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The world population is growing day-by-day, while the available natural resources for agricultural production, i.e., soil and water,
are rapidly decreasing. Moreover, consumer preferences are highly affected by some quality characteristics of food products,
which can be classified as external, internal, and hidden attributes. Among the internal quality attributes, granulation is a
significant factor damaging the inner quality of citrus fruits and reducing the consumer attraction. The main symptoms of
granulation (also known as section drying, crystallization, or scarification) in citrus are shrivelling in juice sacs due to gel
formation, hardening, white colour, and low extractable juice content. A well-known result of the granulation is the reduction in
soluble solid concentration (SSC), total sugar, and titratable acidity (TA). Granulation is known to affect the citrus fruit quality all
over the world. Since citrus is one of the world’s most popular fruit species, it is highly important to identify and manage this
physiological problem to help sustainable production throughout the world. Consumer’s preferences have also been moving
towards the use of eco- and environmental-friendly alternative methods in postharvest fruit storage, including edible coatings.
Edible coatings act as a barrier for the air and water transitions through the surface of fruits which results in retarding the
deterioration of fruits, preventing and/or controlling the microbial decay, improving the fruit quality, and hence extending the
storage duration. The mechanism of citrus fruit granulation is highly associated with the oxidative stress, and edible coatings have
been reported to significantly reduce granulation and improve the quality of the fruits. In line with this information, this review
article aimed to summarize the reasons, results, and managements of granulation of citrus fruits.

1. Introduction

Citrus is the leading fruit crop throughout the world and best
suited to grow in Mediterranean countries, China, America,
and Brazil. The total area devoted to citrus production is
about 7.8 million hectare. The total production of oranges,
mandarins, lemons, grapefruits, and others was about 73.3,
33.4,17.2,9.0, and 13.5 million tons, respectively, in 2017 [1].
Citrus fruits are rich in nutrients, antioxidants activities,
ascorbic acid, and phenolic and other bioactive compounds

and are traditionally and scientifically known to be very
beneficial for human health [1, 2]. Citrus fruits are among
the most important fruits in world trade (import/export),
and the consumer’s demand on the citrus fruits has been
increasing throughout the world mainly because of the
scientifically accepted health benefits and high antioxidant
and high ascorbic acid contents. However, citrus fruits suffer
from numerous production and postharvest problems, in-
cluding pests, diseases, weeds, fruit cracking, yield problems,
and postharvest quality loss. Granulation at the juice sac is
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one of the most important problems causing quality loss and
reducing the consumer attraction [3].

The granulation (also known as section drying, crys-
tallization, or scarification) in citrus fruits mostly appear
when the fruits are kept on-tree after ripening with an
extended harvesting period which significantly affects the
individual juice vesicles within the segments, and the most
important symptom is the solid and dry nature of the fruit
segments. This can also happen in postharvest storage for
almost all citrus species [4-6]. The juice sacs of affected fruits
shrivel because of gel formation become hardened and
granular with low extractable juice content and white colour
[3, 7-11]. However, the granulation can also develop after
harvest during storage and significantly affects the mar-
ketability of the citrus fruits. The granulated fruit vesicles
become solid, enlarged, and discoloured. The granulation is
generally associated with the fast growth of the large size
fruits which is common in young trees [4, 12]. The soluble
solid concentration (SSC) and titratable acidity (TA) have
also known to be reduced in the granulated fruit vesicles [4].
Further studies also showed that the granulation in citrus
fruits causes secondary cell wall formation and thickening in
the cell wall [13]. Previous studies have reported that the on-
and off-tree storage, fruit size, and juice vesicle position have
a significant influence on the granulation of grapefruits
(Citrus paradise Mact.). It was found that the granulation is
higher in the stylar juice vesicles than in others. Studies have
also shown that the larger fruits (about 600 g) have higher
granulation than smaller fruits. It was also noted that the on-
tree storage (late harvesting) significantly increases the
granulation in grapefruits. On the other hand, early harvest
and storage at high temperatures (21°C) were found to in-
crease the susceptibility of the fruits to granulation. Therefore,
if the fruits are meant to be stored for later consumption, on-
tree storage is more effective to reduce granulation at the large
size grapefruits [5]. However, previous studies have also
showed that the granulation in the late-season fruits mostly
appears in storage after harvest [12, 13].

Biological activities continue in the harvested fruits and
vegetables, whereas the water and gaseous exchange with
surrounding environment happens through transpiration
and respiration. Thus, these phenomena result in the water
and solute loss which significantly reduces the postharvest
quality and storability of fresh products. There are several
chemical and nonchemical methods used in postharvest
handling practices. However, numerous studies reported
significant hazards on human and environmental health
caused by mis- or excessive-use of agrochemicals and the
acceptability of agrochemicals by consumers have been
decreasing. One of the successful methods used in post-
harvest handling practices to maintain postharvest fruit
quality is the application of edible coatings alone or in-
corporated with plant extract, essential oils, and active
metabolites [14, 15]. Edible coatings act as a barrier for the
movement of water and air on the fruits’ surface which
reduces the transpiration and respiration. This reduces water
loss, delays fruit senescence, and increases antimicrobial
properties of fruits [16, 17]. The commercial use of waxes as
edible coatings began around the 1920s; however, the use of
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edible coatings in postharvest handling of fruits and vege-
tables is an old technique dating back to the 12th century in
China. Edible coatings are composed of food-grade mate-
rials, and in addition to retard fruit deterioration, coatings
may cause several physicochemical changes which delays or
prevents fruit granulation [17].

