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ABSTRACT. Tomato (Solanum lycopersicum) breeders have observed that plants with uniform green-shouldered fruit
are less prone to yellow shoulder (YS) than are plants with (dark) green-shouldered tomatoes and thus have selected
for tomato cultivars with uniform green-shouldered fruit. However, a recent publication reported that a cultivar with
green-shouldered fruit had significantly higher soluble solids content (SSC) than an isogenic cultivar with uniform
green-shouldered fruit and postulated that selection of uniform green shoulder has negatively affected tomato flavor
and processing quality. Lines with dark green (u+), uniform green (u), uniform gray-green (ug), apple green (uAg),
medium green, and pale green (uPg) immature fruit colors were crossed in all combinations to produce F1 plants that
were self-pollinated to produce F2 seed. Parents, F1, and F2s were planted in the field in completely randomized block
designs over two seasons. Plants were visually phenotyped for immature fruit color, and fruit from each plant were
selected to measure shoulder and base color with a colorimeter. Ripening fruit were harvested to measure the
incidence of YS, and SSC was measured on ripe fruit from each plant with a refractometer. In the spring season, fruit
from F2 plants with green-shouldered fruit had significantly higher YS incidence than all phenotypes with uniform
fruit colors. In the fall, phenotypes with medium-green shoulders were also tested, and these had greater YS than all
other phenotypes except green shoulder. YS incidence for green shoulder was not significantly greater than that in the
other phenotypes. Fla. 7956, the apple green parent, had 0% YS and appeared to be resistant. Higher SSC was
observed in the spring season than in the fall season. However, in both seasons, when comparisons were made between
phenotypes that segregated in the F2s, the SSC of green-shouldered phenotypes was not significantly higher than that
of other phenotypes. Plants with apple green fruit tended to be higher in SSC in the fall, but this may relate to the dark
green foliage of apple green plants and not just the fruit color. A hypothesis that stress may relate to reported SSC
increases because of u+ is discussed.

In tomato fruit, the wild-type green shoulder is characterized
by an area of dark green pigmentation on the proximal or stem
end (shoulder) of unripe fruit because of increased chlorophyll
concentration, the biosynthesis of which is activated by light
(Smillie et al., 1999). A mutant of the wild-type allele called
uniform ripening (u gene) was first described by Yeager (1935).
Bohn and Scott (1945) reported on a mutant called uniform
gray-green (ug gene) that is identical to the u phenotype,
although Reynard (1952) thought he could distinguish the two
genes. The phenotype of these two genes has uniform light
green pigmentation on unripe fruit from the stem end to the
distal or blossom end and will be referred to as uniform green
hereafter. In the last four decades, tomato breeders have
generally selected for uniform green fruit because of observa-
tions that green shoulders were associated with increased
incidence of YS in ripening fruit (Picha, 1987; Picha and Hall,
1981; Scott, 2014;Venter, 1965;Yeager, 1935). YS is a ripening
disorder in which all or part of the shoulder pericarp does not
fully ripen, resulting in a hard yellow or green section distinctly
demarked from the normally ripened tissue (Picha, 1987; Scott,
2014). YS has been classified as a form of blotchy ripening that
occurs on the shoulder of the tomato (Picha and Hall, 1981)
because both involve sections of fruit that remain yellow when
the rest of the fruit turns red. However, blotchy ripening and YS

are usually quite distinct from each other, and some genotypes
are susceptible to only one or the other. Francis et al. (2000)
described a second disorder they refer to as YS disorder where,
in processing genotypes, uniform green fruit appear normal red
on the outside, but when the peel is removed, pericarp tissue in
the shoulder is yellow. A third discoloration described by
Francis et al. (2000) is a yellow ring around the stem scar. This
yellow ring is generally associated with white tissue formation
in the pericarp of the fruit interior and may also be an indicator
of the subcutaneous YS described by Francis et al. (2000).
However, in this article, it was not considered as a form of YS
as it only relates to white tissue formation in Florida (J.W.
Scott, personal observations). Fruit with YS have no market
value and are culled during packing (Picha, 1987; Venter,
1965). Besides genotypic effects, several other factors can lead
to increased YS incidence. Low potassium increased the
incidence and severity of YS (Venter, 1965). High tempera-
tures, relative humidity, and light levels significantly increased
the incidence of YS, with the effect of temperature dependent
on light (Romero-Aranda et al., 2004). YS can be prevented by
planting tolerant cultivars when harvesting ripening fruit in the
sun. Otherwise, if fruit are harvested at the mature green stage
and ripened in the dark with exogenous ethylene, they will not
express YS (Scott, 2014).

Recently, Powell et al. (2012) reported that ripe fruit of
‘Ailsa Craig’, a cultivar with green-shouldered fruit, had
significantly higher SSC than did ‘Craigella’, an isogenic
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cultivar with uniform green (u)
shoulders. These authors concluded
that tomato breeders, in selecting
for the u gene, had inadvertently
selected for lower SSC and thus
reduced fruit quality in both fresh
and processed tomato cultivars. In
another study, Nguyen et al. (2014)
found a similar trend in that SSCwas
from 20% to 40% higher in u+ types
than in u types of tomatoes. The
findings of Powell et al. (2012) and
Nguyen et al. (2014) were surprising
because it was widely accepted that
fruit were sinks for photosynthetic
activity with most photo-assimilates
translocated from leaves, with to-
mato fruit themselves being only
small contributors (Hackel et al.,
2006; Zanor et al., 2009).

