative of the
diver sity of tomatoesgr own for whole-peel processingin themidwester n and easter n United Statesand Ontario, Canada.
Objectivecolor measurementsweremadefor 2 year sfrom replicated experimentswith 2to4 blocksper year. Genotypes
differed significantly in lightnessvalue (L *), satur ation (chroma), and hueangle. Variation within fruit and among fruit
in plots accounted for more than 75% of the environmental variation for the color traits. The crimson locus (0g°)
accounted for lessthan one-third of the variation in fruit color among genotypic means, and explained 18% to 27% of
the genotypic variation for L*, chroma, and hue. Estimates of variance components were used to develop sampling
strategiesfor improvingselection efficiency. Genotypeswer eidentified that may beuseful for studyinggeneticdifferences

that lead to quantitative variation for fruit color in red-fruited populations of tomato.

Color isadefining attribute of quality for fresh and processed
tomatoes. Given the predominance of red fruit in tomato com-
merce, our breeding goal isto obtain genotypesthat consistently
producefruit with color that is saturated, dark, and red. Breeding
red tomatoes of improved color from modern breeding lines
requires that we be able to distinguish between genetic and
environmental effectsin populations exhibiting continuous phe-
notypic variation. Moreover, theidentification of breeding lines
that differ in color isarequired first step towards understanding
how genetic differences lead to these small, but horticulturally
important, differencesin phenotype.

Pigmentationintomatoiscontrolled by many genes(Stommel
and Haynes, 1994; Tigchelaar, 1986). Nine classically defined
genetic loci (with atotal of 15 aleles) have large effects on the
flesh color of ripetomatoes. Theseloci include: old gold crimson
(og°) and it's alele Beta-carotene; apricot; Delta; diospyros;
green flesh; Green ripe; high pigment-1; high pigment-2; dark
green; Intense pigment; modifierggacaoene; Fed color in yellow
fruit; sherry; tangerine; and yellowflesh (Jenkinsand M ackinney,
1953, 1955; Kerr, 1958; Rick and Chetelat, 1993; Thompson et
al., 1967; Tomes et al., 1953, 1956; Van Tuinen et a., 1997,
Y oung, 1956). Many of these genes affect fruit color by control-
ling the quantities and/or types of pigments produced (Khudairi,
1972). Unfortunately, many of theseclassically defined genesare
of no direct use for breeding red tomatoes. Genotypes with the
high pigment genes (including dark green) increase total caro-
tenoid pigments and improve fruit color, but typically exhibit
undesirable characteristics such as poor germinability and brittle
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stems (Jarret et al., 1984; Thompson, 1961). Thus undesirable
pleiotropi c affects have slowed the use of high pigment genes. In
contrast, og° has been used extensively in processing tomato
breeding programsfor the midwestern and eastern United States.
Thisgeneworksthrough abiochemical mechanismthat isdistinct
fromthe high pigment genes, asit increases|ycopene content and
reduces [3-carotene content (Thompson et al., 1965).

Recently aleles from wild species have been identified that
increase red color when transferred into cultivated tomato
(Bernacchi etal., 1998; Tanksley et al., 1996). Thesealleleshave
been identified using a combination of quantitative trait locus
(QTL) anaysis, DNA-based genetic markers, and an advanced
backcross breeding strategy. Five loci with a positive effect on
fruit color were identified in L. hirsutum Dunal accession LA
1777 (Bernacchi et al., 1998) and threein L. pimpinellifolium (B.
Juss.) Miller accession LA 1589 (Tankdley et al., 1996). Several
of these loci map to positions in the genome lacking classically
defined loci that affect color. Thus, in addition to the classically
defined major genes, other genes that affect fruit pigmentation
and color probably exist and can be defined using quantitative
methods.