There is a gap in the published literature about the use of
edible coatings in the management of citrus granulation.
Therefore, this review aims to summarize the main causes
and mechanisms of the granulation in citrus, its effects on
the postharvest storage quality, and its management by
edible coatings.

2. Main Causes and Mechanism of Granulation

As described above, granulation can be described as a pre-
and postharvest problem which resulted in shrivelling of the
juice sacs due to gel formation and solid, enlarged, and
discoloured fruit vesicles (Figure 1). It is common for large
size fruits and generally associated with the fast growth of the
fruits [4, 12]. The extractable juice content of the affected
fruits decreases mainly because the moisture is binding to
the cell walls or in gels [4]. These gels are the main causes of
cell wall thickening at the fruits. In the granulated fruits, the
pectin is incorporated with the juice to promote gelation
formation [18]. Granulation generally starts from the stem
end of the fruit pulp and extends towards the stylar end, and
the main causes of it are the number of abnormal physio-
logical activities (Table 1).

Water potential is of utmost importance to develop
granulation in citrus fruits. Water can easily move within the
plant organs from cell to cell due to their different (higher
and lower) water potentials. When the SSC and acidity
decrease at the fruit cells, these cells are generally turgid with
high water potential and are susceptible to lose water to the
other adjacent cells (which have lower water potential with
higher SSC and low turgor). Researchers suggest that the
granulation might be a result of the defensive system of the
fruits to lose water [25]. For this purpose, cell wall thickening
happens to prevent moisture loss [13]. Previous studies have
also showed that polyphenol oxidase (PPO) activity and
phenolic contents have a significant influence on granulation
where the granulated fruits have lower PPO activity and
phenolic content [27].

3. Effects of Granulation on the Postharvest
Storage Quality

The granulation cause deterioration of fruit quality and
hence decreased their marketable value [4, 12]. Granulation
is known to reduce the concentrations of SSC and TA which
results in developing insipid taste in the fruits [4]. The
storage of the granulated fruits is more difficult as compared
with the nongranulated normal fruits.

3.1. Effects of Granulation on Mineral Nutrients.
Granulation has known to significantly influence the organic
acid metabolism of the fruits and have a relationship with
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FIGURE 1: A view of granulation on the citrus fruits, pummelo fruits (a, b), “Newhall” navel orange (c).

TaBLE 1: Main causes of granulation in citrus.

Causes Reference
Delay in harvesting and/or late maturity (4, 19, 20]
Vigorous and rapid tree growth [12, 21]
Quick ripening [21]
Adverse atmospheric condition: cold weather during the maturity period [5, 20]
Sink competition among the different plant parts, i.e., fruits, roots, and leaves. [9, 22, 23]
Rootstocks and cultivars type [3, 24]
Higher water potential in juice cells [25]
High temperatures during flowering and fruit set [12]
Calcium deficiency [20]
Enzymes activity: polyphenol oxidase (PPO), peroxidase (POD), superoxide dismutase (SOD), catalase (CAT), pectin- [26]

methylesterase (PME), and cellulose

mineral nutrient contents in the “Guanximiyou” pummelo
fruits. Similar to SSC and TA, the granulated juice sacs lead
to a decrease in citrate and isocitrate concentrations while an
increase in the malate concentration in the citrus fruits.
Granulation was also found to enhance the accumulation of
mineral nutrients (especially P, Mg, S, Zn, and Cu) in juice
sacs [28]. Postharvest granulation of “Ponkan” fruits was
reported to begin from the stem part of the fruits and extend
towards the stylar end of the segment. Yao et al. [29] also
conducted a study on “Ponkan” fruits and identified 768
genes which differentially expressed under granulation
during the postharvest storage. Among these, researchers
determined the genes responsible from enzyme encoding
which are involved in the reduction of SSC and TA. In line
with these results, Yao et al. [29] suggested that SSC and TA
metabolisms are adjusted to the synthesis pathway of the cell
wall. In another study, Zhang et al. [30] studied the role of
miRNAs in the granulation of citrus fruits. They reported
that the miRNAs have a regulating role in lignin processes
which relate to citrus granulation during postharvest
storage.

3.2. Effects of Granulation on Nutritional Ingredient.
Granulation was reported to cause a significant reduction at
the concentrations of SSC and TA [4]. Sharma et al. [27]
noted that the granulated “Kinnow” mandarin fruits exhibit
lower antioxidants activity and ascorbic acid content. Fruit
granulation also causes a reduction in the juice content of the
citrus fruits resulting in colour change (lighter) of the juice
sac [12, 28, 31]. This causes the fruits to have an insipid taste
because of the loose of SSC and TA contents. Both SSC and
TA of citrus fruit were reported to decrease significantly at
the granulated fruits where the sac colour became lighter and
caused a decline in the internal fruit quality [27, 32-34].

