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Abstract. Nodules associated with the main cortical vascular bundles in fruit of the ‘Gala’
apple (Malus ×domestica Borkh.) strains ‘Royal’ and ‘Regal’ were observed in several
growing seasons. The nodules were found in 68% (n = 586) of the fruits examined, with a
mean of 2.5 nodules per fruit. The nodules were first detected in developing fruit 2 months
after bloom and were normally 1–2 mm in diameter by commercial harvest maturity. The
nodules, like the vascular bundles, were pale green. They were inconspicuous at first, but
became conspicuous and unattractive and changed to brown or red as the fruit became
overmature. Nodules in the fruit of the ‘Gala’ x ‘Splendour’ hybrid ‘8S 27-2’ were dark
brown or red at picking maturity, and occurred with high frequency. Nodules were also
observed in ‘Splendour’, but were small, pale green, and infrequent in this cultivar.
Microscopic examination of the nodules revealed that they typically contained a central
cavity surrounded by a lignified wall with small pigmented cells outside the wall adjacent
to the cortex. Low-frequency irrigation cycle times generally promoted the development
of nodules in both ‘Gala’ strains but nitrogen treatments did not affect nodule frequency
in ‘Royal Gala’. Mean fruit nodule frequency tended to be higher, overall, in ‘Regal Gala’
(3.9) than in ‘Royal Gala’ (1.4).

Fruit quality defects, resulting from vascu-
lar bundle growth, development, and lignifi-
cation, often described as stringiness or
veininess, occur in several horticultural crops,
including peach [Prunus persica (L.) Batsch]
and apricot (Prunus armeniaca L.). Peach
vascular bundles can accumulate anthocya-
nins and appear red, but degradation during
cooking results in a change to brown and
reduces quality of canned fruit (Hsia et al.,
1965). If significant water stress occurs during
fruit development, apricot develops promi-
nent vascular bundles, which reduce quality of
fresh and canned fruit (personal observation,
W.D.L.).

No references are known in which nodules
associated with vascular bundles have been
described in apple fruit, but cell proliferation
associated with necrosis of vascular bundles
has been observed in development of apple
fruit corking disorders (Simons, 1968; Simons
et al., 1971). The vascular anatomy of apple
fruit has been described in a detailed report by
MacArthur and Wetmore (1939). The main
vascular bundles of most cultivars are readily
apparent when the fruit is serially sectioned

Stress treatments enhance metabolic activ-
ity, such as protein synthesis and cell prolif-
eration, in cells associated with vascular
bundles. In almond [Prunus dulcis (Mill.) D.A.
Webb] fruit, mRNAs encoded by genes for
proteins, such as extensin or alpha-tubulin,
accumulated in dividing cells surrounding vas-
cular tissues of the fruit (Garcia-Mas et al.,
1996). The beta-glucuronidase (GUS) gene,
driven by a heat shock protein promoter from
soybean (Glycine max L.), resulted in heat-
inducible protein expression levels that were
highest in the vascular tissue (Prandl et al.,
1995). When a fragment of the tas 14 dehydrin
gene was fused to the GUS gene, it drove
abscisic acid and osmotic stress induced GUS
expression localized mainly in the vascular
tissue, outer cortex, and root meristems of
tobacco (Nicotiana tabacum L.). The tas 14
gene accumulates in response to mannitol,
sodium chloride, or abscisic acid treatment.
This coincided with the location of tas 14 gene
expression in salt-stressed tomato (Parra et al.,
1996).

Our report describes the form and occur-
rence of previously undocumented apple vas-
cular nodules, which were found closely asso-
ciated with cortical vascular bundles. The nod-
ule frequency in several cultivars of apple
grown in different locations was investigated
over several growing seasons. The nodules
were examined visually and microscopically.
We also examined the nodule frequency in
fruit samples of ‘Royal Gala’ and ‘Regal Gala’
from experimental plots with several nitrogen
fertilizer and irrigation frequency treatments.
Although nodules in fruit of these ‘Gala’ strains
were inconspicuous at harvest, in overmature
fruit of ‘Gala’ and some other cultivars, the
nodules were conspicuous because of their
dark color and, when apparent, were cause for
rejection. Conspicuous, dark nodules would
be expected to reduce quality of apples used in
fresh-cut produce and some processed apple
products, as well as in markets where fruit are
sliced for display before consumption.