In addition to u and ug, there are
other green tomato fruit phenotypes
that have been reported and/or ob-
served in tomato breeding programs. Reynard (1956) reported that
dark-pigmented fruit and/or foliage types were found in a rogue
plant of an unknown line at a Campbell’s farm (Riverton, NJ)
and called this ‘Webb’s Special’ (‘Black Queen’). From this
line, at least two genes, high pigment 1 (hp-1) and high pigment
2 (hp-2), were discovered, and these had very dark green fruit
and foliage (Reynard, 1960). Reynard (1960) also described
fruit from ‘Ontario’ called apple, which hereafter will be called
apple green, where the fruit are uniformly dark green with
pigmentation lighter than that of high pigment but darker green
than that of u and ug. The foliage of apple green is also dark
green, which may be a pleiotropic effect of a single gene. In the
same report, Reynard (1960) briefly described fruit from
‘Niihau’ as being whitish green, and this phenotype may be
similar to the fruit of ‘Micro-Tom’ that we refer to as pale green
where the fruit are lighter than uniform green and are almost
white in appearance. Another phenotype seen in the field but not
reported we call medium-green shoulder, where fruit shoulders
are darker green than those with u or ug but not as dark as fruit
with green shoulders (u+). There has been little information
published on the latter three phenotypes, but Mattia and Scott
(2014) recently proposed the gene symbols for apple green and
pale green to be uAg and uPg, respectively, because they were
both allelic at the u locus.

There are no published data showing that green shoulders are
associated with increased YS incidence, only observations. We

do know that some green-shouldered cultivars have tolerance,
and this has been reported for the ‘Walter’ tomato (Strobel
et al., 1969). However, in general, it is believed that green-
shouldered fruit absorb more light and subsequently obtain
more heat than uniform green fruit, and this leads to enhanced
YS expression (Scott, 2014). Perhaps, then, the darker uAg

genotypes would also be prone to YS, and the very light uPg

genotypes would be the least prone to YS. It is also important to
know if there is a general trend for higher SSC to be associated
with green shoulder vs. u and/or other fruit color genotypes as
this would suggest a breeding shift back to u+ to attain better
fruit quality. Thus, the objectives of the present work were to
determine the effects of u+, u, ug, uAg, uPg, and medium-green
shoulder on YS and SSC. A secondary objective was to evaluate
the use of a colorimeter in distinguishing the immature fruit
color phenotypes.

Materials and Methods

PLANT MATERIALS AND EXPERIMENTAL DESIGN. Parental in-
breds, their fruit genotypes, and descriptions are presented in
Table 1. Those with an ‘‘Fla.’’ designation were from the
tomato breeding program at the University of Florida, Gulf
Coast Research and Education Center (Wimauma, FL), one line
with an ‘‘NC’’ designation was from the tomato breeding
program at North Carolina State University, Mountain Crops

Table 1. Parents, their immature fruit color genotypes, and phenotypic descriptions.

Parental lines Gene-gene name Immature fruit color description

LA 3035 u-uniform ripening Fruit are uniformly light green from top to bottom.
NC 84173 u-uniform ripening Same as above
LA 0021 ug-uniform gray-green Same appearance as uniform ripening.
‘Walter’ u+-green shoulder (wild type) Fruit shoulders are dark green when exposed to (sun) light. Base of fruit is light green.
‘Micro-Tom’ uPg-pale green Pale green; fruit are uniformly lighter green than u and ug, they have a near whitish appearance
Fla. 7956 uAg- apple green Fruit are uniformly dark green from top to bottom, darker than u and ug but not as dark as

high pigment (hp-1 or hp-2 genes) or dark green (dg gene). Foliage is also dark green.
Fla. 8033 ?- medium-green shoulder Fruit shoulder is slightly darker than that of u and ug but not as dark as green shoulder.

Fig. 1. CIE L* scores (a measure of darkness and lightness where greater values mean more lightness) as
determined by a colorimeter, for fruit of tomato parents and F1s grouped by phenotype over Spring and Fall 2013
seasons. Mean separation within season by Duncan’s multiple range test at P # 0.05.
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Research and Extension Center (Mills River, NC), and those
with an ‘‘LA’’ designation were from the Tomato Genetics
Resource Center (Davis, CA). All parents with the exception of
Fla. 8033 (medium-green shoulder) were crossed in all combi-
nations without reciprocals in Fall 1999 to create 14 F1s.
Subsequently, in Spring 2000, the 14 F1s were allowed to
self-pollinate to produce F2 seed. Fla. 8033 was crossed with
each of the other parents in Fall 2012 to produce five F1s (the
cross with green-shouldered ‘Walter’ failed), and F2 seed was
obtained in Spring 2013. In Spring 2013, additional crosses
were made between parental lines to generate more F1 seed for
the subsequent season. For Fall 2013, seed of the two isogenic
inbreds differing in shoulder color, ‘Ailsa Craig’ (u+) and
‘Craigella’ (u), were obtained from the Tomato Genetics
Resource Center.

FIELD EXPERIMENT SPRING 2013. Seed were sown on 21 Feb.
2013 for parents, F1s, and F2s in a greenhouse. On 24 Mar.,
seedlings were transplanted to the field on 20-cm-high, 81-cm-
wide raised beds of EauGallie fine sand covered with plastic
mulch. All genotypes were planted in a randomized complete-
block design with three blocks. Parents and F1s had five plants
per plot, and F2s had 15 plants per plot. There were no F2s
arising from Fla. 8033, the medium-green parent. Plants were
spaced 46 cm apart within plots that were 91 cm apart in rows,
with 152 cm between rows. Recommended fertilizer and
insecticide programs were followed (Olson et al., 2011). Plants
were grown with stake culture and drip irrigated.

PHENOTYPING IMMATURE FRUIT COLOR. Sun-exposed green
fruit were visually phenotyped for each plant from 22 to 24 June
using parental fruit phenotypes as standards. The phenotypic
groups were uniform (the u and ug genes were both in this class
because of indistinguishable phenotypes), pale green, medium
green, apple green, green shoulder, and green shoulder/apple
green, where the latter was a combination of parental pheno-
types and was scored accordingly. From 25 June to 1 July,
objective color measurements were measured with a colorimeter
(Chroma Meter CR-400/410; Konica-Minolta, Tokyo, Japan).
Two green fruit per plant were harvested: one sun-exposed fruit
and one fruit shaded by the plant canopy. The sun-exposed fruit
were harvested to help validate the visual phenotype ratings,
whereas canopy-covered fruit were harvested to show any
differences in color expression due to differences in light
exposure. Two measurements per fruit were taken: one on the
shoulder and one on the blossom end (base). Measurements were
expressed as L* a* b* (CIELAB) color space values. It was found
that L* scores indicating lightness provided the best differentials
between the phenotypes studied. Analysis of variance (ANOVA)
on fruit was done using the general linear model, and estimates of
means and variances were made using SAS (version 9.2; SAS
Institute, Cary, NC). Means were separated using Duncan’s
multiple range tests on L* scores.

