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ABSTRACT 

An understanding of physiological disorders associated with ripening of fruits triggered by abiotic stress relies on ana- 
tomical and physico-chemical analyses, as it provides insights into their origin and probable causes. The objective of 
this study was to analyze different ripening disorders of grape (Vitis vinifera L.) berries by dissecting their morpho- 
anatomy, shriveling nature, and composition. Four well-defined disorders—sunburn, prolonged dehydration (PD), late- 
season bunch stem necrosis (LBSN), and berry shrivel (BS) were analyzed in field-grown grapevines of the cultivar 
Cabernet Sauvignon. Early bunch stem necrosis (EBSN) that occurred before ripening was also included in the study. 
Unlike healthy spherical berries, the pericarp of disordered berries except for sunburn shriveled causing concomitant 
reductions in fresh weight and volume. The exocarp of PD berries developed well-ordered indentations as distinct from 
the wrinkles in LBSN berries, whereas BS berries were flaccid with numerous skin folds. The epicuticular wax occurred 
as upright platelets in all shrivel forms excluding the sun-exposed hemisphere of sunburned berries. A chlorophyllous 
inflorescence framework persisted in all shrivel forms but in LBSN, wherein the necrotic regions developed tylosis. 
Unlike the translucent mesocarp of healthy, sunburned, and PD berries, the mesocarp was collapsed in BS and LBSN 
berries, nevertheless all had well-developed seeds. The composition of healthy berries was optimal, whereas the disor-
dered berries were compositionally distinct from each other, which as a whole differed from the healthy berries. The BS 
berries had the lowest sugar content, and although sugar concentration was higher in LBSN, sunburned and PD berries, 
sugar amount per berry was highest in the healthy berries, the same was true for hexoses. Healthy and BS berries exhib-
ited highest amounts of tartaric acid followed by sunburn and PD berries, whereas the LBSN berries had the lowest 
values. Conversely, healthy and PD berries had the highest amounts of malic acid followed by LBSN, sunburn and BS 
berries, which collectively displayed similar amounts. The PD berries exhibited the highest calcium content followed by 
LBSN, healthy, and finally BS and sunburned berries. A linear relationship existed between potassium (K) and pH of 
the berries. The PD berries had the highest amounts of K followed by healthy, sunburn, LBSN, and BS berries. Overall, 
the results reported here provided combined morpho-anatomical and compositional analyses of different shrivel types 
that occurred during a single growing season. Such analysis is needed to make a progress on understanding these 
ripening disorders culminating in the development of remedial measures.  
 
Keywords: Grape; Bunch Stem; Dehydration; Necrosis; Ripening; Shrivel; Sunburn; Vitis vinifera 

1. Introduction 

Of all phenological events, the ripening phenomenon 
especially of fleshy fruits has been a topic of intense in- 
vestigation because of the specificity of this develop- 
mental process to plant biology and the practical impor- 

tance of ripening to the human diet and health [1]. Rip- 
ening of fleshy fruits is a dynamic transitional period that 
encompasses a coordinated series of changes in color, 
texture, volatile expression, and the accumulation of 
sugars [2]. Collectively, these changes indicate suitability 
for consumption and dispersal by vertebrate frugivores 
[3]. Provided that fruits follow the highly coordinated *Corresponding author. 
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events of ripening, a soft edible ripe fruit with desirable 
organoleptic qualities develops as the ultimate end prod- 
uct [4]. Conversely, perturbations in the cascade of rip- 
ening events result in various ripening disorders [5]. For 
instance, apples develop various disorders such as inter- 
nal browning, core browning, soft scald, and superficial 
scald, which limits the commercial storage periods [6]. 
The extensively researched tomato fruit develops nu- 
merous disorders, one particularly concerned with ripen- 
ing includes blotchy ripening wherein the fruit fails to 
develop color uniformly [7]. Stone fruit disorders such as 
split and shattered pits and double fruit of peaches [8], 
and albino and malformed fruits of strawberries [9] re- 
duces fresh market quality. These ripening disorders are 
considered to be physiological in nature resulting from 
altered metabolism and disruption of normal ripening and 
senescence processes eventually compromising fruit 
quality attributes and yield; what precisely causes them 
are not known [5]. Nevertheless, examinations of their 
internal and surface morphologies coupled with compo- 
sitional analysis have led to great advances in the under- 
standing of how these disorders develop and deteriorate 
fruit quality [5].  

As opposed to other fruit crops, grape (Vitis vinifera) 
is unique in that not only is it among the most ancient 
and widely cultivated fruit crops, but also is the only 
fleshy fruit crop to have its genome sequenced [10]. 
Hence, the keen interest in the understanding of grape 
berry ripening is justified by the economic relevance of 
the quality of grapes and their processed products, such 
as wine, juice and dried fruit [4]. In view of the availabil- 
ity of its complete genomics toolkits and the specificity 
of its ripening process to plant biology and its comer- 
cial significance, the grape berry has emerged as a model 
organism for investigating fleshy fruit development and 
acid fruit physiology [4,11]. The ultimate goal of grape- 
vine as a model plant is to optimize commercial maturity 
of grapes by understanding the physiological, hormonal, 
and molecular basis of ripening [10,12]. Thus, ripening 
of the grape berry is a key growth phase as it immedi- 
ately precedes harvesting determining the nature of the 
material used in the production of wine, juice, and table 
grapes. Commercial maturity (soluble solids in the range 
of 15 - 30 Brix) of grapes is typically evaluated at har- 
vest and like any fleshy fruit involves observation of 
changes in skin color, and the measurement of acid con- 
centrations and soluble solid content [13]. Since ripening 
of fruit is associated with an increased risk of physio- 
logical disorders [2], grapevines akin to any other fruit 
crop develop their own ripening oddities discernible in 
various forms of shrivel mostly prior to harvest. These 
disorders have been classified morphologically into four  

well-defined forms: sunburn, prolonged dehydration (PD), 
berry shrivel (BS), and late-season bunch stem necrosis 
(LBSN); one more type, the early-season bunch stem 
necrosis (EBSN) occurs before ripening [14-17]. The 
prolonged dehydration refers to the type of berry weight 
loss that typically occurs in Shiraz berries during late in 
the ripening a few weeks before harvest [18,19]. Each 
shrivel type has a different derivation evolving with dis-
tinct morphological and compositional characteristics; 
the only commonality among them is the loss of volume 
occurring during the ripening phase of the berry growth 
curve.  

Viticulturists use the French word véraison (a term 
denoting the change in color of the skin) to describe the 
initiation of berry ripening, which represents one of the 
modules of berry’s double sigmoidal growth pattern re- 
sulting from two successive periods of vacuolar swelling 
during which the size and nature of accumulated solutes 
drastically change [13]. In the first part of the biphasic 
growth (growth stage I), berry volume increases via a 
series of mitotic division and cell enlargement. The first 
phase is followed by a lag period (lag phase, growth 
stage II) and it is during this slowing down phase that the 
embryo and endosperm within the seed differentiate and 
the seed matures. The second sigmoid curve (growth 
stage III) characterizes the ripening process marked by 
accumulation of anthocyanins in the exocarp of pig- 
mented red and black varieties, increased deformability 
accompanied by fruit softening, a decline in titratable 
acidity, massive accumulation of hexose sugars, metabo- 
lism of malate, and production of vast array of flavor and 
aroma compounds [4,16,20]. This is a key growth phase 
since it determines the quality of the final product such 
as wine or table grape. The boundary between stages II 
and III is called “véraison” and by just about this time 
not only the fruit ripening process begins but also differ- 
ent disorders initiate [15,17,21-23]. The most striking 
feature of these disorders is the shriveling of the pericarp. 
Although the various forms of shrivel visually appear 
identical, shrivels themselves are distinctive and for this 
reason each is quite sharply different from the other with 
respect to morpho-anatomy and composition [24]. It is 
hypothesized that each shrivel form develops with dis- 
tinct characteristics resulting distinguishable features in 
composition and morpho-anatomy of the berry. Com- 
pared to extensive studies on physiological disorders of 
other fruit crops species such as apple, tomato, cherry [5], 
limited literature exists for the various shrivel forms in 
grape berry. The objective of this study was to analyze 
morpho-anatomical and compositional basis of distin- 
guished features among different shrivel forms and pro- 
vide insights into probable causes of each form.  
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2. Materials and Methods 

