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Abstract. Yellow shoulder disorder (YSD) is characterized by sectors of yellow or green
tissue under the peel of uniform ripening tomato (Lycopersicon esculentum Mill.) fruit.
Tissues excised from sectors of fruit expressing YSD, from adjacent red sectors, and from
mature green fruit were used to compare the ultrastructural alterations in cells and tissue
affected by YSD and to determine whether the disorder is caused by delayed fruit
maturation or by aberrant development. Cells from YSD sectors were smaller than those
from both adjacent red-ripe tissue and mature green fruit. The smaller cells from the YSD
sectors were at a different developmental stage than cells of the adjacent red-ripe tissue.
Chromoplasts in red-ripe tissue were more advanced in development than those in YSD
sectors or mature green fruit. Using the transition from chloroplast to chromoplast and the
degradation of the middle lamella between adjacent cells as developmental markers, the
maturity of tissue from YSD sectors appeared to be equal or greater than that of tissue
from mature green fruit. However, cell enlargement, which takes place early in fruit
development, was retarded in YSD sectors. Therefore, the ultrastructural features of YSD
are not compatible with a delayed ripening model for this blotchy ripening disorder. These
observations provide a basis for comparing YSD in uniformly ripening tomatoes with
other blotchy ripening disorders.

Several classification schemes have been
proposed for blotchy ripening disorders (Bewly
and White, 1926; Cooper, 1958; Sadik and
Minges, 1966), but these schemes predate the
widespread utilization of determinate (sp/sp)
uniform ripening (u/u) cultivars (Ayers and
Tomes, 1966). Discolored regions under the
fruit epidermis (Schlimme et al., 1984) char-
acterize yellow shoulder disorder (YSD). This
disorder is the most common cause of within-
fruit color variation found in the genotypes of
tomatoes grown for processing in the mid-
western and eastern United States and in

sue. For example, Sadik and Minges (1966)
suggested that the location of internal white
tissue affects the expression of external symp-
toms. The physiological, genetic, and ultra-
structural relation between YSD and other
blotchy ripening disorders has not been stud-
ied.

Yellow shoulder disorder is both economi-
cally important and biologically interesting.
Standards for grading of processed vegetables
set strict limits on the amount of discolored
tissue in peeled tomato products. Yet grading
practices rarely detect YSD prior to peeling.
Thus, premium prices may be paid for toma-
toes that do not yield an acceptable percentage
of high-grade fruit after processing. In addi-
tion, the tomato peel adheres to the subtending
discolored flesh after peeling, reducing pro-
cessing efficiency (Schlimme et al., 1984).
Blotchy ripening disorders are often described
as delayed ripening phenomena, with the cells
of affected tissue retaining immature charac-
teristics (Bewly and White, 1926). Consider-
able physiological evidence suggests that most
blotchy ripening disorders involve aberrant
ripening (Davies, 1966; Winsor et al., 1962).
The expression and severity of blotchy ripen-
ing disorders is influenced by nutritional,
meteorological, and pathological factors
(Hanif-Khan et al., 1998; Hobson and Davies,
1976; Jones and Alexander, 1962; Picha and
Hall, 1981). In addition, the severity of YSD
appears to have a genetic component (Corey et
al., 1986; Fogleman, 1966; Hartz et al., 1999;
Sacks and Francis, unpublished results), and
genetic approaches may be useful in separat-
ing the physiological and developmental alter-
ations responsible for YSD.

The objectives of this research were to
characterize the ultrastrucural alterations in
tissue from sectors with YSD and to determine
whether YSD is caused by delayed fruit matu-
ration or by aberrant development. The results
described below make possible a comparison
of YSD in uniform ripening processing toma-
toes with other blotchy ripening disorders. We
suggest that altered development is a more
appropriate model than delayed ripening for
describing YSD.

Materials and Methods

Plant material. Ripe fruit from field-grown
tomatoes were harvested from The Ohio State
Univ.’s Vegetable Crops Branch in Fremont,
Ohio, and from the Horticulture Farm in
Wooster, Ohio. Production practices were as
recommended for commercial growers
(Precheur, 1997). Fruit from an inbred culti-
var, ‘Ohio 8245’ (Berry et al., 1991), grown in
Fremont, were used for all cytological and
ultrastructural analysis.