SOLUBLE SOLIDS. On 27 June, two table-ripe fruit per plant
were harvested, and soluble solids were measured for each
using a digital refractometer (Palm Abbe model PA201;
MISCO, Cleveland, OH), and the two scores were averaged.
The averaged SSC measurements were matched with visual
phenotypic color data on a per plant basis. An ANOVA on SSC
measurements was done using the general linear model pro-
cedure, and Duncan’s multiple range tests were used to de-
termine differences in the means. Estimates of means and
variances were calculated with SAS (version 9.2) using the Proc
Means procedure.

YELLOW SHOULDER. For this analysis, two plants per plot
were randomly chosen from the parents and F1s, whereas 50 F2
plants per block (150 total) representing the segregating
phenotypes in nearly equal numbers were randomly selected.
For each plant, all red ripe fruit were harvested and divided into
groups with and without YS. Counts of each group were made,
and the percentage of YS was calculated as the number of fruit
with YS divided by the total number of fruit. For analysis, data
were transformed with the arcsine transformation (angular
transformation), but the percentages are presented for clarity.
An ANOVA on YS scores was performed using the general
linear model procedure in SAS (version 9.2). Mean differences
were determined using Duncan’s multiple range test and
variances were calculated with SAS using the Proc Means
procedure (version 9.2).

FIELD EXPERIMENT FALL 2013. The same genotypes as in
Spring 2013 were used along with seed of ‘Ailsa Craig’ and
‘Craigella’. These were planted in five plant plots per block.
On 7 Aug. 2013, seed were sown for parents, F1s, and F2s.
Sun-exposed green fruit were phenotyped from 25 to 30 Nov.,

Table 2. Tomato fruit shoulder and base (blossom end) CIE L* score
means and standard errors for parents and F1s grouped by
phenotype for Spring and Fall 2013 field seasons.

Darkness (L*)z

Shoulder Base

Season Phenotype Mean SE Mean SE

Apple green 52.26 0.498 55.52 0.605
Pale green 68.14 0.811 66.62 0.767

Spring 2013 Medium green 58.01 0.794 61.72 0.948
Green shoulder 54.36 0.559 62.32 0.518
Uniform green 58.13 0.466 62.07 0.465
Green shoulder/apple green 52.26 1.066 55.45 1.118
Apple green 50.28 0.651 52.92 0.779
Pale green 67.79 1.230 64.48 1.280

Fall 2013 Medium green 52.77 1.220 56.68 1.170
Green shoulder 47.44 0.529 57.61 0.509
Uniform green 56.91 0.519 56.27 0.532
Green shoulder/apple green 44.17 1.206 51.53 0.984

zMeasure of lightness and darkness determined with a colorimeter
where higher scores indicate more lightness and lower scores more
darkness.

Table 3. Tomato fruit shoulder and base (blossom end) CIE L* scores
for sun-exposed fruit of F2 plants grouped by phenotype over Fall
and Spring 2013 field seasons.

Darkness (L*)z

Shoulder Base

Phenotype Spring Fall Spring Fall
Pale green 65.14 ay 63.28 a 66.42 a 64.48 a
Uniform green 59.11 b 55.57 b 61.77 b 56.27 b
Medium green —x 53.06 c —x 56.68 b
Green shoulder 56.91 c 49.20 e 61.92 b 57.61 b
Apple green 55.16 d 51.56 d 55.98 c 52.92 c
Green shoulder/apple green 52.12 e 45.90 f 57.17 c 51.53 d
zMeasure of lightness and darkness determined with a colorimeter
where higher scores indicate more lightness and lower scores more
darkness.
yMean separation in columns by Duncan’s multiple range test at P #
0.05.
xNo F2 plants available.
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and color was measured from 1 to 8 Dec. SSC measurements
were taken from 9 to 17 Dec. and on 20 Dec.; 152 plants were
harvested and graded for YS (see the Results section). All other
procedures were the same as those used in Spring 2013.

Results

GREEN FRUIT COLOR. All color analyses were based on CIE
L*, a measure of lightness, because this variable best related to
phenotypic separation. ANOVA indicated that there was an
interaction of season and immature fruit color phenotype
among parents and F1s (data not shown). Thus, data are
presented separately for each season. The uniform fruit color
phenotypes pale green, uniform green, and apple green were
fairly constant over seasons, whereas green shoulder/apple
green, medium green, and green shoulder were lighter in the
spring than in the fall (Fig. 1). There was sometimes difficulty
in distinguishing differences in immature green color pheno-
types, and there was an overlap of standard errors for some of
the phenotypes (Table 2).

Parents and F1s were grouped by phenotype as were 19
families of F2s. For shoulder color, the significant differences
were the same for both groups (Tables 2 and 3). In the spring,
the order of shoulder color from darkest to lightest was as
follows: green shoulder/apple green > apple green > green
shoulder > uniform green and medium-green shoulder > pale
green. In the fall, the darkest to lightest order was green
shoulder/apple green > green shoulder > apple green >
medium-green shoulder > uniform green > pale green. Al-
though there were many significant differences in the means,
there was sometimes overlap in colorimeter readings between
phenotypic categories, so the colorimeter could not be used to
unequivocally separate all of the phenotypes that were based on
an overall observation of many fruit. For fruit base color, there
were three significant groups in order from darkest to lightest:
apple green with and without green shoulder > green shoulder,
medium-green shoulder, and uniform green > pale green.