Evidence exists for additional genes that have a quantitative
effect on fruit color and pigment content within L. esculentum.
For example, the amounts of predominant carotenoids vary
widely in the ripe fruit of three old cultivars, Campbell 146,
Eastern States 24, and Rutgers. For thesethree varieties, pigment
content ranged from 19% to 42% col orless phytoene and phytof-
luene, 1% to 2% pink y-carotene, 4% to 6% orange 3-carotene,
and 50% to 76% red lycopene (Thompson et al., 1967; Tomes,
1963). Raymundo et al. (1976) found that ripe, red fruit of
‘Summer Sunrise’ contained 1.7% greenish-yellow {-carotene
and 0.1% yellow neurosporene in addition to 17% phytoene and
phytofluene, 0.5% y-carotene, 6.9% [3-carotene, and 73.7% lyco-
pene. Thompson et al. (1967) noted that the genetic background
of ‘Campbell 146’ and ' Eastern States 24’ influenced the expres-
sion of og®in F; and backcross populations derived from crosses
with ‘High Crimson’ (og¥og°). Thus it is likely that genes or
alleles other than og® may be useful for improving color.

Given that environment can obscure genetic differences
(McCollum, 1956), breeding progress will require estimates of
fruit color that are precise enough to distinguish genotypic



differences among breeding lines of red-fruited tomatoes. One
obstacle to improving tomato color through breeding isalack of
knowledge on how best to sample. In this study, we quantified
sources of genotype x environment variation and devised sam-
pling strategies that should improve detection of small differ-
ences among genotypes for flesh color. Our goal wasto develop
astrategy that allowsfor increased efficiency in breeding toma-
toes suited for awhole-peel product. Weidentified modern, red-
fruited tomato lines that differ in color under horticulturally
relevant environments. In addition, genotypes lacking og® were
identified that produced dark, red, highly saturated fruit. Thusthe
genetic control of color insomeof thelinesisknownto bedistinct
and, therefore, may provide useful material for studying the
genetic mechanisms underlying quantitative variation for color
within adapted germplasm.

Materials and M ethods

PLANT MATERIALS. A sample of 41 modern breeding lines and
cultivars was chosen to represent a cross-section of the germ-
plasm of processing tomatoestypically growninthe Midwestern
and Eastern United States and Ontario, Canada (Table 1). Seed
was planted in flats on 6 Apr. 1995 and 3 Apr. 1996. Seedlings
were grown inside agreenhouse and transplanted to thefield 6 to
8 weeks after planting. Transplants were spaced 0.3 m apart on
raised beds with 1.54 m between the beds. Field trials were
conductedat TheOhio StateUniversity’ sV egetable CropsBranch
in Fremont, Ohio, which is located in an area of commercial
tomato production. Production practices were as recommended
for commercial growers (Precheur, 1997).

A Johnson mechanical harvester was used for once over
harvest and fruit were sorted by hand into ripe, green, and cull
categories. Theripefruit were graded at 98% to 100% usable by
U.S. Department of Agricultureinspectorsand provided the raw
material for color analysis.

CoLoR MEASUREMENT. Five to thirteen ripe fruit were mea-
sured from each plot. Two objective measurementsin CIELAB
color space (Commission Internationale de I’ Eclairage, 1978)
wereobtained for each fruit with aCR-100 colorimeter (Minolta,
Ramsey, N.J.). The CR-100 colorimeter measuresthered, green,
blueand total amount of light refl ected from an object using an 8-
mm-diameter measuring area, a d/0° illuminating and viewing
geometry, andilluminant C. CIELAB hashbeen used for objective
color measurementsof horticultural commoditiessuchasgerbera
(Gerberajamesonii H. Bolusex Hooker) flowers (Tourjeeet al.,
1995) and strawberry (Fragaria xananassa Duch.) fruit (Sacks
and Shaw, 1994). In the CIELAB color space, +a is the red
direction, —a* isthe green direction, +b* isthe yellow direction,
and —b* is the green direction. The color space is three-dimen-
sional, wherethethird axis, L*, representswhite to black and the
a*—b* plane may be visualized as acolor wheel that islighter or
darker depending on the level of L*. Lower L* values represent
a darker color. Chroma (C*), a measure of saturation, was
calculated with the formula: (a*? + b*?)Y2. A minimum color
CIELAB difference of 1 unit will be perceptible to a human
observer depending on the L* value, background color, and
lighting; differencesinthe 1to 2 unit range are noticeableto most
observers (E. Carter, Minolta, personal communication; Berger-
Schunn, 1994). Hue-angle, in degrees, isameasureof anobject’s
colorinthea*—b* planeand wascal culated as (180/p) * cos™ (a*/
C*) for the positive values of b obtained. Perception of hueangle
differences will depend on the chroma with differences more