Fruit from 36 uniform ripening cultivars
and breeding lines were used to test the coin-
cidence of YSD and the presence of a visible
external yellow ring as described by Sadik and
Minges (1966) and Hartz et al. (1999). Twenty-
four fruit from each plot were cut across the
abscission zone to remove the peel and the
presence of YSD was noted. In addition, ob-
jective color data were collected by using a

Ontario, Canada (Corey et al., 1986; Francis,
unpublished observations). A notable charac-
teristic of YSD is that it is often restricted to the
flesh below the peel. Ripe fruit appear red and
normal until the peel is removed by steam, lye,
or cutting to reveal bands of yellow or green in
the parenchyma tissue. Yellow shoulder dis-
order may be related to a disorder character-
ized by an external yellow ring around the
abscission zone and internal white tissue (IWT),
as described by Sadik and Minges (1966).
Recently, Hartz et al. (1999) referred to a
yellow ring around the abscission zone on
uniform ripening processing tomatoes from
California as yellow shoulder (YS). Picha
(1987) defined YS as a disorder characterized
by sectors of yellow or yellow-orange tissue
separated from normal red tissue by a clear
demarcation. His definition is based on the
expression of blotchy ripening in nonuniform
ripening genotypes (u+/u+) of fresh-market
tomatoes. The apparent contrast between dis-
orders with visible external symptoms such as
YS and YSD may be indicative of separate
disorders, a difference in expression of the
disorder due to plant genotype and growing
environment, or simply a reflection of the
severity and location of affected internal tis-
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Minolta CR 300 colorimeter (Minolta Co.,
Ramsey, N.J.). Results from the analysis of
these objective data for the 36 genotypes grown
in a multi-year replicated trial will be reported
elsewhere.

Tissue preparation. Blocks of tissue (3–4
mm2) were excised from three mature-green
fruit and from three red-ripe fruit with YSD.
For the fruit with YSD, tissue was prepared
from both red and YSD sectors. Blocks of
tissue from these nine specimens were pro-
cessed as independent samples throughout the
course of these experiments. Specimens were
fixed in a solution of 3% glutaraldehyde, 2%
paraformaldehyde, and 1.5% acrolein in a 0.1
M collidine buffer at pH 7.3 for 30 min at room
temperature followed by 12 h at 4 °C. The
specimens were washed with 0.1 M phosphate
buffer (pH 7.4) and post-fixed in 2% osmium
tetroxide in the same buffer for 3 h. Tissue was
further washed and stained in 1% uranyl ac-
etate (0.1 M phosphate buffer, pH 7.4) over-
night. The specimens were dehydrated in an
ethanol-acetone series, embedded in Spurr
plastic (Ladd Research Industries, Burlington,
Vt.), and the plastic was polymerized at 70 °C
(Spurr, 1969). Blocks were sectioned on a
Sorvall MT-2B Ultramicrotome (Du Pont Co.,
Wilmington, Del.) using glass knives prior to
trimming. Trimmed blocks were sectioned
using a diamond knife, and sections were
picked up on Formvar-coated grids.

Microscopy. Tissue sections were cut from
blocks using glass knives, and stained with
0.2% toluidine blue in 0.1% sodium carbonate
prior to viewing with a Zeiss Model WL light
microscope (Carl Zeiss, Thornwood, N.Y.).
Sections were photographed with a Leaf
Microlumina digital camera (Leaf Systems,
Bedford, Mass.). Light microscope images
were used to select areas of the blocks for
trimming and thin sectioning. Thin sections
were viewed and photographed using a
Philips 201C Electron Microscope (Philips,
Eindhoven, Germany).

Digital images and photographs of 12 to 47
representative cells for each tissue type were
used for subsequent measurements. Light mi-
croscope sections were used for measurements
of cell width and length. Photographs from the
electron microscope were used to measure cell

wall thickness and presence or absence of
plasmodesmata, chloroplasts, a middle lamella,
and vacuoles. In addition, descriptions of chlo-
roplasts and chromoplasts in tomato fruit
(Bathgate et al., 1985; Ljubesic et al., 1991)
and the developmental changes described by
Khudairi (1992) were used for a subjective
scale of chloroplast conversion into chro-
moplasts. Plastids showing organized and
stacked grana characteristic of chloroplasts
were given a rating of 1. Plastids with grana,
but less highly organized, were rated 2, corre-
sponding to the transition stage noted by
Khudairi. Plastids lacking grana were rated 3,
corresponding to developing chromoplasts.
Mature chromoplasts characterized by lyco-
pene bodies were rated 4, and chromoplasts
that showed signs of necrosis were rated 5.