2.1. Plant Material 

A commercial vineyard (lat. 46˚15'47.48''N, long. 119˚29' 
16.09''W) with mature own-rooted V. vinifera cv. Cab-
ernet Sauvignon located in the Red Mountain AVA 
(American Viticultural Area) at Benton City, WA was 
chosen for dissecting various ripening disorders during 
the 2007-2009 growing seasons. This vineyard was cho- 
sen as these vines consistently exhibited incidences of 
several ripening disorders. The vineyards had a vine by 
row spacing of 1.83 m by 2.74 m. The soil types in this 
AVA include Warden (Mesic Xeric Haplocambids), 
Hezel (Mesic Xeric Torriorthents), and Scooteney (Mesic 
Xeric Haplocambids) series derived from Quaternary 
glacial sediments and wind-blown loess overlying Mio- 
cene basalt. Vines were trained to a bilateral cordon (an 
extension of the trunk), which entailed training the vines 
in both directions from the trunk along the cordon wire 
and were drip-irrigated during the growing season. Train- 
ing in viticulture parlance refers to the design and devel- 
opment of a grapevine framework. The shoots emerging 
from spurs (a bearing unit with 2 - 4 buds) on cordon 
were positioned vertically using catch wires. Vines were 
spur-pruned during winter, i.e., canes (a mature woody 
and lignified stem from previous season’s shoot) were 
cut back to two count nodes/buds (the readily visible 
buds on a dormant cane, not including the small base 
buds); the noncount shoots (shoots arising from base 
buds of the spur) were removed at the beginning of 
bloom that approximately equated to 20 shoots per meter. 
Throughout the growing season, the vines were continu- 
ally monitored for the inception of all disorders espe- 
cially during the ripening period. Following the appear- 
ance of disorders, the symptomatic vines were identified 
by tagging the vines and their clusters, i.e. fertilized in- 
florescence, which later in the season become the fruiting 
structures. Thereafter, the progression of each disorder 
was monitored for analyzing morphological and compo- 
sitional characteristics at harvest.  

2.2. Berry Volume and Fresh Weight 

Fruits were de-pediceled using a sharp razor blade and 
their fresh weights were measured using a pre-tared 1 mg 
sensitivity electronic balance. Following fresh weight 
measurements, the volume of whole berry was measured 
by the water displacement method based on Archimedes’ 
principle. Forty berries were immersed in a 100 ml 
measuring cylinder filled with 60 ml of water. The in- 
crease in volume of water displaced by berries was re- 
corded, which according to Archimedes principle is 
equal to the weight of the volume of water the berries 

displaced. Since the recorded quantity was in volume 
units, it was numerically equal to the volume of berries. 
Per berry volume was calculated from the volume of wa- 
ter displaced by 40 berries.  

2.3. Berry Composition 

All compositional attributes of berries pertaining to solu- 
ble solids, glucose + fructose, tartaric and malic acids, 
calcium, and potassium were analyzed by a commercial 
laboratory (ETS Laboratories, Walla Walla, WA, USA).  

2.4. Light Microscopy 

To examine the gross morphological and anatomical fea- 
tures of berries, berries from healthy and afflicted clus- 
ters were excised from the rachis. Berries were then ei- 
ther cross-sectioned at the proximal (pedicel) and distal 
(stylar) end, or were sectioned longitudinally through the 
center to examine the pericarp with stereomicroscope 
(Stemi 2000-C, Carl Zeiss, Thornwood, NY, USA) at- 
tached with digital camera (DXM 1200C; Nikon Instru- 
ments, Melville, NY, USA), which was used for captur- 
ing digital images. Whole berries from each shrivel type, 
and the dewaxed healthy berries prepared by gently rub- 
bing the berries with kimwipes were also examined with 
the same stereomicropscope.  

To examine the anatomy of rachis and pedicels, the 
standard free-hand sectioning technique [25] was used. 
All sections were cut using a new double-sided razor 
blade and stained with safranin O (Fisher Scientific, 
Pittsburgh, PA), 0.5% (w/v) dissolved in 50% EtOH. 
After each cutting, the cut sections that collected on the 
blade were transferred to a Petri dish containing safranin 
O. Following staining the sections were either viewed 
with bright field microscopy (Carl Zeiss Inc., Thornwood, 
NY, USA) or with wide field epifluorescence micros- 
copy (Carl Zeiss Inc., Thornwood, NY, USA) attached 
with a digital camera (DXM 1200C).  

2.5. Scanning Electron Microscopy 

Small pieces of the berry exocarp from the equatorial 
region were cut using a sharp razor blade. The tissue 
samples were fastened to aluminum specimen mounts 
and placed in a desiccator for air-drying the samples. 
Prior to viewing, the dried samples were coated with 
platinum. To observe epicuticular wax morphology, a 
Focused-Ion-Beam/Scanning Electron Microscopy (FIB/ 
SEM) dual beam microscope of the microscopy facility 
located at EMSL-PNNL, Richland, WA was used. The 
mounted samples were transferred to dual beam system 
for focused ion beam (FIB)/SEM operation (Helios 
NanoLab DualBeam focused ionbeam/scanning electron 
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microscope, FEI, Corp., Hillsboro, OR, USA). SEM im- 
aging was performed by means of the field emission gun 
electron column available in the same system using a 
SEM beam voltage of 5 kV with a 1 nm spot size.  

2.6. Data Analysis 

All quantitative data were statistically analyzed by one- 
way ANOVA using SPSS (SPSS statistical package 11; 
SPSS, Chicago, IL, USA). Regression analysis was 
performed on selected variables using SPSS software. 
Significance among mean values was determined by least 
significant difference (LSD) values where P = 0.05. 

3. Results  

3.1. Morpho-Anatomical Characteristics 

3.1.1. Healthy Berry 
The berries were borne on a cluster framework with a 
proximal-to-distal decrease comprising of peduncle (hy- 
poclade)—the stalk of the cluster, rachis—the main 
framework and axis of the cluster, and pedicels, the stalk 
of the berries (Figure 1(A)). The proximal end of the 
chlorophyllous pedicel was thin whereas the distal end 
was swollen into a receptacle (Figure 1(B)). Numerous 
lenticels as very small heaps of loosely arranged suber- 
ized cells (Figure 1(A), inset) were distributed on the 
surface giving the pedicel a warty appearance (Figure 
1(B), inset). Where the rim of the receptacle contacted 
the berry surface, an annular waxy margin was formed 
(Figure 1(B), inset). Conversely, the distal end of the 
berry had an unbound small conspicuous brownish mass 
of dead tissues (remnants of style and stigma) (Figures 
1(B), (C)). Individual berries were spherical, firm yet 
soft to touch and elastic, and purple colored (Figures 
1(A), (B), Table 1). The outer surface of the berry ap- 
peared as powdery bloom to the naked eye (Figure 1(B)). 
The surface of the berry after the wax had been rubbed 
off with fingers revealed a taut cuticle giving the berry a 
shine or luster, and appeared dark colored reflecting the 
accumulation of anthocyanin pigments in the vacuoles of 
exocarp (skin) cells (Figure 1(C)). The powdery bloom 
was due to the presence of fine, loose, shiny, and off- 
white aggregates of epicuticular wax crystals (Figure 
1(D)). A nanoscale resolution revealed the crystalline 
shape of the epicuticular wax in the form of upright 
platelets consisting of a reticulum of microfilaments 
(Figure 1(E)).  