detectableat higher chroma. Ingeneral, and based on theassump-
tion that there are =160 distinguishable hues, a hue angle differ-
ence of 2.5 is detectable (Hardin, 1990).

Fruit flesh was exposed for measurement by cutting the
proximal end of thetomato transversely with asharp knife, such
that only the pericarp at thetop of thefruit wasvisible (Franciset
al., 2000). The color of the gelatinous placental tissue was not
measured, but two measurementswere made on opposite sides of
the exposed fleshy surface.

ExPeRIMENTAL DESIGN. A randomized complete block design
was used. Each block had one plot per genotype. Plotswere 6.17
min length consisting of 20 plants per plot and were harvested as
aunit. There were four blocks of 41 genotypesin 1995, and two
blockswithall 41 genotypesin 1996. Two additional blocksof 14
of thegenotypes(for atotal of 4 blocks) wereplantedin 1996. The
experimental design included two levels of subsampling: among
fruit in plots, and measureswithin fruit. In the statistical analysis
plot is equivalent to genotype by block within year (G x B\Y);
within plot variation was fruit within genotype by block by year
(Fruit\GBY); and within fruit variation was equivalent to error.

STATISTICAL METHODSFOR MAIN ANALYSIS (41 GENOTYPESAND 6
BLock s). Mixed model analysesof variancewere performed with
the SAS(1992) procedure MIXED. Analyseswere conducted for
the dependent variables: L*, chroma, and hue angle. Genotype
(G) was considered afixed effect. The random effectswere year
(Y), block within year (B\Y), G x Y, G x B\Y, and fruit\GBY..
Degrees of freedom were calcul ated via the Satterthwaite option
(Neter et al., 1990). Standard errors for proportions of environ-
mental variance were estimated by the method of Dickerson
(1969). Meanswere obtained with the lsmeans statement. Linear
correlations of genotype means were calculated.

We calculated the number of tomato fruit (Fr) per block and
year needed to estimatewith 90% or 95% confidenceagenotype’s
flesh color within an upper-lower interval (1). These calculations
weremadefor L* and chromain CIELAB unitsor degreesfor hue
angleand were based on taking two samplemeasures‘ S per fruit
from‘B’ blocksineachof ‘Y’ years. Estimatesof Fr werederived
from the formulafor confidence intervals about a sample mean
(Stedl, etal. 1997), | =2 x t x n¥2, based on the assumption that
thevarianceof agenotype’ smeanis, 0%=0%,/Y +0%,/BY + 0%/
FrBY + 0%/SFrBY. Thusfor our dataset, (1/2)2 =t> x 0%, /Y + 7
X 0%, /BY + Z2x 0%/FrBY + 2% 0%/SFrBY . Solvingfor Fryields,
Fr=[(Z/SBY) x (0% + SO%4y)]/[(1/12)?— (22 X 0%y /BY —t2 x 02,/
Y)]. Valuesof t from thet distribution were based on 40 degrees
of freedom associated with 02,. For all other interactions the df
were so large that critical values approximate those for df =
infinity, hence z values were chosen over t values. For the 95%
interval, zwas set to 1.96 and t was 2.021. For the 90% interval,
zwas set to 1.645 and t was 1.68.

To determine the effect of the crimson gene, the presence of
the oge allele was confirmed by both pedigree and detection of
goldflower color under cool greenhouse conditionsduring winter
1998. Ananalysisof variancewasconducted onthe41 genotypes
with the SAS(1988) procedure GLM to study the effectsof three
levels of crimson (ogf/og®, og¥/+, and +/+) on L*, chroma, and
hue. The datawere the meansfor each genotype calculatedinthe
main analysis (Table 1) and subanalysis.