Shoulder color of sun-exposed fruit was significantly darker
than canopy-covered fruit over both seasons for the pheno-
types apple green, medium green shoulder, green shoulder, and
uniform green (Table 4). The green shoulder/apple green sun-
exposed fruit were significantly darker than canopy-covered fruit
only in the fall. There were fewer significant differences in fruit

base color between sun-exposed vs.
canopy-covered fruit (Table 4). In the
spring, sun-exposed fruit base colors
were significantly darker than
canopy-covered fruit base colors for
medium-green shoulder and green-
shoulder/apple green phenotypes
only. In the fall, only apple green
and uniform green phenotypes had
significant differences.

SSC. Parents and F1s grown over
both seasons were grouped by phe-
notype, and ANOVA indicated that
season, phenotype, and the interac-
tion of season · phenotype were all
significant (data not shown). The
overall mean for parents and F1s
was significantly higher in the
spring (4.67) than in the fall (4.23)
(F # 0.05). The interaction oc-
curred because the SSC for pale
green phenotypes did not drop much
from spring to fall, whereas there
were significant decreases for the

Table 4.Mean CIE L* scores for shoulders and bases (blossom ends) of
immature green tomato fruit that were canopy covered and sun
exposed from F2 plants grouped by phenotype in Spring and Fall
2013 seasons.

Season Fruit location Phenotype

Darkness (L*)z

Canopy Sun

Spring 2013 Shoulder Apple green 55.27 55.16
Pale green 66.70 65.14
Green shoulder 59.29* 56.91
Uniform green 61.18* 59.11
Green shoulder apple base 53.92 52.12

Base Apple green 56.16 55.98
Pale green 67.11 66.42
Green shoulder 62.42 61.92
Uniform green 62.44 61.77
Green shoulder apple base 57.30* 57.17

Fall 2013 Shoulder Apple green 53.58* 51.56
Pale green 64.21 63.28
Medium green 55.89* 53.06
Green shoulder 54.20* 49.20
Uniform green 57.06* 55.57
Green shoulder apple base 51.59* 45.90

Base Apple green 53.78* 52.92
Pale green 65.03 64.48
Medium green 56.92 56.68
Green shoulder 57.71 57.61
Uniform green 57.00* 56.27
Green shoulder apple base 52.43 51.53

zMeasure of lightness and darkness determined with a colorimeter
where higher scores indicate more lightness and lower scores more
darkness.
*Indicates significance between canopy and sun at P # 0.05.

Fig. 2. Soluble solids concentration (SSC) for tomato parents and F1s grouped by phenotype over Spring and Fall
2013 seasons. Mean separation within seasons by Duncan’s multiple range test at P # 0.05.
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other phenotypes (Fig. 2). In Spring
2013, apple green and uniform
green phenotypes had significantly
higher SSC than the green shoulder/
apple green and medium-green phe-
notypes, whereas other phenotypes
were intermediate and not signifi-
cantly different from either of these
groups (Fig. 2). In Fall 2013, pale
green had significantly greater SSC
than uniform green and medium-
green phenotypes, whereas other
phenotypes were intermediate and
not significantly different from ei-
ther of these groups (Fig. 2). Thus,
for parents and F1s grouped by
phenotype, there was no consistent
relationship of phenotype with SSC
over both seasons.

Analysis of individual F2 fami-
lies for each season or when aver-
aged over both seasons revealed no
pattern where SSC corresponded
well with any particular phenotype
(Table 5). There was no trend where
there was a significant difference in
one season that repeated itself in the
other season. In fact, when data
were averaged over both seasons,
there was no significant difference
in SSC between phenotypic groups
within any of the F2 families. When
F2 data were grouped over all fam-
ilies by fruit phenotype for all those
grown in both seasons, the SSC in
the spring season was higher than
that in the fall (Table 6). In the fall,
green shoulder/apple green and ap-
ple green plants had fruit with
higher SSC than all other pheno-
types except for medium green/
apple green. Medium green/apple
green had significantly higher SSC
than uniform green, but there were
no other differences among the phe-
notypes (Table 6). Thus, there was
no consistent association of SSC
with fruit color phenotype across
the two seasons. In the fall, both
phenotypes with the highest SSC
were apple green with or without
green shoulders. There was no evi-
dence that green-shoulder pheno-
types in the F2 had increased SSC
(Table 6). In addition, the SSC of
‘Ailsa Craig’ (u+) and ‘Craigella’ (u)
fruit did not significantly differ when
tested in Fall 2013 (Fig. 3).

YELLOW SHOULDER. ANOVA in-
dicated that season and phenotype
were both significant for YS inci-
dence, but there was no significant

Table 5. Tomato soluble solids content for 19 families of parents, F1s, and phenotypic groups of
plants that segregated in the F2 over Spring and Fall 2013 seasons.

Family Generation Genotype/phenotypez
Soluble solids concn (%)

Spring 2013 Fall 2013 Avg

1 P1 (LA3035) u 4.63 by 4.12 ab 4.38 b
P2 (LA0021) ug 5.39 a 4.29 a 4.84 a
F1 u+ 4.61 b 3.81 ab 4.21 b
F2 u/ug 5.10 a 3.71 b 4.41 b
F2 u+ 5.31 a 3.81 ab 4.56 b

2 P1 (LA3035) u 4.63 a 4.12 b 4.38 a
P2 (‘Walter’) u+ 3.82 a 3.85 b 3.84 a
F1 u+ 4.88 a 4.77 a 4.83 a
F2 u 5.09 a 4.21 b 4.65 a
F2 u+ 5.56 a 4.11 b 4.84 a
P1 (LA0021) ug 5.39 a 4.23 a 4.81 a

3 P2 (‘Walter’) u+ 3.82 b 3.85 ab 3.84 b
F1 u+ 5.24 a 4.34 a 4.79 a
F2 u+ 4.95 a 4.04 ab 4.50 a
F2 u/ug 5.30 a 3.68 b 4.49 a
P1 (LA0021) ug 5.39 b 4.23 a 4.81 b

4 P2 (NC 84173) u 5.51 b 4.01 a 4.76 b
F1 u+ 6.09 a —y —
F2 u/ug 4.89 b 4.01 a 4.45 b
F2 u+ 5.48 b 3.89 a 4.69 b
P1 (LA0021) ug 5.39 a 4.22 bc 4.81 a