Statistics. All statistical analysis were per-
formed using SAS release 6.12 (SAS Institute,
Cary, N.C.). Measurements of cell length, cell
width, and cell wall thickness were analyzed
using analysis of variance with the general
linear models (GLM) procedure. Scaled data
were analyzed with the Kruskal-Wallis test for
differences using the nonparametric one-way
procedure. A chi-square test was used to detect
differences between the presence and absence
of chloroplasts, middle lamella, and vacuoles
in each of the three tissue types.

Results and Discussion

A higher incidence of YSD was observed
in fruit from the Fremont location relative to
the Wooster location (P ≤ 0.01). Of the 36
varieties and breeding lines, ‘Ohio 8245’ was
among the most severely affected by YSD. In
contrast, ‘Ohio 8556’ was significantly less
affected by YSD (P ≤ 0.05). These results are
consistent with the results of Hartz et al. (1999).
Figure 1 shows the range in appearance of fruit
obtained from ‘Ohio 8245’ at the Fremont
location. The green or yellow sectors were
usually associated with vascular tissue along
the inter-locule wall. All fruit of the 36 variet-
ies and breeding lines with a yellow ring >2
mm around the abscission zone displayed in-
ternal symptoms of YSD. However, only 15%
of fruit with YSD had a visible yellow ring.
Yellow shoulder disorder, characterized by
internal symptoms, and YS, characterized by
external symptoms, may have a common cause,
and the expression of visible external symp-
toms may reflect the position and amount of
IWT as suggested by Sadik and Minges (1966).
Hartz et al. (1999) report a high correlation
between YS and IWT. Our observations and
these reports are consistent with YSD, YS, and
IWT being related disorders, but further inves-
tigation is required to establish the relationship.

Fig. 1. The range of fruit obtained from cv. Ohio 8245 grown in Fremont, Ohio. Fruit were cut across the abscission zone to remove the peel and reveal sectors
associated with vacuolar tissue along the inter-locule wall. Fruit not affected are to the left and severely affected fruit to the right.

Table 1. Ultrastructural features of cells from ‘Ohio 8245’ mature-green fruit, red-ripe tissue of fruit with
YSD, and discolored tissue of fruit with YSD.

Tissue type
Mature- No. of Red- No. of Yellow No. of
green samples ripe samples shoulder samples

Cell width (mm) 0.328 az 38 0.368 a 39 0.251 b 70
Cell length (mm) 0.592 a 38 0.499 b 39 0.365 c 70
Cell wall thickness (u) 1.61 a 18 1.62 a 12  1.62 a 13

(0.85 b)y 32
Cells with middle 77.78 18 0.0* 12 46.15 13

lamella (%) (65.63) 32
Cells with vacuoles (%) 100 15 85.71 14 100 23

(76.92) 39
Chloroplast stage 2.0 12 4.56** 35  2.45 47
zMean separations were performed after a significant ANOVA using a two-tailed t test. Means followed by
the same letter are not significantly different.
yData are presented with sample three omitted from the analysis, and (in parenthesis) included in the analysis.
*, ** Significant at P ≤ 0.01, based on a chi-square test, and at P ≤ 0.001, based on a Kruskal–Wallis test,
respectively.
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Fig. 2. Light micrographs (bar = 0.2 mm) showing representative cell sizes found in
tissue affected by (A) yellow shoulder disorder, (B) adjacent red-ripe tissue from
the same fruit, and (C) tissue from mature-green fruit . All samples are from cv.
Ohio 8245.

Fig. 3. Five stages of chromoplast development (A to E) used as
developmental markers. Plastids showing organized and stacked
grana (G) characteristic of chloroplasts were given a rating of 1
(panel A); plastids with grana, but less highly organized were
rated 2 and corresponded to the chloroplast-chromoplast transi-
tion stage (panel B); plastids lacking grana and containing devel-
oping lycopene bodies (P) were rated 3 and correspond to devel-
oping chromoplasts (C); mature chromoplasts characterized by
lycopene bodies (L ) were rated 4 (D); and chromoplasts that
showed signs of necrosis were rated 5 (E).
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Tissue was prepared from three mature-
green and three ripe fruit with YSD for cyto-
logical and ultrastructural analysis. Blocks of
tissue from red-ripe and YSD sectors were
derived from the same fruit. Multiple mea-
surements and observations were made for
each fruit using photographs and digital im-
ages. No within-tissue variation was observed
for tissue from mature-green fruit or red sec-
tors in YSD fruit (data not shown), but signifi-
cant variation was observed within tissue from
YSD sectors for cell wall thickness, the pres-
ence of a middle lamella, and the presence of
a vacuole. Cells from the YSD sector from
fruit number 3 differed significantly from YSD
samples from fruit 1 and 2 for cell wall thick-
ness, the presence of a middle lamella, and the
presence of vacuoles. Many of the cells in
tissue sample 3 were small nucleated cells that
lacked chloroplasts and vacuoles. This mor-
phology contrasted with that of the chloroplast
rich vacuolated cells characteristic of paren-
chyma in all other samples we examined.
These cells may have been vascular compan-
ion cells, though no vascular elements were
observed. The lack of chloroplasts and associ-
ated pigments in sample 3 may be responsible
for the IWT often associated with color disor-
ders (Sadik and Minges, 1966). Analysis of
between tissue type differences were performed
with and without data collected from YSD
sample 3 (Table 1).