A longitudinal section of the berry revealed a bilateral 
symmetry of tissues, which confined three tissue strata: 
the outer stratum, exocarp; the relatively thick stratum 
below it—a translucent, hydrated and soft mesocarp 
(pulp or flesh) with colorless juice; and the membranous 

Inner stratum—endocarp (Figure 1(F)). The exocarp rest- 
ing on the softer foundation of mesocarp was purple col- 
ored and its exterior was rough due to the presence of 
epicuticular wax platelets that were randomly distributed 
throughout the surface (Figure 1(D)). The middle stra- 
tum or the mesocarp represented the largest portion of the 
berry volume (Figure 1(F)). The internal stratum or en- 
docarp acted as a single inner wall between the mesocarp  

 

 

Figure 1. Photographs of (A) Healthy Cabernet Sauvignon 
grape cluster showing spherical berries attached to rachis 
with healthy pedicels, and cross section of lenticel (inset); (B) 
A single healthy spherical berry covered with bloom resting 
on the distal swollen receptacle of chlorophyllous pedicel 
replete with lenticels (inset); (C) De-waxed surface of healthy 
berry revealing a taught cuticle and a shine or luster resem- 
bling a polished dark colored grape; (D) Scanning electron 
micrograph of bloom showing fine, loose, shiny, and off- 
white aggregates of epicuticular wax crystals; (E) Nanoscale 
resolution scanning electron micrograph of epicuticular 
wax platelet showing microtubules; (F) A stereomicrograph 
showing longitudinal section of a healthy berry with bilat- 
eral symmetry of pericarp embedded with axial, peripheral 
and ovular vascular tissues, and a seed; (G) A stereomicro- 
graph of healthy berry showing the highly ramified periph- 
eral or dorsal vascular bundle at the proximal end; (H) A 
stereomicrograph of healthy berry showing peripheral 
bundle united with the axial vascular bundle at its distal 
end. Scale bars: 10 mm (A-C, F-H), 5 µm (D), 500 nm (E). 
AVB—Axial vascular bundle, DE—Distal end, OVB— 
Ovular vascular bundle, PE—Proximal end, PVB—pe- 
ripheral vascular bundle, S—Seed.  
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Table 1. Total soluble solids (TSS) and morphological fea- 
tures of berries afflicted with different ripening disorders. 

 TSS (˚Brix)a 
Rachis and 

Pedicel color 
Berry morphology

Healthy 26.1 Green Spherical and waxy

Sunburn 28.3 Green Spherical and shiny

Dehydration 33.5 Green Dimpled and waxy

LBSN 43.4 Brown Raisin and waxy 

Berry shrivel 13.5 Green Flaccid and waxy 

LSD (d.f. = 14) 3.33   

LSD: least significant difference; d.f.: degrees of freedom; LBSN, Late- 
season bunch stem necrosis. aData represent means (n = 30). 

 
and seeds. The seeds were confined to the locules in the 
center of the mesocarp. One of the seeds is shown in 
Figure 1(F). Together these three tissues comprised the 
pericarp, which was fed via vascular bundles that entered 
the berry from the pedicel as a group consisting of three 
components (Figure 1(F)). One of the components, the 
axial vascular bundle extended into the distal pole of the 
berry (Figure 1(F)), the second component, the highly 
ramified peripheral or dorsal vascular bundle branching 
out from the axial vascular bundle at the proximal end 
(Figures 1(F), (G)) and then again uniting with the axial 
vascular bundle at its distal end (Figures 1(F), (H)) was 
located just beneath the exocarp. The dorsal vascular 
bundle separated the mesocarp into two zones, inner and 
outer zones. The third component entailed the ovular 
vascular bundles that served the seeds (ovules) (Figure 
1(F)).  

The cross section of pedicel at the distal end was an- 
gular due to the presence of lenticels (Figure 2(A)). Its 
anatomy was much like that of a young stem comprising 
an epidermis, typical cortex, pith, and vascular system 
consisting of discrete bundles of xylem and phloem ele- 
ments. However, in this cross section (post-veraison 
berry), the individual vascular bundles were thickened by 
secondary growth into pie-shaped sectors separated by 
rays (Figures 2(A), (B)). The course of vascular bundles 
remained unchanged until the region of receptacle was 
reached where they branched (Figures 2(C)-(E)) and 
served the berry as described in the previous section.  

3.1.2. Sunburn  
Sunburn was mostly observed in clusters that were ex- 
posed to direct solar radiation on the west aspect of the 
canopy in this vineyard. In a given cluster, all sun-ex- 
posed berries succumbed to sunburn (Figure 3(A)), 
wherein one hemisphere remained constantly exposed to 
the sun (except on cloudy days), while the other hemi- 
sphere developed in shade (Figures 3(A), (B)). Most of  

 

Figure 2. Transverse light micrographs of (A) A pedicel 
from healthy berry showing lenticel, cortex, phloem fibers 
and discrete bundles of xylem and phloem elements; (B) 
High magnification of the individual vascular bundles from 
(A) that were thickened by secondary growth into pie- 
shaped sectors separated by rays, (C), (D), and (E) showing 
the course of branching from the receptacle. Arrow head 
indicates secondary cell wall of xylem vessels. Scale bars: 
100 µm (A)-(D), 50 µm (E). F-Phloem fibers, L—Lenticel, 
P—Phloem, Pi-Pith, R—Ray parenchyma, V—Vessel, VB— 
Vascular bundle, X—Xylem.  
 
the injury occurred on the exposed hemisphere mani- 
fested as loss of crystalline structure of epicuticular wax 
resulting in a shiny surface (Figure 3(A), Table 1). The 
wax platelets were degraded and transitioned into amor- 
phous masses creating a rough surface morphology (Fig- 
ure 3(B)) with poor development of color (Figure 3(A), 
inset). By contrast, the exocarp of the corresponding 
hemisphere on the opposite shaded side developed nor- 
mally; there was no injury to this surface. On clusters 
that were exposed to constant sunlight, only the berries 
facing the sun developed sunburn symptoms; there was 
no injury to the cluster framework (peduncle, rachis and 
pedicels) (Figure 3(A)).  

Longitudinal sections of the berries revealed healthy 
seeds (Figure 3(C)). There was no apparent injury to any 
of the vascular systems. The mesocarp appeared to be 
firm and intact (Figure 3(C)).  

3.1.3. Prolonged Dehydration (PD) 
The PD clusters were observed on both east-west aspects 
of the canopy, but mostly on the west aspect of the can- 
opy in the vineyard. In a given cluster afflicted with PD, 
the taut exocarp in dehydrated berries systematically  
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Figure 3. Photograph of (A) A cluster of sunburned berries 
with chlorophyllous pedicel and rachis showing loss of crys- 
talline structure of epicuticular wax from berries exposing 
the cuticle and epidermal surface rendering the exposed 
surface a smooth and shiny appearance; (B) A scanning 
electron micrograph of the exposed rough surface revealing 
amorphous mass of degraded wax platelets; (C) A stereo- 
micrograph showing longitudinal section of sunburned 
berry with bilateral symmetry of pericarp embedded with 
axial, peripheral and ovular vascular tissues, and a seed (D) 
Photograph of a cluster of berries with prolonged dehydra- 
tion; (E) A single dehydrated berry from (D) showing the 
distinct polygonal indentations throughout the outer meso- 
carp zone resembling that of a golf ball; and (F) A stereomi- 
crograph showing longitudinal section of a dehydrated 
berry with bilateral symmetry of pericarp embedded with 
axial, peripheral and ovular vascular tissues, and seeds. 
Scale bars: 10 mm (A), (C)-(F), 3 µm (B). AVB—Axial vas- 
cular bundle, DE—Distal end, PE—Proximal end, PVB— 
peripheral vascular bundle, S—Seed.  
 
developed small polygonal indentations throughout the 
outer zone of the mesocarp (Figures 3(D), (E)). To the 
naked eye, the dehydrated berry with its dimpled exocarp 
was reminiscent of a golf ball (Figures 3(D), (E), Table 
1). Dehydration did not alter the wax morphology. Lon- 
gitudinal section revealed a translucent mesocarp with 
well-developed seeds and intact vasculature, although the 
dorsal vascular bundle at the proximal end appeared to be 
curved round the periphery of the outer mesocarp (Fig- 
ure 3(F)). There was no injury to the cluster framework 
(Figure 3(D)).  

3.1.4. Berry Shrivel (BS) 
BS did not follow any discernible pattern with respect to 

shoot position on the cordon, cluster location on the 
shoot, and the vineyard site. BS clusters were observed 
throughout the vineyard. Not all clusters on a shoot dis- 
played BS, if one cluster was affected, the other clusters 
of the same shoot either remained healthy and normal or 
afflicted with BS. Furthermore, the shoot next to a shoot 
with BS cluster either developed normal clusters or af-
flicted with BS. In addition, the vine next to the vine 
bearing BS clusters was either had normal clusters or 
developed BS clusters. The BS berries were flaccid and 
soft (Figures 4(A), (B) with their exocarp wrinkled and 
pulled away from the receptacle forming deep grooves 
into the mesocarp reminiscent of a deflated soccer ball 
(Figure 4(B), Table 1). These modifications; however, 
did not alter the wax morphology. Longitudinal sections 
of the BS berry revealed a collapsed mesocarp, yet the 
seeds were well developed (Figure 4(C)). The collapsed 
mesocarp was responsible for the flaccidity of the berries. 
The peduncle, rachis and pedicels appeared to be healthy 
(Figure 4(A)).  