SUBANALYSIS (14 GENOTYPES AND 8 BLOCKS). A data set that
included asubset of 14 genotypes from the main analysis (Table
1), but with two additional blocks and =20 additional fruit per
genotype, was studied. Statistical procedures were analogous to
those used in the main analysis.



Results and Discussion

Therange of meanswe observed (Table 1) indicatesthat there
were appreciable differences in color among the genotypes that
would be detectable by most human observers. The Objective
color datain CIELAB color space reported in Table 1 isrelated
to the tomato industry standard of a*/b* ratio by the regression
equation hueangle=(a*/b*)(—35.05) + 79.70for thevaluesof hue
angle obtained in this study (R?=0.99, P < 0.001). Thisequation
isnot valid for hue angles outside of the range reported in Table

1 because linear functions only approximate the trigonometric
functioninanarrow rangeof a*/b* ratios(Little, 1975). Thelarge
rangefor hue angles (measured in degrees) among the genotypes
confirmsthat the fruit of some genotypes was more orange than
that of other genotypes. The objective color datawere consi stent
with our subjective observations that lower hue angles corre-
spond to more red in the fruit and higher hue angles correspond
to more orange (45°) or yellow (90°) fruit.
Inthemainanalysisof variance, differencesamong genotypes
weresignificant for L* (P =0.015) and marginally nonsignificant

Tablel. Means, upper, andlower 95% confidenceintervals(Cl) for L*, Chroma, and Hueanglefor 41 breedinglines, cultivars, and hybridsof tomato.