5 P2 (‘Micro-Tom’) uPg 5.23 ab 4.50 b 4.86 a
F1 u+ 4.53 b 5.95 a 5.24 a
F2 u+ 4.75 ab 3.14 c 3.95 b
F2 uPg 5.21 ab 3.57 bc 4.39 ab
P1 (‘Walter’) u+ 3.82 c 3.88 ab 3.85 b

6 P2 (NC 84173) u 5.51 a 4.01 ab 4.76 a
F1 u+ 4.15 bc — —
F2 u+ 4.45 b 3.75 b 4.10 b
F2 u 4.05 bc 4.35 a 4.20 b
P1 (‘Walter’) u+ 3.82 b 3.85 ab 3.84 ab

7 P2 (‘Micro-Tom’) uPg 5.23 a 4.61 a 4.92 a
F1 u+ — 3.70 ab —
F2 u+ 3.76 b 3.40 ab 3.58 b
F2 uPg 4.11 b 3.07 b 3.59 b
F2 u+/uAg 4.94 ab 4.45 a 4.70 ab
P1 (‘Walter’) u+ 3.82 c 3.85 ab 3.84 c

8 P2 (Fla. 7956) uAg 4.89 ab 4.39 a 4.64 a
F1 u+/uAg 5.11 a 4.13 ab 4.62 a
F2 uAg 4.67 ab 3.74 b 4.21 bc
F2 u 4.40 bc 4.27 ab 4.34 ab
F2 u+ 4.87 ab 4.39 a 4.63 a
P1 (LA3035) u 4.63 b 4.11 ab 4.37 b

9 P2 (Fla. 7956) uAg 4.89 ab 4.38 a 4.64 ab
F1 uAg 5.02 ab 4.29 ab 4.66 ab
F2 u 4.91 ab 3.85 b 4.38 b
F2 uAg 5.12 a 4.50 a 4.81 a
P1 (LA0021) ug 5.39 a 4.22 ab 4.81 a

10 P2 (Fla. 7956) uAg 4.89 ab 4.39 ab 4.64 a
F1 uAg 4.70 b 4.04 a–c 4.37 a
F2 ug 4.94 b 3.93 bc 4.21 a
F2 u+/uAg 5.18 ab 3.72 c 4.45 a
F2 uAg 4.54 b 4.59 a 4.56 a
P1 (Fla. 7956) uAg 4.89 a 4.39 a 4.64 bc

Continued next page
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interaction between phenotypes and seasons (data not shown).
The average YS incidence for parents and F1s in the spring was
17.6%, and this was significantly greater than that the fall where
there was 13.4% YS (P # 0.05). There was considerable
variation for YS among the parents and F1s, limiting significant
differences between genotypes, yet some trends can be seen

(Table 7). There was a tendency for
genotypes with green or medium
shoulders to have higher percent-
ages of YS, but again differences
were not always significant with
other genotypes. The major source
of green shoulder in these studies
was ‘Walter’, but it tended to have
a lower percentage of YS. Fla. 8033,
the parent with medium-green
shoulders, was susceptible as it had
the highest percentage of YS. Fla.
7956, the apple green parent, had no
YS fruit. Three hybrids with Fla.
7956 also had no YS including the
Fla. 8033 · Fla. 7956 hybrid. Al-
though Fla. 8033 had the highest
percentage of YS, it had medium-
green shoulder, whereas the afore-
mentioned hybrid fruit were apple
green, and this likely contributed to
the YS response. The effects of
shoulder color on YS were more
clearly seen in the F2 generation
where segregating plants were
grouped by phenotype (Table 8).
In the spring, phenotypes with
green-shouldered fruit had a higher
incidence of YS than all other
phenotypes except green shoulder/
apple green which did not differ
from any other phenotype (Table
8). In the fall, plants with medium-
green shoulders had significantly
greater YS incidence than all other
phenotypes except for those with
green shoulders, which were not
significantly different from the rest
of the phenotypes (Table 8). ‘Ailsa
Craig’, a cultivar with green-shoul-
dered fruit, had significantly higher
YS incidence than its isogenic uni-
form green fruit counterpart ‘Crai-
gella’ (Fig. 3).

Discussion

PHENOTYPING IMMATURE FRUIT

COLOR GENOTYPES. Phenotyping
was done by observing many of
the fruit on each plant to account
for differences in sun exposure. Our
secondary objective was to evaluate
the ability of a colorimeter to dis-
tinguish phenotypes. The L* score
from the colorimeter helped to con-

firm the phenotyping and quantify differences in the green color
of the immature fruit color genotypes studied, but separation of
some of the genotypes was not possible (Tables 2–4). Present
attempts at differentiating between u and ug types using
a colorimeter were not successful; therefore, data for both
phenotypes were combined under the title ‘‘uniform green.’’

Table 5. Continued.

Family Generation Genotype/phenotypez
Soluble solids concn (%)

Spring 2013 Fall 2013 Avg

11 P2 (NC 84173) u 5.51 a 4.02 a 4.77 bc
F1 uAg 5.60 a — —
F2 u 5.35 a 4.11 a 4.73 c
F2 uAg 5.06 a 4.55 a 4.80 b
P1 (Fla. 7956) uAg 4.89 ab 4.39 a 4.64 ab

12 P2 (‘Micro-Tom’) uPg 5.23 a 4.61 a 4.92 a
F1 u 4.69 ab 3.63 a 4.16 ab
F2 uPg 2.70 c 3.54 a 3.12 b
F2 uAg 3.79 bc 3.55 a 3.66 ab
F2 u 4.65 ab 4.01 a 4.33 ab
P1 (LA3035) u 4.63 ab 4.12 a 4.38 ab

13 P2 (‘Micro-Tom’) uPg 5.23 a 4.60 a 4.92 a
F1 uPg 4.18 b 3.80 a 3.89 b
F2 u 4.60 ab 3.11 a 3.86 b
F2 uPg 5.01 a 3.64 a 4.33 ab
P1 (Fla. 8033) mg — 3.95 a NA