Cells from YSD tissue were noticeably
smaller than the cells of either adjacent red-
ripe tissue or of mature-green fruit (Fig. 2).
The widths and lengths of cells from YSD
tissue were smaller (P ≤ 0.0001) than cells
from both red-ripe and mature-green tissue
(Table 1). In addition, the lengths of cells from
red-ripe tissue were less (P ≤ 0.05) than cells
from mature green tissue (Table 1). This varia-
tion may reflect differences in the position of
the fruit on the plant (crown set vs. tertiary set),
the plane of sectioning through the cell, or
maturity. A difference in the size of cells was
previously noted for fruit with a blotchy ripen-
ing disorder called “green back” (Bewly and
White, 1926) and in histological studies of
blotchy selections by Fogleman (1966). Fi-
nally, the cells found in YSD tissue tend to be
more randomly organized than those in red-
ripe and mature-green tissue (Fig. 2). Such
disorganization was noted in the histological
studies of Sadik and Minges (1966).

The smaller cells from the YSD sectors
appear to be at a different developmental stage
than cells of the adjacent red-ripe tissue. Rep-
resentative plastids (Fig. 3) demonstrate the
developmental changes that accompany con-
version from chloroplast to chromoplast in
ripening fruit. The chloroplasts from cells of
mature-green tissue were beginning to un-
dergo a conversion to chromoplasts, as indi-
cated by the average stage rating of 2.0 (Table

1). In contrast, cells from red-ripe tissue had
plastids that were significantly further along in
chromoplast development (P ≤ 0.0001), aver-
aging 4.56 on the scale. Plastids from YSD
tissue averaged 2.45 and were significantly
different from those in red-ripe tissue (P ≤
0.0001), but not in mature-green tissue (Table
1).

Red-ripe tissue also differed from mature
green tissue and YSD tissue in the notable
absence of any middle lamella between adja-
cent cells (Table 1). This result reflects the
decomposition of pectic substances during the
ripening process. Tissue types did not differ
significantly for the thickness of cell walls or
the presence of vacuoles (Table 1), plasmodes-
mata, and chloroplasts (data not shown) when
YSD tissue sample 3 was omitted from the
analysis. As indicated above, YSD tissue from
sample 3 was different from the other YSD
samples with respect to cell wall thickness and
the presence of a middle lamella and a vacuole.
Including this sample in the analysis of differ-
ences between tissue types affected the sig-
nificance of the cell wall thickness measure-
ments but not the other analyses (Table 1).

Our results indicate that the ultrastructural
features of YSD are not compatible with a
delayed ripening model for this blotchy ripen-
ing disorder. Using chromoplasts and the pres-
ence of a middle lamella between adjacent
cells as developmental markers, the maturity
of YSD tissue appears to be comparable with
that of tissue from mature-green fruit. How-
ever, cell expansion is thought to be complete
by the mature-green fruit stage (Esau, 1977;
Fogleman, 1966). Therefore, YSD apparently
affects cell enlargement early in fruit develop-
ment since cells from YSD sectors were smaller
than those from mature-green fruit. These re-
sults are compatible with the findings of Sadik
and Minges (1966), who observed disorgani-
zation of parenchyma cells and the deposition
of a lignin-like material in the intercellular
spaces in immature-green fruit at the early
stages of certain color disorders. Chemical
analysis of fruit with blotchy ripening disor-
ders also suggests that blotchy fruit are not
merely delayed, but are altered in develop-
ment (Davies, 1966; Winsor et al., 1962). It is
more appropriate to consider YSD to involve
modified development rather than delayed
development.
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