3.1.5. Late-Season Bunch Stem Necrosis (LBSN) 
LBSN occurred wherever the clusters were shaded by the 
shoot system, this predominantly occurred on the east 
aspect of the canopy. In a given cluster, although the 
shoulder (wing) of the cluster exhibited necrosis, it was 
the distal end of the rachis that frequently developed ne- 
crosis. In viticulture parlance, the bunch stem is a collec- 
tive term for the peduncle, rachis, and pedicel. In clusters 
afflicted with LBSN, darkened lesions developed toward 
either the distal end of the rachis or on the shoulder (up- 
per lateral branches of the cluster), the proximal end of 
rachis or on both ends. The Figure 4(D) shows such le- 
sions in the distal rachis region of the bunch stem. These 
lesions expanded and girdled the rachis causing necrosis 
and loss of green color. The girdling of the rachis 
blocked the supply of water, nutrients, and sugar to the 
berries distal to the necrotic region. Consequently, ber- 
ries on the affected portions of the cluster dried up, 
shriveled, and eventually developed raisin-like wrinkles 
(Figure 4(E), Table 1). The rachis and pedicels in the 
region distal to the necrosis also dehydrated and turned 
brown (Figure 4(D)). On the contrary, all structures 
proximal to the necrotic region remained healthy (Figure 
4(D)). The necrosis of rachis contributed to a significant 
loss in firmness, eventually shriveled the berries. Thus, in 
a textural context, LBSN promoted raisin like character- 
istics by modifying berry shape and dimension, wherein 
no harm was done to the seeds but the mesocarp was 
completely collapsed as evident in the longitudinal sec- 
tions. The striking feature of LBSN was that the xylem 
vessels in the necrotic region developed tylosis (Figure 
5(A)), no tylosis was observed in the healthy part of the  
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Figure 4. Photograph of (A) A cluster of berries afflicted 
with berry shrivel attached to chlorophyllous rachis via 
chlorophyllous pedicel (B) A stereomicrograph of a single 
berry afflicted with berry shrivel showing the distinct wrin- 
kling of the exocarp that pulled away from the receptacle 
forming deep grooves into the mesocarp reminiscent of a 
deflated soccer ball, (C) A stereomicrograph of a longitude- 
nal section of a berry afflicted with berry shrivel showing 
collapsed mesocarp and healthy seed, (D) Photograph of a 
cluster showing healthy proximal part with spherical ber- 
ries attached to the chlorophyllous rachis via chlorophyll- 
lous pedicel whereas the distal part afflicted with LBSN 
bearing raisined berries with necrotic rachis and pedicels, 
(E) Stereomicrograph of a single LBSN berry displaying 
shriveled pericarp resembling a raisin, and (F) Stereomi- 
crograph of longitudinal section of a single LBSN berry 
displaying dried up mesocarp and healthy seeds. Scale bars: 
10 mm (A), (D), 3 mm (B), 1 mm (C)-(F).  
 
cluster (Figure 5(B)).  

3.1.6. Early-Season Bunch Stem Necrosis (EBSN) 
The occurrence pattern of EBSN was similar to LBSN. 
However, as opposed to LBSN, EBSN occurred before 
ripening during flowering. While the end result was the 
same as poor fruit set, the expression of symptoms was 
different. Different parts of the bunch stem developed 
necrosis, which eventually shriveled, dried and turned 
brown, but remained attached to the bunch stem (Figures 
5(C), (D)). Consequently, the whole bunch stem had 
fewer healthy branches resulting in poor fruit set (Fig- 
ures 5(F)-(H)). The berries that developed on the re- 
maining healthy part of the branch developed all qualities 
similar to a healthy cluster (Figure 5(E)).  

 

Figure 5. Transverse light micrographs of (A) LBSN shoul- 
der (upper lateral branch) showing tylosed xylem vessels 
and (B) healthy shoulder showing open xylem vessels, and 
young clusters afflicted with EBSN showing necrosis con- 
fined to distal portion of the rachis (C) and (D) secondary 
branches of the rachis, photographs of (E) healthy cluster 
and (F)-(H) poor berry set caused by varying degrees of 
EBSN. Scale bars: 100 µm (A), (B), 10 mm (C)-(H). The 
white arrow heads in (A) indicates a tylosed vessel and open 
vessel in B. 

3.2. Physical and Compositional Characteristics 
of Berries  

Berry size as measured by fresh weight and volume was 
greatest in healthy berries followed by sunburn, PD, BSN, 
and BS berries (Figure 6). Except for the browning and 
necrosis of the distal part of LBSN cluster, the inflores- 
cence framework in all other clusters was covered with 
chlorophyllous pigments (Table 1, Figures 1, 3, 4, and 
5). With regard to berry morphology, healthy berries were 
spherical (Table 1). The sunburned and PD berries were 
also spherical but the PD berries had dimpled surface 
(Table 1). The berries from LBSN affliction developed 
raisin like characteristics whereas BS berries were flaccid 
(Table 1). Except for the exposed surface of sunburned 
berries, berries of all shrivel forms were waxy (Table 1).  

The Brix values, a measure of total soluble solids (pri- 
marily sugars) were generally greater in those shriveled 
berries, which shriveled (excluding BS berries) followed 
by healthy berries. These in increasing order of Brix in- 
cluded LBSN, PD, which were higher than healthy and 
sunburned berries; the BS berries had the lowest concen- 
trations (Table 1). However, converting Brix values to 
sugar concentrations on a per berry basis, the healthy  
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and LBSN berries, the tartaric acid was almost identical 
between SB and PD berries; however, collectively, their 
concentrations were higher than those in the concentra- 
tions in LBSN berries (Table 2). Conversely, the amount 
of malic acid was higher in healthy and PD berries; 
however, their concentrations were not only the highest 
of all berry types but also were higher than SB, LBSN 
and BS berries among which the malic acid concentra- 
tions did not differ (Table 2). Nutritionally, the PD and 
LBSN berries contained higher amounts of calcium than 
the healthy, SB, and BS berries (Table 2). A close linear 
relationship existed between potassium (K) and pH of the 
berries (Figure 7). The PD berries contained the highest 
amounts of K followed by healthy, sunburn, LBSN, and 
BS berries (Figure 7).  

 
4. Discussion 

4.1. Organoleptic Qualities of Grape— 
Morpho-Anatomy of Healthy Berries  

Figure 6. Relationship between berry volume and berry 
fresh weight of healthy berries and berries afflicted with 
various ripening disorders. Each data point represent single 
berry volume calculated from the volume of water dis- 
placed by 40 berries according to Archimedes principle. 
The regression analysis was made with the SPSS software. 
○—Healthy berries, ●—Sunburn, ∆—PD, ▲—LBSN, and 
□—BS. y = 0.925x + 0.0071, r2 = 0.99, P < 0.001. 

The bilateral symmetry of grapes [26,27] as observed in 
the healthy berries represents the culmination of a suc- 
cessful completion of all events of flower formation fol- 
lowed by pollination and fertilization and the double 
sigmoid course of berry development [28]. Furthermore, 
the healthy berry shaped slightly like a flattened sphere 
indicated cell expansion roughly equal in all directions 
ensuing from the typical double-sigmoid course of berry 
development [26] unlike, for example in coleoptiles, 
which expand predominantly longitudinally [29]. The 
protective exocarp encasing the mesocarp is a common 
feature in all fruits; however, the physical properties of 
mesocarp vary [28]. For instance, the translucency of 
mesocarp in the healthy berries indicated that it is either 
largely free from intercellular air spaces or the free 
spaces are flooded with apoplastic sap. According to a 
recent study [30], it is the latter since the apoplast of 
grape berries accumulate solutes as part of their normal 
development to avoid fruit cracking/splitting. This is also  

 
berries accumulated higher sugars than SB, LBSN, and 
BS berries (Table 2). The same trend was true for glu- 
cose + fructose amounts except that it was not different 
between LBSN and healthy berries (Table 2). Among the 
shriveled berries, the trend in sugars on per berry basis 
was different from the one observed for Brix. The PD 
berries had the highest sugar concentrations followed by 
LBSN and sunburned berries; the BS berries displayed 
the lowest amount (Table 2). With regard to organic ac- 
ids, healthy and BS berries had similar amounts of tar- 
taric acid, which were the highest of all berry types. Col- 
lectively their amounts were greater than the amounts in 
SB, PD, and LBSN berries (Table 2). Among the SB, PD,  
 

Table 2. Fruit composition of berries afflicted with different ripening disordersa. 