L* Chroma Hue
Crimson No. Lower  Upper Lower  Upper Lower  Upper

Line F,/OP genotype fruitt Mear? Cl Cl Mean Cl Cl Mean Cl Cl
E3211 oP Ogc/Oge 40 40.8 37.8 43.8 30.2 27.2 331 45.8 321 59.5
E3259 oP Ogc/Oge 40 40.9 37.9 43.9 31.9 289 34.8 46.0 32.3 59.7
087175 oP Ogc/Oge 44 411 38.2 441 31.0 28.1 339 47.1 33.2 60.9
09442 oP +/+ a4 41.3 38.2 44.3 30.0 27.1 329 50.5 36.9 64.0
TR12 F, +/+ 48 414 385 4.4 31.1 28.1 34.0 51.2 37.2 65.1
08556" oP Ogc/Oge 48 415 385 444 29.9 27.0 32.8 46.2 32.2 60.2
OX137 F, Ogc/Oge 44 41.8 38.8 44.8 30.6 27.7 335 50.3 36.4 64.1
08689 oP Ogc/Oge 40 41.9 389 44.9 29.7 26.8 32.6 48.3 34.6 62.0
OX88 F, +/Ogc 44 422 39.2 451 31.3 284 34.2 49.1 35.1 63.1
09241 oP Ogc/Oge 45 42.3 394 45.3 31.2 28.3 34.1 48.9 35.0 62.8
08446 oP +/+ 40 42.3 39.3 45.3 33.2 30.3 36.1 51.1 374 64.8
09441 oP Ogc/Oge a4 24 394 45.3 304 275 33.3 49.9 36.1 63.8
OX139 F, +/Ogc 48 425 39.6 455 30.6 27.7 335 51.3 374 65.3
09244 oP Ogc/Oge 46 42.6 39.6 455 315 28.6 34.4 49.8 359 63.7
09436 oP Ogc/Oge 46 42.6 39.7 45.6 322 29.3 35.1 49.7 35.7 63.6
OX52¢ F, +/+ 40 42.6 39.6 45.6 31.6 28.7 34.5 50.7 37.0 64.4
07983 oP +/+ a4 42.8 39.8 45.7 309 28.0 338 56.5 42.6 70.3
08444 oP +/+ 40 42.8 39.8 45.8 30.7 27.8 33.6 52.7 39.0 66.4
E3111 oP Ogc/Oge 40 429 39.9 45.9 325 29.6 355 49.2 355 62.9
09435 oP Ogc/Oge 55 43.0 40.0 45.9 30.2 27.3 331 51.8 37.7 66.0
OX70 F, +/+ 44 431 40.1 46.1 30.2 27.3 331 55.3 415 69.2
E3228 oP Ogc/Oge 48 43.2 40.2 46.1 305 27.6 334 51.6 37.6 65.6
OX120 F, Ogc/Oge 48 43.2 40.3 46.2 30.1 27.2 33.0 52.6 38.7 66.6
E1856 oP +/+ a4 43.3 404 46.3 33.3 30.4 36.2 48.8 349 62.6
PS696 F, +/+ 40 434 404 46.4 31.2 28.3 341 50.8 37.1 64.5
08550 oP +/+ 40 43.6 40.6 46.6 29.3 26.3 322 49.0 35.3 62.7
086120 oP Ogc/Oge 44 444 414 474 29.8 26.9 32.7 574 43.6 71.3
08675 oP +/+ 40 4.4 414 474 29.0 26.1 31.9 54.3 40.6 68.0
OX53 F, +/Ogc 48 4.4 415 474 30.6 27.7 335 54.1 40.1 68.1
09439 oP Ogc/Oge a4 445 415 474 31.0 28.1 339 535 39.6 67.3
OX9* F, +/+ 47 44.6 41.6 475 33.7 30.8 36.6 50.1 36.1 64.0
OX3 F, +/+ 48 4.7 41.8 47.7 322 29.3 35.1 52.6 38.6 66.6
E3097 oP +/+ 40 451 421 48.1 33.7 30.8 36.6 53.4 39.7 67.1
087160 oP +/+ a4 454 24 48.3 32.2 29.3 35.1 56.5 42.6 70.3
OX42 F, +/+ a4 45.7 42.8 48.7 32.8 29.9 35.7 53.0 39.1 66.8
088119 oP +/+ 46 45.8 42.9 48.8 331 30.2 36.0 55.7 418 69.7
OX38 F, +/+ 44 46.1 43.2 49.1 34.2 31.3 37.1 55.3 414 69.1
E3096 oP +/+ 40 46.3 43.3 49.3 31.2 28.3 341 55.3 41.6 69.0
08245 oP +/+ 39 47.1 4.1 50.1 321 29.2 35.0 57.2 435 70.8
OX72 F, +/+ a4 47.7 4.7 50.7 33.7 30.8 36.6 59.7 45.9 73.6
OX64 F, +/+ a4 47.9 44.9 50.8 32.7 29.8 35.6 59.1 45.2 73.0
Range 7.1 5.2 13.9

“Total number of fruit measured from four blocksin 1995 and two blocks in 1996, with two sample measures per fruit.
YStandard errors of genotypic means for L, chroma, and hue ranged from 1.4 to 1.5, 1.2 to 1.3, and 4.1 to 4.2, respectively.
XIncluded in asubananlysis of 14 genotypes and eight blocks. Means shown are based on the six blocks of the main analysis. OP = open pollinated

variety, F, = first filia hybrid.



Table 2. Variance components, standard errors (SE) of variance components, proportions of environmental variance (PEV), and standard errors of

proportions for five flesh color traits of tomato.