Materials and Methods

Apples used in these experiments were
obtained from plots at the Pacific Agri-Food
Research Centre (PARC) in British Columbia,
Canada. Fruit of ‘Royal Gala’ and ‘Regal
Gala’ were randomly picked from trees on
M.7 rootstock in their eighth leaf in the culti-
var repository, or from trees on M.7a rootstock
in their sixth leaf in cultivar test plots.
‘Splendour’ fruit were from a single tree in its
13th leaf, grown on M.7 in the cultivar reposi-
tory, and fruit of ‘8S 27-2’ were from three
trees in their seventh leaf, grown on M.9 in two
cultivar test plots. ‘8S 27-2’ is a hybrid of
‘Gala’ x ‘Splendour’ from the PARC breeding
program. Fruit samples were also obtained
from the experimental treatment plots de-
scribed below. Fruit, selected randomly from
the trees, were picked at commercial harvest
maturity unless otherwise indicated. All the
trees had been managed following recom-
mended commercial practices and were in
good health.

longitudinally, the largest bundles occurring
near the core line (Zielinski, 1955). They are
pale green in immature fruit, but they lose
chlorophyll as the fruit ripens, becoming yel-
low, then light or dark brown in overmature
fruit. Cultivars such as ‘Rome Beauty’ and
‘Regal Gala’ develop red vascular bundles
when fruit development continues past com-
mercial harvest time.

Apple cultivars have genetically determined
differences in vascular bundle anatomy. Yang
et al. (1995) compared stem tissue of nine
spur-type cultivars with that of two non-spur
cultivars, using ultrathin sections. The length
and diameter of the vessel members of spur-
type cultivars, as a group, were less than those
of the non-spur types, and the spur types had
more sieve elements.

Environmental stresses can promote ex-
cessive growth and development of vascular
bundles in several crops, resulting in reduced
quality. Nutrient and soil moisture stresses
contributed to tomato (Lycopersicon
esculentum L.) fruit veininess, a quality defect
in whole, processed tomato, and the amount of
vascularization was similar in three cultivars
(Saunders et al., 1996). Salt stress and calcium
ions acted synergistically to enhance lignifica-
tion and secondary thickenings of the phloem
cell walls of Phaseolus vulgaris L., as well as
hastening and increasing lignification of the
secondary thickenings and stringiness of the
beans (Cachorro et al., 1993). Water deficit
stress applied to sweet potato [Ipomoea batatas
(L.) Poir.] had a similar effect in enhancing
lignification of secondary tissues derived from
vascular cambium (Ravi and Indira, 1996).
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Description of the vascular nodules.
Samples of nodules were prepared for count-
ing, examination, and photography by slicing
apples longitudinally, then removing thin
slices, 2–3 mm thick, sequentially from the
exposed surface using a sharp knife. Large,
longitudinally oriented vascular bundles,
aligned with the ribs of the apple, were located
at about the core line, midway through the
cortex. The nodules were visible through the
surrounding cortex because of their darker
color, allowing the remaining cortex to be
carefully removed, thus exposing the nodule.
Slices of the whole apple were prepared for
photography in this way, placed on a light tray
illuminated from the rear, and photographed.
Nodules photographed at higher magnifica-
tion were prepared in the same way, but the
final dissection was done with the aid of a
stereoscopic microscope. They were then pho-
tographed using the camera attached to the
microscope.

Microscopic sections were prepared by
isolating a nodule with some adhering cortical
tissue, giving a cube ≈3 mm3. Samples were
fixed in a solution of formalin, acetic acid,
95% alcohol, and distilled water (2:1:10:7, v/
v). The fixed tissue was dehydrated in a series
of t-butyl alcohol, embedded in Paraplast®

(Sherwood Medical, St. Louis), and cut radi-
ally into 10-µm sections. Sections, attached to
slides, were then stained with crystal violet
and erythrosin B (Clark, 1981). This solution
stained non-lignified cell walls red, and ligni-
fied walls violet. Photomicrographs were taken
using bright field illumination.

The enzyme solution, UltraSP-L (Nova
Nordisk Ferment Ltd., Dittingen, Switzerland),
a macerating enzyme preparation that con-
tains pectinase, cellulase, and hemicellulase
activity but is not active against lignin, was
used to separate the nodules from the cortex
and to facilitate examination of their structure
and composition. Nodules, prepared in this
way, were examined with a stereoscopic mi-
croscope, dissected, and prepared as squashes
for light microscope examination. This en-
zyme is often used to increase juice yield when
processing apples.

Expt 1. Nodule frequency in fruit of ‘Gala’
and other cultivars. In 1994, 10 apples were
examined from each of 10 trees of both ‘Royal
Gala’ and ‘Regal Gala’. Two trees of each
strain were from the cultivar repository and
eight from the cultivar test plot. In 1998, 20
apples of ‘Splendour’ were collected and nod-
ules counted. Nodules were also counted in 16
apples of ‘8S 27-2’.