 TSS (g/berry) Glu + Fru (g/berry) Tartaric acid (mg/berry) Malic acid (mg/berry) Ca (µg/berry) 

H 0.28 0.30 4.63 0.91 56.7 

SB 0.20 0.22 3.08 0.46 53.1 

PD 0.25 0.27 3.09 0.97 100.9 

LBSN 0.23 0.26 1.21 0.56 97.4 

BS 0.05 0.05 4.60 0.44 51.8 

LSD (d.f. = 14) 0.025 0.035 0.737 0.259 12.75 

LSD, least significant difference; d.f., degrees of freedom; H, healthy; SB, sunburn; PD, prolonged dehydration; LBSN, late-season bunch stem necrosis. aData 
represent means (n = 30). 
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Figure 7. Relationship between pH and potassium content 
of healthy berries and berries afflicted with various ripen- 
ing disorders. The regression analysis was made with the 
SPSS software. ○—Healthy berries, ●—Sunburn, ∆—PD, 
▲—LBSN, and □—BS. y = 0.89x + 2.67, r2 = 0.63, P < 0.001. 
 
a reflection of phloem unloading switching from sym- 
plastic to apolastic during veraison [31]. By contrast, 
although apple fruit utilizes an apoplasmic phloem 
unloading pathway [32] similar to grape [31], the flesh of 
apple has large proportion of intercellular air spaces, 
which reflect and diffuse light strongly and render the 
flesh appear white [33]. Furthermore, if the translucency 
increases due to an increase in volume of intercellular 
spaces, which generally occurs during storage, then it is 
considered a physiological disorder, e.g. apples afflicted 
with water core [34], or in pineapple wherein translu- 
cency of flesh is not at all a desired characteristic [35]. 
Conversely, the table grapes (e.g. Redglobe), which are 
same species as wine grapes but much firmer, have 
opaque colored flesh attributable to its high turgidity and 
firmness [36]. Despite these differences, the fleshy 
mesocarp in all fruits characterizes the most considerable 
fraction of their weight. For instance, as evident in this 
study, the mesocarp represented about 75% - 85% of the 
weight of which water accumulation accounts for about 
70% - 80% of the weight [37]. Collectively, the growth 
of mesocarp and its water balance determined by supply 
of sap through peripheral vascular bundles, back flow to 
other organs, and by cuticular transpiration has dominant 
effect on the overall growth of the berry [13,31,38,39]. 
The same is true for apricots, peach, and apple and hence 
could be regarded as the general feature of the growth of 
many fleshy fruits [40] with a minor variation in grape 
berry in that the mesocarp is separated by the dorsal 
vascular bundles into inner and outer zones, the inner and 
outer mesocarp [41-43].  

4.2. Cluster Framework and Composition of 
Healthy Berries  

The proximal-to-distal decrease within the clusters of 
fruit as observed in the healthy clusters is a commonly 
observed phenomenon in plants that use inflorescence as 
reproductive structures and has frequently been attributed 
to competition among developing fruits for resources [44]. 
Nevertheless, all healthy berries shared similar physical 
characteristics and composition, wherein water supplied 
by ventral (axial) vascular bundles [22] predominantly 
contributed to their volumetric growth. Since along with 
water, soluble solids such as sugars, organic acids and 
mineral nutrients (Ca and K) are brought in, they too are 
integral components of growth [45]. This was evident in 
the healthy berry’s composition, which according to a 
recent study [46] corresponded to optimal range. Typi- 
cally, in berries with such composition, the hexose sugars 
(glucose and fructose) accumulate solely in the course of 
expansive growth during ripening, whereas the accumu- 
lation of organic acids primarily tartaric and malic acids 
parallels with early growth triggered by both mitotic ac- 
tivity and cell expansion [4,13,20]. This type of accumu- 
lation pattern is also typical in other fruits accumulating 
sugars and acids such as apple [47] and peach [48]. 
However, unlike apple, a predominant accumulator of 
malic acid, and peach, which accumulate malic and citric 
acids as the dominant acids [40,48], grape berries accu- 
mulate the nonfermentable tartaric acid, and malic acid, 
the respiratory substrate, both accounting for 90% or 
more of the total acidity [13,49]. Between the two acids, 
80% of the acid content is tartaric acid [13] with ~10% 
malic acid in mature grapes. These values are in com- 
plete agreement with the acidity observed in the healthy 
berries. The same is true for commercially important 
juice grape species such as V. labrusca and V. rotundifo- 
lia [49]. However, this acidic phenomenon of Vitis spp. 
lies in sharp contrast to other tartaric acid accumulating 
fruits such as loquat (Eriobotrya japonica Lindl.) wherein 
the malic acid predominates over tartaric acid [50].  

Furthermore, the sugars and organic acids in the 
healthy berries accounted for the major portion of total 
soluble solids (TSS) similar to other fleshy fruits wherein 
it increases dramatically during ripening [40]. Because of 
this reason, sugar content and acid concentration are the 
properties generally utilized to determine fruit maturity 
in most species [28]. However, with respect to grapes, 
even though acids are present in TSS at maturity, it is the 
sugars (glucose and fructose) that represent major portion 
of TSS in wine grape berries, these are also the primary 
sugars in other grape species (V. labrusca and V. rotun- 
difolia) and French hybrids [40]. Hence, the accumula- 
tion of hexoses is one of the main features of the ripening 
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process in grape berries and is a major commercial con- 
sideration for the grape grower, winemaker and dried 
fruit producer [51]. Conversely, in apple and pears, fruc- 
tose was found to be dominant sugar [52]. The peach is 
one of the few fruits in which the amount of sucrose ex- 
ceeds the reducing sugar content [40].  

Concomitant with an influx of water and sugars, a 
number of mineral elements move into fruits that con- 
tribute to their growth and development and organoleptic 
qualities. Because of this reason, K and Ca in particular 
were analyzed as these two act as the predominant cellu- 
lar cations in most fruits including grape [13,53]. Be- 
tween the two, K accumulation was higher indicating that 
K is a major component of the mineral pool in grape ber- 
ries. It constitutes about 50% - 70% of the total cations 
and at harvest K in grape berries has been estimated to be 
approximately 60% of total vine K [54] as opposed to 
85% in tomatoes [55]. The marked increase in K is a 
reflection of its multiple roles in fruit quality by influ- 
encing the growth and development of the berry. For 
instance, K contributes to charge balance and is involved 
in the translocation of solutes into the berry through its 
roles in phloem loading and unloading, which explains 
its strong correlation with changes in TSS [56]. From a 
viticultural and enological perspectives, K concentrations 
in grape berries is of great importance because its accu- 
mulation has a direct influence on the pH of the wine and 
tartrate stability [54]. Compared to K, Ca concentrations 
were low. This is due to its low mobility in the phloem 
[57]. Nevertheless, like K, Ca is involved in a range of 
fundamental physiological functions such as preserving 
cell membrane integrity, delaying senescence and abscis- 
sion [58], and most importantly, it is the major cation 
integral to the pectin rich middle lamella conferring ri- 
gidity to cell wall [59]. With reference to ripening, main- 
tenance of relatively high calcium concentrations in fruit 
tissue results in a slower rate of ripening, as seen in 
lower respiration rates, reduced ethylene production, and 
slower softening of fruit flesh [60]. 