14 P2 (LA3035) u — 3.95 a NA
F1 mg — 3.73 a NA
F2 mg — 3.68 a NA
F2 ug — 4.71 a NA
F2 u — 3.81 a NA
P1 (Fla. 8033) mg — 3.95 bc NA

15 P2 (LA0021) ug — 4.23 ab NA
F1 mg — 3.93 bc NA
F2 mg — 3.66 c NA
P1 (Fla. 8033) mg — 3.95 a NA

16 P2 (NC 84173) u — 4.02 a NA
F1 mg — 3.63 a NA
F2 u — 3.57 a NA
F2 mg — 3.61 a NA
P1 (Fla. 8033) mg — 3.95 a NA

17 P2 (‘Micro-Tom’) uPg — 4.68 a NA
F1 mg — 2.91 c NA
F2 mg — 3.01 bc NA
F2 uAg — 3.86 ab NA
P1 (Fla. 8033) mg — 3.95 a NA

18 P2 (Fla. 7956) uAg — 4.39 a NA
F1 uAg — 3.25 b NA
F2 mg — 4.11 a NA
F2 u — 4.11 a NA
F2 uAg — 4.29 a NA
F2 mg/uAg — 4.48 a NA
F2 mg/uAg — 4.48 a NA

zPhenotypes are described by gene symbols (genotype) that control them as follows: u = uniform
ripening; ug = uniform gray-green; u/ug = uniform color can be due to either gene as they are
indistinguishable; mg = medium-green shoulder; uPg = pale green; uAg = apple green; u+ = green
shoulder; u+/uAg = green shoulder apple base; mg/uAg = medium-green shoulder apple base.
yMean separation in columns within families by Duncan’s multiple range test at P # 0.05.
xRepresents no measureable fruit. Families 14 through 18 had no individuals planted in the Spring
2013 season.
NA = not applicable.
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This was contrary to Kemp and Nonnecke (1960) who reported
that they were able to differentiate between u and ug mutants
using a colorimeter. Although means of many of the genotypes
studied here could be separated with the colorimeter, some-
times individual fruit had L* scores that overlapped with those
of another genotype (data not shown). Shoulder color of sun-
exposed fruit was often darker than that of canopy-covered
fruit, and this adds another factor to consider in the phenotyping
process (Table 4). Immature green fruit phenotypes are acti-
vated by sunlight (Smillie et al., 1999), and fruit that are shaded
by the canopy often do not have the same appearance as their
sun-exposed counterparts. Pale green was not significantly
different between sun-exposed and canopy-covered fruit; per-
haps because there was not enough chlorophyll to be affected.
Green shoulder/apple green types in the spring were also not
significantly different between sun-exposed and canopy cov-
ered fruit. This may be due to higher solar radiation, causing
lighter sun exposed fruit for this phenotype. Thus, there may be
some ambiguity in phenotyping these genotypes both with and
without a colorimeter.

To distinguish green shoulder and medium-green shoulder
fruit, observation of sun-exposed fruit was required. Pale green
and apple green were easily distinguished from each other, but
separating either of these from uniform green was not always
as easy. The dark green foliage of apple green was a helpful

indicator in these studies because other genotypes had normal
green foliage. The sun can bleach out some fruit of uniform
green plants to make them look pale green. Thus, the need to
carefully observe many fruit per plant for accurate phenotyping.

SOLUBLE SOLIDS. Two recent studies found that green-
shouldered fruit of ‘Ailsa Craig’ had higher SSC than that of
its isogenic u counterpart cultivar ‘Craigella’ (Nguyen et al.,
2014; Powell et al., 2012). However, when these two cultivars
were tested in the field in Fall 2013, the difference, although in
the same direction, was not significant (Fig. 3). It is not clear
why the results differed between the previous studies and ours.
It could be purely an environmental issue related to growing in
different locations and/or plants in the previous studies were
grown in pots in greenhouses, whereas our plants were grown in
the field. It could be that fruit in the previous studies sampled
only sun-exposed fruit, and there may have been some canopy
cover in our experiment. Another explanation relates to a recent
observation (J.W. Scott and S.F. Hutton, unpublished) where
plants with medium-green shoulder died from infection with
bacterial wilt (Ralstonia solanacearum), and the fruit shoulders
of unripe fruit turned dark green similar to that of green-
shoulder phenotypes. This would seem to be a stress response of
fruit to produce chlorophyll and presumably photosynthesize
more when their leaves died and stopped translocating photo-
assimilates. Possibly, stress plays some role in increasing not
only the pigment formation but also the SSC derived from the
fruit pigments. If the plants grown in pots in the two greenhouse
studies (Nguyen et al., 2014; Powell et al., 2012) were subjected
to more stress due to root constriction and/or uneven watering
or fertilization, this could have resulted in the significant
differences observed between u+ and u. Verification of this
hypothesis would require further experimentation.

Regardless, if u+ enhances SSC because of the darker
shoulder, such an effect would be reduced in fruit with partial
green shoulder where leaves cover part of the tomato shoulder or
eliminated in canopy-covered fruit where the green shoulder
does not express. However, beyond this, we found no evidence
that green-shoulder genotypes segregating in 18 F2 populations
over two seasons had increased SSC over u, ug, or other
genotypes studied (Table 5). If there is an enhancement of
SSC from u+ over uniform green, uniform gray-green, or other

genotypes then it would appear to be
contingent on specific environmen-
tal conditions and/or genetic back-
grounds. There is considerable
literature on the role of leaves and
fruit in providing photoassimilates to
tomato fruit that has been reviewed
by Cocaliadis et al. (2014). An in-
depth discussion of this topic is
beyond the scope of this article.
However, our results are in line with
previous research that indicates fruit
are sinks for photosynthetic activity
and that leaves provide most photo-
assimilates to fruit while the fruit
themselves are only small contribu-
tors (Do et al., 2010; Hackel et al.,
2006; Schauer et al., 2006; Zanor
et al., 2009).

These results strongly indicate
that the fruit color phenotypes

Table 6. Mean tomato soluble solids concentration for F2s grouped by
phenotype for Spring and Fall 2013 seasons.