2

Color trait Source o) SE of 02 PEV SE
L* Year (Y) 0.69" 111 0.02 0.03
Block\Y (B\Y) 0.05" 0.14 0.00 0.00
GxY 1.30™ 0.80 0.04 0.02
G x B\Y 250" 0.66 0.07 0.02
Fruit\GBY 1571 0.90 0.43 0.02
Error 16.46™" 0.55 0.45 0.02
Chroma Year (Y) 1.02%s 1.52 0.06 0.10
Block\Y (B\Y) 0.01% 0.05 0.00 0.00
GxY 1.33" 0.49 0.08 0.03
G x B\Y 1.14™ 0.25 0.07 0.02
Fruit\GBY 3.10™ 0.32 0.19 0.02
Error 931" 0.31 0.59 0.02
Hue Year (Y) 20.19" 29.19 0.11 0.16
Block\Y (B\Y) 0.27" 0.55 0.00 0.00
GxY 6.74" 3.35 0.04 0.02
G x B\Y 5.89" 2.50 0.03 0.01
Fruit\GBY 80.74 4.36 0.49 0.02
Error 58.78™" 1.97 0.32 0.01

NS* ™ ™*Nonsignificant or significant at P < 0.01, 0.001, or 0.0001, respectively.

chroma (P =0.053), and hueangle (P=0.051). Inthesubanalysis
containing additional replication, genotypic differences were
highly significant for all three color traits (P = 0.001 for L; P =
0.004 for chroma; and P < 0.001 for hue angle). Thus, the
additional sampling of blocks and fruit in the subanalysis in-
creased our ability to detect differences among the genotypes.
Genotypic differencesin hue may have resulted from the differ-
ences in types of pigments, in ratios of pigments, or both.
Differencesin L* and chroma probably reflected different pig-
ment concentrations. Given that analysis of pigmentsis expen-

sive, this study’s identification of genotypes that differ in fruit
color should improve the efficiency of future studies of pigment
composition.

A strong positive linear correlation was observed between L*
and hue angle (R2=0.83, P < 0.001) . Thus, the genotypes with
lighter fruit color (higher L* values) tended to be amore yellow
orange than the genotypes with darker fruit color. Ranges of
genotypic chromas were similar along the entire range of hues.
Evaluation of data plots did not suggest nonlinear relationships
for any pair of color traits.

Table 3. Number? of tomato fruit per block and year needed to estimate with 90% or 95% confidence the lightness (L*) and chromaof agenotype’s

flesh within an interval (upper —lower) of CIELAB units.

No. No. 3 units 4 units 5 units 6 units
years blocks 90% 95% 90% 95% 90% 95% 90% 95%
L*
1 4 — — — — 19* — 5 19
1 6 — — — — 8 — 3 8
1 8 — — — — 5 — 2 5
2 4 — — 7 85 3 5 2 3
2 6 — — 4 15 2 3 1 2
2 8 — — 3 8 1 2 1 1
3 4 12 — 3 6 2 3 1 2
3 6 6 — 2 3 1 2 1 1
3 8 4 52 2 3 1 1 1 1
Chroma
1 4 — — — — 4 — 2 3
1 6 — — — — 2 66 1 2
1 8 — — — — 2 15 1 2
2 4 — — 2 6 1 1 1 1
2 6 16 — 1 3 1 1 1 1
2 8 8 — 1 2 1 1 1 1
3 4 3 36 1 2 1 1 1 1
3 6 2 9 1 1 1 1 1 1
3 8 1 5 1 1 1 1 1 1

2V alues rounded up to the nearest whole number.



Table 4. Number? of tomato fruit per block and year needed to estimate with 90% or 95% confidence the hue angle of agenotype’ sflesh withinan

interval (upper — lower) of degreesin the CIELAB color space.

No. No. 6 degrees 8 degrees 10 degrees 12 degrees
Years Blocks 90% 95% 90% 95% 90% 95% 90% 95%
1 4 — — — — 41 — 7 41
1 6 — — — — 17 — 4 17
1 8 — — — — 11 — 3 11
2 4 — — 9 — 3 7 2 3
2 6 — — 6 111 2 5 2 2
2 8 — — 4 35 2 3 1 2
3 4 21 — 4 8 2 3 1 2
3 6 11 — 2 5 1 2 1 1
3 8 7 — 2 4 1 2 1 1

2V alues rounded up to the nearest whole number.