4.3. Shriveling Pattern and Morpho-Anatomy of 
Disordered Berries  

Wrinkles form when an applied compressive force acts 
on a rigid skin that rests on a softer foundation [61]. For 
example, the ripening disorders characterized in this 
study, all developed with a thin exocarp that surrounded 
a soft hydrated thick mesocarp. While they were ripening, 
the mesocarp was not maintained at full hydration caus- 
ing reductions in volume and fresh weight. Consequently, 
there was too much of exocarp, which eventually shriv- 
eled reflecting compositional and textural changes refer- 
ring to micro- and macro-structural characteristics of 

berries. Analysis of the shriveled exocarp led to the iden- 
tification of four major ripening disorders with unique 
characteristics. These included: sunburn, PD, LBSN, and 
BS berries; each disorder exhibited a distinctive shrivel- 
ing pattern indicating differential hydration properties of 
the mesocarp.  

4.4. Sunburn  

Even though the sunburned fruits were spherical, they 
dehydrated discernible as reduced volume revealing that 
despite protective covering in the form of upright epicu- 
ticular wax platelets, sunburn still occurs. The same is 
true in other fruit crops [62]. As evident from the wax 
morphology in this study, this was due to phase transition 
from crystalline to amorphous structure by intense 
sunlight and high temperature. Such transition also oc- 
curs in other sunburned fruits, for instance in sunburned 
apple [63]. These changes in the physical structure of 
epicuticular wax will enhance water loss from berries as 
crystalline form of wax serves as a formidable barrier to 
water permeability than amorphous wax [64] accounting 
for the weight (volume) loss in sunburned berries. More- 
over, sunburned berries had reduced color development 
similar to tomato fruit [65] indicating that sunburn inhib- 
ited color by degrading anthocyanin, which occurs when 
mRNA transcription of anthocyanins biosynthetic genes 
is inhibited [66]. By contrast, sunburn caused brown le- 
sions in white grape varieties [23] attributable to cell 
death in the epidermal layers of the exocarp [67]. On the 
other hand, in green pigmented fruits such as apple [68] 
and avocado [69], sunburn reduced photosynthetic activ- 
ity. Although sunburn caused extensive damage to exo- 
carp, the mesocarp visually appeared to be fairly intact. 
Despite no visual injury of mesocarp, gradients in tissue 
temperature, cell structure and shape affecting textural 
features between shaded and exposed surfaces of the 
berries are expected. For instance, in sun-exposed canta- 
loupe fruit, a temperature gradient existed among differ- 
ent tissues in the pericarp with the epidermis loading 
most and the central tissues least of the heat [70]. Higher 
flesh firmness has been found on the exposed surface of 
“Pacific Rose” apple [71] and avocado fruit [69]. Whe- 
ther these differences are due to differing cell wall com-
position, cell number, or cell turgor properties are not 
known [72].  

Regardless of the manner (persistent or sudden expo- 
sure) in which sunburn occurs in fruits, sunburn primar- 
ily results from their heat budget, i.e. the heat received or 
lost is linked to the environmental factors: radiation, 
wind, air humidity and air temperature; and its thermal 
and optical properties [73]. Of these meteorological 
variables, the two most important variables affecting 
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temperature in grape berries include wind velocity and 
solar radiation with temperature increasing linearly with 
incident radiation [74]. Growth conditions that favor 
these factors and increase the propensity for sunburn in 
grapes include open canopies induced by deficit irriga- 
tion, leaf removal, and reduced use of nitrogen fertilizer 
[75]. Though increased sunlight exposure of grape clus- 
ters is generally believed to improve fruit composition 
[76]; however, if the concomitant increase in berry tem- 
perature exceeds a threshold temperature, then sunburn 
occurs. This threshold varies among different fruit crops, 
for instance, it is 45˚C - 49˚C for apple cultivars [77], 
which show different forms of sunburn. These include 
sunburn necrosis, sunburn browning and photoxidative 
sunburn, each occurring at a different temperature regime 
[78]. By contrast, grape berry sunburn does not have 
such classification except for sunburn occurring at dif- 
ferent growth stages and exposed surface turning light 
brown in color [23]. Most importantly, grape berries do 
not tolerate such high temperatures as in apples and ex- 
hibit sunburn at a temperature about 40˚C [79] i.e. an 
increase of about 13˚C in berry temperature above the 
ambient temperature [75], slightly lower than water- 
melon, a pepo fruit whose upper pericarp heats to 15˚C 
[70].  

4.5. Prolonged Dehydration 

It is not uncommon for fruits including grapes to tran- 
spire and shrivel diurnally and seasonally with the stage 
of development [7,80]. Fruits undergo this rhythmic 
phenomenon as it lowers fruit water potential, thus cre- 
ating the conditions for enhancing vascular import into 
the fruit [81]. For instance, it has been estimated that 
60% - 95% of water enters through the phloem, while 
only 5% - 40% of water enters through the xylem, in 
fruits of tomatoes [82], grapes [83], apples [84], cereals 
[85], and legumes [86]. However, none of these fruit 
species (except for grapes) exhibit a prolonged transpire- 
tional loss of water during advanced stages of ripening. 
Indeed these fruits shrivel, but these are short term diur- 
nal shrinkage with no effect on fruit quality. Conversely, 
sustained transpirational water loss in Cabernet Sauvi- 
gnon of this study is similar to Shiraz berries, which is 
known to lose about 7% of berry volume per day [87]. 
Although PD has been known to afflict Cabernet Sauvi- 
gnon [88], comparatively, Shiraz is notorious for devel- 
oping PD year after year in a range of climates [57] and 
under different irrigation regimes causing concentration 
of sugars and thus a reduction in the osmotic potential 
[89]. In comparison, apples under storage lose as little as 
a 5% of mass and develop an unattractive shriveled and 
wilted appearance eventually affecting texture [90]. An- 

other interesting aspect of PD is that except Vitis spp., as 
yet, this form of shrivel has not been reported in other 
fruit crops, even though intact fruits of other species such 
as tomato exhibit enhanced water loss. However, the 
exocarp does not form the distinct pattern of indentations 
of dehydrated grape berries but rather wrinkles erratically 
[91]. Thus, the dimpled exocarp associated with berry 
transpiration can be considered to be a unique phenome- 
non exclusively of grape berries.  

It is noteworthy that unlike the sunburned berries, PD 
occurred in the presence of a dense crystalline epicuticu- 
lar wax; precisely how this might have occurred is un- 
clear. The same is true for Shiraz berries [19]. These au- 
thors were of the opinion that either the composition of 
the cuticle and the epicuticular wax may be more impor- 
tant than the thickness or other factors are involved in 
determining transpiration rates. One of these other fac- 
tors could be orientation of the wax platelets, which lie 
upright on the berry surface as opposed to horizontal on 
leaf surface [27] and thus it is possible that the berry sur- 
face is not completely sealed causing sustained water 
loss. Other authors quantified backflow from the berry 
(Shiraz and Chardonnay) to the parent vine via the xylem 
[87] indicating significant intraspecific variation in xy- 
lem back flow and perhaps other aspects of berry devel- 
opment. Nonetheless, the actual mechanisms of berry 
dehydration are still unresolved.  

4.6. LBSN and EBSN 

Of this unique assemblage of shrivel forms, LBSN is the 
most researched disorder known since the 1920’s [92]. 
The prominent feature of LBSN was the development of 
necrotic lesions, which have been reported to develop 
around the stomata destroying the guard cells, subsidiary 
cells, collenchyma and parenchyma tissues, and eventu- 
ally the phloem tissues in the affected region of the clus- 
ter [93,94]. Furthermore, in the affected cells and cell 
walls, polyphenols are oxidized producing the typical 
visible necrotic areas wherein girdling occurs [95]. Fol- 
lowing girdling of the rachis, dehydration of berries oc- 
curs due to loss of inflow of water via the phloem tissue 
and continued transpiration or xylem back flow. How- 
ever, the rachis and pedicels below the girdled area 
would lose water much more rapidly on a weight-per- 
unit-volume basis than do the berries due to high surface 
to volume ratio, and also because pedicels have high 
density of lenticels through which water vapor readily 
escapes. This explains the complete desiccation of rachis 
and its brown coloration, which either abscises [96] or 
remains on the cluster in a dry condition as observed in 
this study. The berries on the desiccated rachis would be 
forced to undergo drying due to a lack of xylem and 
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phloem influx coupled with a continued loss of water 
from the berry cuticles. This scenario is identical to that 
occurs when fruits undergo drying wherein loss of water 
occurs from the vacuolar compartment of mesocarp tis- 
sues with minor changes in the water content of either 
the cytoplasm or the cell wall compartments causing cel- 
lular shrinkage [97]. This explains the collapse of paren- 
chymatous mesocarp and the significant reduction in 
volume of the LBSN berries, which basically modified 
the global structure of the berry affecting their macro- 
scopic characteristics. No other species develops LBSN 
or symptoms that closely resemble this ripening disorder. 
The only other fruit known to develop similar character- 
istics that may resemble some of the symptoms of LBSN 
include table grapes, which are the same species as wine 
grapes, wherein the rachis dries up and turns brown re- 
sulting berry shatter, wilting and shriveling of berries; 
however, these occur during postharvest handling of the 
berries [98] unlike LBSN. Even though a high concentra- 
tion of sugars occurred in LBSN berries, generally they 
are not suitable for making wine, nevertheless such clus- 
ters can be harvested and used for making wines of dif- 
ferent style depending upon its timing of inception.  