Expts. 2 and 3. The effects of nitrogen and
irrigation on nodule frequency. Ten apples of
‘Royal Gala’ were collected from each plot
from two experiments in 1992. The first (Expt.
2), was a 2 × 2 factorial with two levels of
nitrogen fertilization, 80 and 200 kg·ha–1, and
two weed control treatments, either complete
control using herbicide or minimal weed con-
trol. The treatment plots were replicated five
times. The second (Expt. 3), was a 2 × 3 × 2
(method × cycle time × strain) factorial with
either drip or microsprinkler irrigation emit-
ters and three irrigation treatments in which

the same total amount of water was applied to
each treatment plot, but the irrigation cycle
was timed to result in high, medium, or low
frequency of irrigation. The total water ap-
plied per cycle was 16 L/tree for the drip
emitters and 36 L/tree for the microsprinklers.
Trees were watered daily (high frequency), at
7- to 10-d intervals (medium frequency), or at
14-d intervals (low frequency). The plots in
this experiment were split, with two replicates
of each treatment planted to ‘Royal Gala’ and
two to ‘Regal Gala’. A more detailed descrip-
tion of these experiments was published previ-
ously (Neilsen et al., 1995, 1999).

For statistical analysis, the data were trans-
formed to log (count + one) to provide homo-
geneous variances. The effects of cultivar,
nitrogen, and irrigation frequency treatments
on the frequency of nodules per fruit were
determined by using analysis of variance on
the transformed data (SAS Institute, 1989).

Results

Description of the vascular nodules. A
hand-sectioned slice of apple 1–2 mm thick
revealed four nodules associated with the pri-
mary vascular bundle (Fig. 1). Three of the
nodules were located toward the stem end
where most nodules occurred. The nodules
were invariably located on the core side of the
associated vascular bundle. Additional hand
sections, photographed using a stereoscopic
microscope, showed that nodules were always
closely associated with vascular bundles (vb)
(Fig. 1 b and c). Also apparent is the general-
ized conical shape of the nodules, typically
with a cavity in the center (cc), surrounded by
lignified tissue (lw), although not all nodules
developed a well-defined cavity. After diges-
tion of the nodules in a solution of macerating
enzyme, the lignified tissue at the center of the
nodules remained undigested, was noticeably

Fig. 1. (a) A hand section, 1–2 mm thick, of ‘Regal Gala’ apple fruit flesh with four nodules associated with
a main vascular bundle; photographed with back illumination. (b) A hand section of a nodule associated
with a vascular bundle (vb) illustrating the conical shape and the central cavity (cc) often present; ‘8S
27-2’; bar is 1.0 mm. (c) Three nodules associated with the vascular bundle (vb); ‘8S 27-2’; bar is 1.0
mm. (d) Section through a nodule and surrounding cortex with associated vascular bundle (vb) in cross
section; central cavity (cc) and lignified wall (lw), stained with crystal violet and erythrosin; ‘Royal
Gala’; bar is 1.0 mm.
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hard when dissected, and was brown. Cutting
a nodule in a plane perpendicular to the longi-
tudinally oriented vascular bundle showed the
lignified wall surrounding the two central cavi-
ties, the small cortical cells, which, before
slide preparation, contrasted in color with the
cortex, the vascular bundle in cross-section,
and the normal cortex cells of the apple flesh
(Fig. 1d).

Nodule frequency in ‘Gala’ strains and
other cultivars. ‘Royal Gala’ and ‘Regal Gala’
had a mean of 2.06 (SE = 0.16) nodules per
fruit. Analysis of data from the comparison of
‘Gala’ strains showed that the variation be-
tween trees was greater than the difference
between strains, and that the difference be-
tween strains was nonsignificant (P = 0.08).
‘Royal Gala’ and ‘Regal Gala’ had mean nod-
ule frequencies per fruit of 1.59 (SE = 0.20) and
2.53 (SE = 0.26), respectively. Data from Expt.
3 indicated a significant three-way interaction
between strain, irrigation deficit, and emitter
type (P = 0.02), preventing a direct compari-
son of the strains (Table 1). We noted that the
mean nodule number for ‘Regal Gala’, as in
Expt. 1, exceeded the number for ‘Royal Gala’
in every treatment plot.

Examination of ‘8S 27-2’ showed that all
16 fruit contained nodules. The lowest fre-
quency was five nodules per fruit, the greatest
34, with a mean of 11.5 (SE = 7.2). We consis-
tently observed nodules in the fruit of this
‘Gala’ x ‘Splendour’ hybrid, and in most of the
other progeny from this cross. This family of
seedlings developed nodules regardless of lo-
cation or growing season.

In contrast, examination of ‘Splendour’
showed that only four of the 20 fruit examined
each contained one small, pale green nodule.