Soluble solids concn (%)

Phenotype Spring 2013 Fall 2013

Green shoulder apple base 5.00 az 4.21 ab
Pale green 4.73 a 3.36 c
Uniform green 4.92 a 3.75 bc
Green shoulder 4.87 a 3.80 bc
Apple green 4.81 a 4.21 ab
Medium green —y 3.85 ab
Medium-green apple base — 4.27 a
zMean separation in columns by Duncan’s multiple range test at P #
0.05.
yNo individuals for that phenotypic class.

Fig. 3. Incidence of yellow shoulder (YS) and soluble solids concentration (SSC) for ‘Alisa Craig’ and ‘Craigella’
tomato cultivars in Fall 2013. Cultivars were compared with a one-way analysis of variance; mean comparisons
were made between columns with the same letter case.
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studied are not related to SSC and that the selection of any
of them would not have a significant effect on fruit quality
associated with SSC. The plants used in this study encom-
pass a wide range of variation typical of that seen in
breeding programs. The individuals in the present study
differed in many traits in addition to fruit color such as
canopy density, plant architecture, flowering time, and leaf
morphology. Some traits such as dense canopies in tomato
have been shown to increase photoassimilate levels in fruit
(Ho, 1980). Importantly, we found no evidence that tomato
breeders should select for green shoulders to enhance SSC.

The reported enhancement of SSC from u+ could have been
an effect of this specific gene or a product of the increased

chlorophyll content as hypothesized
by Powell et al. (2012). In the latter
case, the apple green genotype
would also be expected to have
increased SSC, whereas pale green
genotypes would be expected to
have lower SSC. Yet no support
for fruit darkness having an effect
on SSC was found. First of all, the
SSC for parents and F1s was higher
in the spring than the fall despite the
fruit being darker in the fall (Tables
2 and 5). These seasonal fruit color
differences are supported by Smillie
et al. (1999) who found that green
fruit pigmentation was suppressed
with high levels of light. Regression
analyses revealed nonsignificant cor-
relation coefficients of 0.06 and 0.08
for fruit darkness L scores and SSC
in the spring and fall, respectively. In
Fall 2013, there was a trend for F2
apple green segregants to have
higher SSC (Table 5), but because
apple green has darker green foliage
as well as fruit, the increased SSC
could have resulted from the in-
creased chlorophyll in the fruit, the
foliage, or both. Fruit size has not
been mentioned, but if u+ has an
effect on SSC, then such an effect
would be more likely observed with
small-fruited genotypes such as

‘Ailsa Craig’ because the surface to volume ratio is larger than
for a large-fruited genotype such as ‘Walter’. We intended to
partition F2 plants by fruit size to see if it was a factor in u

+ SSC,
but most of the fruit in this study were considered to be small
fruited, so there was no reason to do this. Significantly higher
SSC was seen in the spring. A similar result was reported by
Georgelis et al. (2006), who measured tomato SSC in Florida
under similar conditions. Temperature conditions for growing
tomatoes were favorable in both fall and spring seasons. In
Spring 2013, rainfall was higher, particularly in June when
SSC measurements were made. Generally, increased irrigation
rates have a negative impact on SSC (May et al., 1990).
Increased rainfall during fruit ripening would have been
expected to decrease SSC, especially the 3.96 cm of rainfall
on 20 June, 1 d before SSC measurements began. However,
spring results showed an increase in SSC despite increased
rainfall. A possible explanation for higher spring sugar levels
was the higher solar radiation resulting in elevated photosyn-
thetic rates, thereby producing more carbohydrates, which is in
agreement with previous studies (Davies and Hobson, 1981;
Georgelis et al., 2006). The temperature in the spring was
higher; however, the effect of temperature on soluble solids
levels in tomato is unknown. Further research is needed to
understand the possible interactions between SSC, temperature,
and solar radiation.

YELLOW SHOULDER. Picha and Hall (1981) found that
a uniform green-shouldered cultivar Healani had a high level
of resistance to YS, whereas three cultivars with green shoulder
were susceptible. Many have observed that green shoulder

Table 7. Incidence of yellow shoulder (YS), and immature tomato fruit phenotypes for parents and F1s
for Spring and Fall 2013 seasons and the two seasons combined.

Pedigree Phenotype Spring YS (%) Fall YS (%) Avg YS (%)

Fla. 8033 Medium green 54.6 az 36.3 ab 45.5 ab
LA3035 · LA0021 Green shoulder 41.2 a 35.5 ab 38.4 ab
LA0021 · ‘Walter’ Green shoulder 34.3 ab 33.9 ab 34.1 ab
LA0021 · NC 84173 Green shoulder 29.4 ab 26.3 a–c 27.9 ab
Fla. 8033 · LA0021 Medium green 28.7 a–c 21.9 a–c 25.3 ab
Fla. 8033 · LA3035 Medium green 26.4 a–c 22.1 a–c 24.3 ab
LA0021 Uniform grey-green 23 a–c 20.4 a–c 21.7 ab
LA0021 · Fla. 7956 Apple green 18.8 a–d 17.7 a–c 18.3 ab
‘Walter’ · ‘Micro-Tom’ Green shoulder 20 a–d 14.5 a–c 17.3 ab
‘Walter’ · Fla. 7956 Green shoulder/apple base 20.6 a–d 13 bc 16.8 ab
LA3035 · ‘Walter’ Green shoulder 17.1 a–d 15.5 a–c 16.3 ab
Fla. 8033 · NC 84173 Medium green 18.3 a–d 14 bc 16.2 ab
NC 84173 Uniform green 16.3 a–d 12.2 bc 14.3 ab
LA3035 · NC 84173 Uniform green 14.7 a–d 13.5 bc 14.1 ab
LA3035 Uniform green 20.5 a–d 5.6 c 13.1 ab
Fla. 8033 · ‘Micro-Tom’ Medium green 15 a–d 9 bc 12.0 ab
‘Walter’ Green shoulder 19.7 a–d 5.2 c 12.5 ab
‘Walter’ · NC 84173 Green shoulder 12.7 b–d 11.4 bc 12.1 ab
‘Micro-Tom’ Pale green 10 b–d 8 bc 9.0 b
LA3035 · Fla. 7956 Apple green 7.2 b–d 4.3 c 5.8 b
LA3035 · ‘Micro-Tom’ Pale green 6.3 b–d 4.2 c 5.3 b
LA0021 · ‘Micro-Tom’ Pale green 5 b–d 4.3 c 4.7 b
Fla. 7956 Apple green 0 d 0 c 0 b
Fla. 7956 · NC 84173 Apple green 0 d 0 c 0 b
Fla. 7956 · ‘Micro-Tom’ Uniform green 0 d 0 c 0 b
Fla. 8033 · Fla. 7956 Apple green 0 d 0 c 0 b
zMean separation in columns by Duncan’s multiple range test at P# 0.05. Data were transformed to
the arcsin for analysis.