Although LBSN damages phloem tissues [17,95], this 
study revealed that the xylem vessels developed tyloses 
possibly in a way similar to pruned grapevine stems that 
develop tyloses induced by biosynthesis of ethylene [99]. 
The extent of development and amount of obstruction 
caused by tyloses determines the formation of necrotic 
area [100]. Whether or not necrosis of inflorescence or 
necrosis-induced tylose formation occurs in inflores- 
cence/cluster of fruits of other species is not known. 
Nevertheless a similar phenomenon, but not quite the 
same occurs naturally in pineapple after fruit formation 
wherein tylose-like structures form in the withered and 
necrotic stylar canals [101]. Likewise, walnut trees af- 
flicted with apoplexy disorder develop extensive tylose 
formation throughout the crown with wilted and chlorotic 
scorched leaves of symptomatic trees [102].  

On a whole plant level, LBSN has been attributed to 
wide range of vineyard conditions such as over-cropping, 
high humidity, Mg and/or Ca deficiency, ammonium 
toxicity, sever hedging, and cluster shading [14]. At the 
plant physiological level, the causal factors have been 
contradictory. According to one study [95], nitrogen and 
ammonium (NH4) have been the most consistent nutria- 
tional factors to be linked to LBSN. However, there are 
reports that show that both excessive and deficient con- 
centrations of nitrogen as possible causes or cures [103]. 
Other nutrients that have been involved as either cause or 
correction are Ca, K, and Mg [14], which also account 
for physiological disorders in other fruit crops such as 
apple [77] and tomato [7]. These contradictory results 

suggest that additional abiotic forces work in tandem 
with nutrients in influencing LBSN.  

Unlike LBSN, the remaining few berries on EBSN 
clusters developed normally. Both disorders initiate as 
necrosis of bunch stem; however, ontogenetic differences 
occur between the two. EBSN is an early-season disorder, 
whereas LBSN is a post-veraison disorder. Although 
temporal variation exists between the two, both forms are 
induced by necrotic lesions in the cluster indicating that 
both could be forms of the same disorder displayed at 
different developmental times [104]. Causes of EBSN 
are unknown but similar symptoms can be induced by 
cation sprays of Ca2+ and +

4NH  before flowering, but no 
response was found to K+ and Mg2+ [105].  

4.7. BS  

BS is also known as SAD (Sugar Accumulation Disorder) 
[106], SOUR (Suppression of Uniform Ripening) berry 
[24], and Traubenwelke in Germany [22] and had the 
smallest volume of all shrivel forms. Increase in fruit 
volume largely results from the development of pericarp 
tissues achieved through two important cellular processes: 
the production of new cells and cell expansion [107]. 
Since BS initiates after veraison [106], the volume re- 
duction is mostly due to a lack of cell expansion brought 
about by sugar-driven turgor pressure [13] rather than 
cuticular transpirational loss of water alone. Even though 
the exocarp maintained its structural integrity in BS ber- 
ries, the berries as a whole lacked firmness indicating a 
collapsed mesocarp wherein the parenchyma cells lost 
their membrane integrity leading to loss of cell vitality 
[43,88] and eventually turgor pressure [15]. A similar 
scenario occurs in pears afflicted with internal browning, 
a physiological disorder wherein the leaking of cell liq- 
uid into the intercellular space following membrane 
damage reduced the gas diffusivity [108]. In grape ber- 
ries such as Chardonnay and Shiraz, leakiness of cell 
membranes in the mesocarp and breaking down of cell 
compartmentation have been reported but this generally 
occurs at or near the time when the berries attain maxi- 
mum weight and continue to decline until normal harvest 
dates, not at the inception of ripening [38]. What may 
trigger BS is not known at this time. Thus far, this is the 
only species known to exhibit this kind of problem. Even 
though BS berries have viable seeds [17], they cannot be 
used for making wine or any other product due to low 
sugars, and even the birds are not attracted to them. 
Hence berries afflicted with BS cannot serve as a profit- 
able reproductive strategy for seed dispersal in vine’s 
natural setting. Furthermore, even though the inflores- 
cence framework appeared visually healthy, cell death do 
occurs in the rachis axil [17].  
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4.8. Physical Changes in Disordered Berries  

During post-veraison, cell expansion ensuing predomi- 
nantly from water accumulation is solely responsible for 
the volumetric growth, which eventually determines final 
yield and fruit quality [13]. So, considering the low res- 
piration rate and the nonclimateric nature of grapes [45], 
it is logical to delineate the significant reductions in fresh 
weight and volume accompanied by shriveling of peri- 
carp in clusters of sunburn, PD, and LBSN in the context 
of water loss. While they all shriveled (except sunburn), 
the distinctive topography of the pericarp was a strong 
reflection of a divergent water flux pattern. For instance, 
the PD was a manifestation of an imbalance between 
inflows of fluids from its dorsal vascular system fed 
through the pedicel xylem and phloem and outflows 
through the exocarp ensuing from parenchyma cells in the 
outer mesocarp. In other words, water moving through 
the dehydrating grape berry followed the peripheral vas- 
cular bundles in the outer mesocarp diffused through the 
exocarp and evaporated on the surface. Since turgor 
pressure is responsible for cell shape and fruit firmness 
[109,110], the dehydration-induced dimpling of the exo- 
carp unequivocally ensued from loss of turgor and per- 
haps plasmolysis in the outer mesocarp cells. In such 
situations, a reduction in tissue and cell volumes occur, 
but their cell contents including sugars concentrate, 
which increases cellular osmotic stress [18]. Then again, 
the smooth appearance of the exocarp in the sunburned 
berries indicated that despite water loss, some influx into 
the berry may have occurred. This contrasts with LBSN 
berries wherein the influx into the berry was completely 
cut off after the rachis had been girdled following necro- 
sis forcing the berry mesocarp to undergo drying with the 
end result being the formation of raisins. A plausible 
scenario like this might not have occurred in the BS, 
sunburned, and PD berries as their cluster framework 
retained chlorophyllous tissues whose internal structures 
were analogous to healthy cluster framework. Quite the 
contrary occurred in the flaccid berries of BS. Since 
phloem influx serves as the predominant source of water 
and solutes for the ripening berries to gain weight and 
volume after veraison [111], and the fact that BS berries 
accumulated meager amount of solutes (sugars), their 
shriveling phenomenon reflected more of a loss of 
phloem functionality after verasion [17,88] rather than 
sole involvement of water efflux either by cuticular tran- 
spiration or backflow into the vine as suggested for PD 
berries. Accordingly, the flaccidity of the pericarp origin- 
nated from a lack of continual turgor pressure required 
for expansive growth [112] and sugar accumulation [83], 
which failed to occur due to a decrease in mesocarp cell 
viability [106].  