Asexpected (Thompson et a., 1967), thecrimson alelehad a
large effect on fruit color (Table 1). Significant differences
between og*/og° and +/+ were observed for L*, chroma, and hue
angle. Lines that were og¥/og° tended to have fruit that were
darker, more saturated and less orange than lines that were +/+.
The mean for og®/+ was intermediate to, but not significantly
different from, the means for og®/og° and +/+. The intermediate
mean for og¥/+ is consistent with the observation that oge is
codominant (Thompsonet al., 1967). Thelack of significancefor
differences between the og® heterozygotes and the two classes of
homozygotes is probably the result of small sample size; there
were only three heterozygotes in the popul ation.

The crimson locus did not account for all of the genotypic
variation. Some +/+ lines (e.g., 09442) were among the darkest-
fruited and some og/og° lines (e.g., ©09439) had considerably
lighter fruit color thanmany +/+lines(Tablel). Valuesof R2from
the analysisof variance (SAS, 1988) were 0.18 for chroma, 0.26
for hue, and 0.27 for L*, suggesting that og° explains 18%t0 27%
of the observed variation between genotypes. When data from
only the +/+ lineswere analyzed, significant genotypic variation
wasdetected for chroma (P < 0.05). Thusgenesother thenogc are
probably contributing to genetic variation in this population of
adapted breeding lines, cultivars, and hybrids.

Variance componentsindicated that variation within fruit and
among fruit in plotsaccounted for morethan 75% of theenviron-
mental variation for the five color traits (Table 2). Most of the
within-fruit variation is due to yellow shoulder disorder (Y SD)
whichischaracterized by sectors of yellow or green tissue under
the peel (Francis et al., 2000). The occurrence of this disorder
resulted in an inflated error variance because of the large differ-
ence in CIELAB values between green and red tissue relative to
the more subtle differences between red and orange-red fruit
associated with genotypes (Table 1). In addition, the microenvi-
ronment of aripening fruit and relative maturity may have had an
effect on within-plot fruit color. Artificial shading, and tempera-
tures exceeding 32 °C, have been associated with low lycopene
content and poor color intomatoes (McCollum, 1956). Although
these sources of variation may obscure genetic differences, the
variation associated with Y SD and microenvironment is normal
within the context of tomatoes grown in the field for once-over
machine harvest. Variance components for Y, B\Y and G x Y
were nonsignificant or small, but those for G x B\Y were
significant and accounted for 3% to 7% of the environmental
variation (Table 2).

Depending onthedesired degreeof accuracy and theresources
available for measuring fruit, we can choose from a number of

feasible sampling strategies (Table 3, Table 4). For most color
traits, the genotypic extremes of our population could be distin-
guished from each other by sampling a modest number of fruit
(four to 41 per block) from only four blocksin 1 year (Table 3,
Table 4). A higher degree of precision (four-unit intervals) is
obtainablefor L* and chromawith 95% confidence by sampling
24fruitineach of six blocksfor at least 2 years. Our relatively low
estimates of 02, and 02, were obtained from only 2 years of
sampling. If the true values of these variance components are
actually larger than those estimated, then sampling over more
years would be needed to obtain highly precise estimates of a
genotype' sfruit color. Any differencesamonglocationsmay also
contributeto color variation. Thefruit samplesfor thisstudy were
drawn form alocation with ahigh incidence of Y SD (Francis et
al., 2000), and we have probably overestimated the within-fruit
and within-plot variationrel ativeto environmentsthat are condu-
cive to uniform fruit color. If, through the addition of further
locations, 0% and related interactionswere large and the within-
fruit and within-pl ot variance componentswerenot affected, then
more sampling would be required.

We have determined that some modern breeding lines of
tomato differ for color of fruit flesh under agriculturally relevant
environments. The sampling strategies presented in Table 3 and
Table 4 should help tomato breeders improve fruit color via
selection. Future comparisons of carotenoid composition in poor
and good-colored lines, with and without og®, would beinforma-
tive. By comparing therelative quantities of carotenoid pathway
intermediatesamong breeding linesthat exhibit small differences
in fruit color, we may be able to focus our attention on the
enzymatic and genetic differencesthat contribute to quantitative
variation.
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