The effect on nodule frequency of nitrogen
and irrigation frequency treatments. Nitrogen
nutrition status with little or extensive weed
competition (Expt. 2) did not influence nodule
number of ‘Royal Gala’ (nitrogen effects, P =
0.75; weed control effects, P = 0.91). In this
experiment, the mean number of nodules per
fruit was 1.15 (SE = 0.33) (Table 2). The
irrigation experiment (Expt. 3) showed a sig-
nificant three-way interaction (P = 0.02). Emit-
ter type had a small effect, but frequent irriga-
tion, in general, resulted in a lower mean
nodule number (2.5, SE = 0.5) than did the
medium- or low-frequency irrigation (3.9, SE =
0.63).

In Expts. 1, 2, and 3, ‘Royal Gala’ and ‘Regal
Gala’ had an overall mean of 2.5 nodules per
apple with 68% of apples having one or more
nodules. Nodule frequency was 20% in the
‘Splendour’ sample and 100% in ‘8S 27-2’.

Discussion

Nodules were detected even in young de-
veloping fruit ≈3 cm in diameter. At this stage
of development, nodules were pale green and
did not strongly contrast in color with the
developing apple cortex, which made them
difficult to see. At commercial harvest, the
nodules in the ‘Gala’ strains remained green
and were not conspicuous, but became more
so as the fruit continued to ripen, and bundles
changed from pale green to yellow to brown
and, sometimes to red. The color of the nod-
ules paralleled this transition. In other culti-
vars, such as ‘8S 27-2’, the nodules were dark
brown or black at commercial harvest matu-
rity and were readily apparent on cutting the
fruit in an area that exposed them. In both
cultivars, red coloration developed synchro-
nously in both the vascular bundles and the
nodules in overmature fruit. The diameter of
the nodules was seldom >2 mm and they were
not conspicuous in the ‘Gala’ strains unless
the fruit were overmature. Fruit quality of
cultivars with dark nodules at maturity was
reduced, since brown or dark color in apple
cortex is unattractive and is often associated
with cell death or breakdown caused by senes-
cence, infection, mineral deficiency, or other
causes. The dark coloration, characteristic of
the nodules described here, was not a result of
cell death or senescence, since the nodule ini-
tials were observed in young developing fruit.

The sequential development of corking
disorders of apple, such as bitter pit and cork
spot, has been described (Simons et al., 1971)
and may have relevance to the nodules de-
scribed here, since corking disorders are often
contiguous with vascular tissue. Corking lacu-
nae develop in the outer cortex, usually in the
basin portion of the fruit, and their initial
development is associated with necrosis of
secondary vascular bundles, and with sepal,
petal, and style abscission zones that produce
cork cambium cells. As the corky spots de-
velop, plasmolysis of cells occurs, resulting in
the lacunae. Thickening of the walls of nearby
cortical cells often occurs, some of which
accumulate starch and initiate cell prolifera-
tion. Corky or callus cells around the lacunae
characterize the disease. Fruit developing cork
spot, in the later stages of fruit development,
sometimes have proliferating cells associated
with vascular tissue at the core line. This is
associated with senescence and necrosis of the
vascular tissue and significant tissue break-
down.

The vascular nodules occurred at the shoul-
der of the apple, in the inner cortex, and did not

appear to be associated with necrosis of vascu-
lar tissue, since both nodules and vascular
tissue accumulated anthocyanin, a metabolic
process, in overmature fruit. Both disorders
involve cell proliferation in young fruit well
before maturity since nodule initials were
present in young fruit. The nodules often de-
veloped a central cavity surrounded by ligni-
fied cells, while corky spots are characterized
by large cavities without associated lignifica-
tion. The large primary vascular bundles of the
core line were integrated with the nodules and
characteristic of them.

The nodules associated with vascular
bundles were present in all the collections of
fruit examined in these experiments, but the
frequency was variable, ranging from 0–10 or
more per fruit. Genetic differences appeared
to influence nodule frequency. ‘8S 27-2’ had
a high mean nodule number and large con-
spicuous nodules. ‘Regal Gala’, in general,
had more nodules than ‘Royal Gala’, suggest-
ing the possibility of a genetic difference be-
tween the strains. Differences in nodule fre-
quency due to environmental factors did oc-
cur, since there was considerable variation
from tree-to-tree and among fruit from the
same tree. Water stress, among other factors,
has been reported to influence vascular bundle
characteristics in some other crops, and, in
these experiments, the water stress from the
21- and 7–14-d irrigation cycles generally
increased nodule frequency in ‘Royal Gala’
and ‘Regal Gala’ compared with daily water-
ing.

Future studies that describe, in greater de-
tail, the developmental anatomy of the nod-
ules and compare nodule development to other
apple fruit disorders that involve cell prolif-
eration near vascular tissue would be useful.
Also, studies to investigate genetic and addi-
tional environmental factors influencing their
development would contribute to a more com-
prehensive understanding of nodule forma-
tion.
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