Table 8. Incidence of yellow shoulder (YS) for tomato F2 plants
grouped by phenotype for Spring and Fall 2013 seasons.

YS (%)

Phenotype Spring Fall

Green shoulder 24.2 az 29.9 ab
Green shoulder apple base 15.8 ab 17.9 b
Uniform green 10.3 b 11.5 b
Apple green 8.8 b 5.8 b
Pale green 6.5 b 14.9 b
Medium green —y 46.7 a
Medium green shoulder apple base — 6.7 b
zMean separation in columns by Duncan’s multiple range test at P #
0.05. Data were transformed to the arcsin for analysis.
yNo individuals planted.
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genotypes are more prone to increased YS incidence than
uniform green genotypes (Picha, 1987; Picha and Hall, 1981;
Scott, 2014; Venter, 1965; Yeager, 1935). However, we report
the first definitive data to actually demonstrate this premise. YS
incidence was significantly greater in F2 green-shoulder segre-
gants than in uniform-shoulder segregants that did not differ
from each other in Spring 2013 (Table 8). In the fall, medium-
green–shouldered F2 segregants had significantly more YS than
any of the uniform-green phenotypes but did not differ from
segregants with green-shouldered fruit, and the latter was not
significantly different from the uniform shoulder phenotypes.
Because the uniform shoulder types included the relatively
dark-colored apple green and the relatively light-colored pale
green, it would seem that darkness of pigment per se had little to
do with YS incidence (Tables 3 and 8). In addition, the other
genotype that was similar to green shoulder in YS susceptibility
was medium green, although medium-green fruit shoulders
were lighter green than for u+ genotypes. The genetic relation-
ship between green shoulder and medium-green shoulder is
unknown because a cross between the two failed (Mattia and
Scott, 2014). However, in that study, segregation ratios of
medium green with other genotypes studied here behaved similar
to those of green shoulder. This suggests that medium green may
be an alternative allele to u+ but with a reduced production of
chlorophyll in the fruit shoulder. Regardless, Romero-Aranda
et al. (2004) showed that temperature alone did not cause YS, but
that solar radiation and/or light quality played an essential role in
YS expression. Putting this together, it may be that solar radiation
interacts more readily with green shoulder and medium-green
shoulder genetic mechanisms to induce a breakdown in chromo-
plast formation that then reduces cell size (Francis et al., 2000)
and subsequent carotenoid production resulting in yellow color.
Apparently, the genetic mechanism of chlorophyll production in
apple green fruit is different from that of green shoulder and
medium-green shoulder and not as prone to YS damage even
though fruit are a darker green. Obviously, more studies are
needed to verify these suppositions.

The lack of significant differences in YS incidence between
any of the uniform immature fruit color phenotypes (apple
green, pale green, and uniform green) can be used in breeding to
significantly decrease YS despite their differences in color. This
is especially interesting in the case of apple green because it
was believed that YS incidence was often greater in green-
shoulder genotypes because the darker shoulder pigment
absorbs more heat from the sun. Yet, in the spring, apple green
F2s were darker than green shoulder and medium-green F2
plants, and in the fall, apple green F2 fruit color was in-
termediate to green shoulder and medium-green shoulder
(Table 3). Perhaps it is the difference in shoulder and base
colors that is more critical to YS incidence.

‘Walter’, the green-shouldered cultivar used in this ex-
periment, was reported to be resistant to YS (Strobel el al.,
1969), and our results showed that ‘Walter’ had intermediate
resistance to YS. However, despite this resistance, in F2s mostly
derived from ‘Walter’ crosses, segregating plants with green
shoulder had significantlymoreYS than phenotypeswith uniform
shoulder and base colored fruit in the spring, but not in the fall
experiment. The data also show that selecting plants that have
uniform ripeningwill not completely eliminate the problem ofYS
because there was some YS seen in all immature green
phenotypes. Fla. 7956 appeared to be totally resistant to YS
and could be useful for breeding or other studies regarding YS.

Conclusions

It was suggested by Powell et al. (2012) that tomato
breeders, in selecting for uniform fruit shoulders, had inadver-
tently reduced SSC and thus reduced tomato fruit quality of
both fresh and processed tomato cultivars developed over the
last several decades. This was based on the comparison of two
isogenic cultivars with differences in fruit shoulder color where
the green-shouldered one had higher SSC than the uniform-
shouldered one. Herein, we tested a more diverse set of lines
and made crosses to compare immature fruit color genes in
segregating populations. Our data suggest that shoulder color
does not play a significant role in the SSC of the ripe fruit.
Therefore, we cannot support the concept that the selection for
uniform green-shouldered fruit had a significant effect on
soluble solids and the flavor of tomato cultivars. Rather our
data support literature that suggests that fruit SSC is mainly
translocated from the leaves of the plant. However, we do
hypothesize that immature fruit color might have a greater role
in SSC when plants are stressed; this hypothesis would have to
be tested, however, because we only speculate on this possi-
bility. We did provide data for the first time that showed that
plants with green-shouldered fruit and those with a lesser-
known phenotype, medium-green shoulder, had more YS than
phenotypes with uniform shoulders. Moreover, the darkness of
green in the fruit shoulders per se did not cause increased YS.
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