4.9. Compositional Changes in Disordered  
Berries  

From a quality perspective, fruit water loss is not a de- 
sirable characteristic as water loss not only renders the 
fruits unattractive and affects texture, but also causes 
large and significant changes in the metabolism and 
composition of fruits and vegetables [113]. Particularly 
in grapes, weight loss impacts sugar metabolism and 
flavor development [114], mineral nutrient concentra- 
tions [57], and the practical estimation of final yields by 
viticulturists [18]. For instance, even with no visual in- 
jury, berry volume (weight), TSS, Glucose + Fructose, 
and acids declined in sunburned berries analogous to 
heat-exposed Cardinal and Pinot noir [115] and Semillon 
[116] grapes, and sunburned apple [77]. Taken together, 
these studies reinforce the fact that fruit composition 
during ripening is primarily altered by temperature. In 
grape berries, the temperature effect on composition is 
usually described in respiratory context [117]. So, when 
berries respire, malic acid diffuses from the interior to 
the periphery where it is metabolized [118]. If the berry 
temperature rises during ripening, then concomitant in- 
creases in malic acid respiration also occur [117], which 
accounts for the low acidity of the sunburned berries. 
Such phenomenon implicitly suggests up-regulation of 
respiration as a temperature-sensitive malate metabolic 
pathway, due to the involvement of malate in this path- 
way during ripening [119]. Similar phenomenon ensuing 
from temperature-induced malic acid degradation occurs 
in peach [120] and apple [52]. In addition to dramatic 
decreases in malic acid, the sugar content also decreased 
in sunburned berries. This sensitivity of sugar accumula- 
tion to temperature is not clearly understood [121]; how- 
ever, the heat-induced impediment of sugar accumulation 
has been attributed to several factors including restriction 
of phloem unloading into the bunch, reduced transport of 
sugars to the bunch or reduced supply at the source [116]. 
Grapes that are likely to develop composition similar to 
the ones observed in sunburned berries generally belong 
to warmer viticultural regions. Such grapes if used for 
winemaking, produce unbalanced, flat wines that are 
more susceptible to oxidative and microbial spoilage 
[122]. As opposed to sunburned berries, the low malic 
acid in BS berries was associated with their flaccidity. In 
such situations, tonoplast leakage is likely to increase as 
membranes have been proposed to be the sites of damage 
[123] and when it does, the leakage becomes prime cause 
of malate vacuolar decompartmentation resulting changes 
in malic acid [124].  

As a result of malic acid breakdown, pH of the cell sap 
increases during ripening [125] and becomes abnormally 
high in sunlit berries [126]. This explains the high pH of 
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sunburned berries, which was same as reported for sun- 
exposed Merlot berries [127]. The next highest pH oc- 
curred in the LBSN berries attributable unequivocally to 
its low malic acid concentrations. What precisely de- 
graded malic acid in LBSN berries is unknown. However, 
in view of increased respiration during tissue necrosis 
[128], it is possible that the necrosis of rachis may have 
accelerated malate respiration in the berries. Alterna- 
tively, since malic acid serves as an intermediate in many 
metabolic biochemical pathways [96], there is a strong 
possibility that malic acid was metabolized through a 
non-respiratory means indicating an altered ripening pat- 
tern rather than a failure to ripen. Other than sunlight 
[126], pH of the juice is strongly affected by K concen- 
trations which reduces free tartaric acid resulting in an 
increase in pH [54]. This accounted for the highest pH in 
the PD berries. On the other hand, such high K concen- 
trations in the PD berries would decrease the rate of ma- 
lic acid degradation through malate respiration resulting 
in an increase in their malic acid as observed in this study. 
This is generally achieved by impeding malate transfer 
from the vacuole storage pools to the cytoplasm, the site 
of malate degradation [129]. Conversely, the lowest pH 
in BS berries was associated with their low K content 
and high amounts of significantly stronger tartaric acid 
whose synthesis has been reported to be sensitive to day 
temperature and light intensity [117]. Thus, except for 
BS berries, the low tartaric acids in other shriveled, espe- 
cially the LBSN berries indicated that they either devel- 
oped a reduced ability to synthesize tartaric acids with 
maturity or incurred reduced translocation from leaves. 
Other possibility is the altered metabolic processes in the 
berries [96] involving the conversion of tartaric to malic 
acid as it has been reported to occurs in grape leaves [130] 
indicating that tartaric acid is not biochemically inert 
[131].  

The high Ca content in LBSN and dehydrated berries 
indicated that despite the disordered ripening, Ca content 
continued to accumulate whereas it slowed in healthy 
and other shriveled berries. The same was true for K ac- 
cumulation only in dehydrated berries, not in LBSN ber- 
ries. The slow accumulation of K and continued accu- 
mulation of Ca in LBSN berries during ripening is simi- 
lar to the accumulation patterns reported in waterberries 
(LBSN) of Thompson Seedless [96,103] and Riesling 
[132]. Apparently, the continued xylem transport of Ca 
constitutes a significant feature of LBSN berries. Then 
again, it is not clear as to how this phenomenon might 
relate to the concurrent occurrence of rachis necrosis of 
this disorder. One possibility is that the rachis symptoms 
are the result, not the cause, of altered metabolic proc- 
esses in the fruit [103]. The relatively exorbitant concen- 
trations of both Ca and K in PD berries provided compel- 

ling evidence of a continuous vascular influx of these 
ions from the parent grapevine into enlarging berries 
until probably the maximum berry fresh weight occurred. 
The berries of grape cultivar, Shiraz afflicted with PD 
exhibited a similar pattern [57]. Since the vascular flow, 
especially the phloem accelerates at veraison [133], fur- 
ther accumulations of these ions continued by means of a 
sustained accelerated vascular flow despite late-season 
dehydration. Whether this was driven by increased tran- 
spiration (dehydration), sugar concentration, energized 
transport system, or some other factor is not known. 
Nevertheless, for the same disorder in Shiraz grape, ber- 
ries continued to accumulate K and Ca by gaining an 
access via some non-vascular connection [57]. Based on 
these observations, it is reasonable to infer that a cessa- 
tion of vascular flow to the berry may not contribute to 
prolonged dehydration of either variety. On the other 
hand, the vascular system in BS berries did not function 
to its fullest capacity resulting low accumulation of sug- 
ars (glucose and fructose) and K, and it all culminated 
into flaccidity of berries. This is because, massive accu- 
mulation of glucose and fructose, and K along with water 
drives post-veraison cell and fruit expansion by generating 
turgor pressure [13,54,134]. Since in wine grapes, sugar 
(glucose and fructose) concentration determines alcohol 
level, and shapes the flavor profile in the final wine [13, 
135], the clusters afflicted with BS are culled at harvest 
by dropping them on the ground. Generally, the surge of 
accumulation in grape berries plateaus at concentrations 
of 0.18 g to 0.25 g of sugar per gram fresh weight or 0.30 
g in some small berries [45]. This explains that the higher 
Brix concentrations in PD, LBSN, and sunburned berries 
primarily originated from a concentration effect follow- 
ing continual loss of water. Since these berries have high 
concentrations of sugars, they can be used for making 
certain style of wine.  

To conclude, during fruit growth and ripening, there is 
a high risk of physiological disorders, which reduce or- 
ganoleptic qualities of fruits necessitating examination of 
ripening maladies from morpho-anatomical and compo- 
sitional perspectives as a step toward making progress on 
their understanding and eventually sustaining fruit qual- 
ity. This relatively in-depth concurrent analysis of all 
physiological disorders of grape berries associated with 
ripening is unprecedented in terms of the range and 
combination of analytical techniques.The analyses re- 
vealed four major forms of shrivel wherein each shrivel 
form possessed distinctive appearance owing to their 
unique shriveling pattern, morpho-anatomy, and compo- 
sitional profile with the most drastic changes occurring in 
the berries afflicted with BS. Unlike BS berries, the sun- 
burned, PD, and LBSN berries concentrated sugars but 
their acid concentrations were lower than BS berries. 
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Because of the pronounced shriveling patterns in each 
form, it is possible to predict their compositional charac- 
teristics without subjecting them to analysis and thus a 
decision can be made in the field as to which clusters to 
harvest for making wine or other products. Pinning down 
the precise causal factors of these physiological ripening 
disorders is a challenge; however, this work represents an 
exciting leap forward as these ripening disorders have 
hardly ever been explored en masse in a given variety 
during a single growing season. The information pro- 
vided in this study has considerable implications for 
gaining insights into the elusive physiological and mo- 
lecular manifestations of ripening processes in grapes 
leading toward the development of production practices 
that can minimize the incidences of these disorders. 
Hence, the results are of vital interest for viticulturists 
and grape industry since the reported analyses of differ- 
ential shrivel forms not only serve as a guide to correctly 
identify seemingly similar disorders but also aid them in 
minimizing fruit quality and yield losses.  
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