3.3. Effects of Granulation on Reactive Oxide Species and Other
Related Enzymes. Some of the fruit enzymes (i.e., poly-
phenol oxidase (PPO), peroxidase (POD), superoxide dis-
mutase (SOD), and catalase (CAT)) were reported to have a
high correlation with the granulation [3, 24, 32, 35]. This
means that the enzyme activities are higher in granulated
fruits as compared with those in the healthy fruits. Wenqin



et al. [26] have also reported that the inbred pumelo fruits
have higher granulation than hybridized fruits. Researchers
also noted that no new isoenzymes appear when both inbred
and hybridized pumelo fruits are granulated. The activities of
isoenzymes of POD and SOD in granulation juicy sac were
also reported to be higher than those of the nongranulated
fruits. Similar results were also reported by Sharma et al. [24]
who noted that the granulated fruits have lower PPO activity
and phenolic content. Granulated “Kinnow” mandarin fruits
were also reported to exhibit higher lipoxygenase (LOX)
enzyme and higher rates of CO, and ethylene production
[24]. On the other hand, recent research has also noted that
ROS has some signalling roles on the biotic stress, including
fruit granulation [36]. Thus, the evidence suggests that ROS
plays an important role in the management of plant stress to
different conditions [37].

3.4. Effects of Granulation on Hydrolase (Pectin Methyl-
esterase, Cellulase, Etc.). Previous studies have also sug-
gested an association of pectin-methylesterase (PME) with
citrus granulation [3, 27, 32, 35]. Wu et al. [34] have also
reported that the PME’s activity is higher in the granulated
citrus fruits. They also noted that the pectic acid concen-
tration was also increased in the granulated fruits. In a
different study, it was noted that the genes encoding PME
catalyze the pectin degradation in citrus fruits [38]. In an-
other study with Ponkan fruits, it was reported that the
increase in the levels of those genes improves pectin bio-
synthesis and leads to an increase in the pectin level
granulated juice sacs [29]. Similar results were also previ-
ously reported for granulated grapefruits [17].

4. Detection of Granulation

It is reported that the detection of the granulation in citrus
fruits is almost impossible until cutting the fruits. However,
a higher incidence of granulation was reported causing the
fruits to feel softer at the last stage of maturity as compared
with the healthy fruits. If harvest delays and the severity of
the granulation increase, the fruit peel may turn greener,
especially around the stem end, as compared with a non-
granulated fruit [4]. It is very difficult to reliably detect the
granulated fruits without cutting the fruits. Dael et al. [39]
developed an algorithm to process fruit images for the
detection of granulation. They reported that scanning orange
fruits in an X-ray system (75kV, 468 mA, 60-ms exposure)
and processing the images at high-speed and robust algo-
rithm could be used for the detection of the granulation. In
another study, researchers aimed to develop a simple and
noninvasive technique for the identification of the granu-
lated “Sai Num Pung” tangerine fruits by near-infrared
(NIR) spectroscopy and multivariate chemometric analysis.
They have analyzed the moisture content, SSC, and TA of the
granulated and nongranulated fruits to investigate any re-
lationship among the characteristics. Researchers noted that
the idea of using spectroscopic measurement for the iden-
tification of the granulation could be successful [40].
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5. Development and Management of
Citrus Granulation

As understood from the mechanism and causes of granu-
lation, there are some important characteristics which sig-
nificantly affect the fruit granulation. It was reported that
granulation can be significantly affected by different char-
acteristics, i.e., rootstock type, yield performance, tree age,
and climatic conditions [4, 32]. Researchers previously re-
ported that the rootstocks which are supporting earliness, on
the other hand, promote granulation in fruits. The same
phenomena appear on vigorous rootstocks [32, 41]. Gran-
ulation in citrus fruits is also reported to be strongly linked
with high temperatures during flowering and fruit set [12].
Rootstocks are also known to have an impact on the plant
water relationship which might influence the mechanism of
granulation [42]. The tree vigour on grafted plants could be
associated with the ease movement of water through the
rootstocks and scion [43], and this affects the water potential
of the plants. Thus, high water potential is known to sig-
nificantly increase the granulation. There are some previous
studies supporting this information where the tree vigour
and SSC were reported to be inversely related [44]. Similarly,
Hofman [25] reported that the rootstocks have significant
influence on the granulation.

Not only the rootstocks and crop load but also the soil
type is known to significantly affect tree vigour and fruit
development, which indirectly affect the granulation in
citrus fruits. Linked with the mechanism, the availability of
water is crucial for the granulation and sandy soils have high
availability which may increase the fruit granulation [25, 45].
Fruit size is highly related to the number of fruits per tree
and is reported to influence granulation in citrus fruits. A
low number of fruits is known to have an increase in fruit
size, and granulation is more prevalent in these fruit trees
[3-5, 12, 25, 32]. The main reason for this relationship is that
the SSC and TA concentrations are low in the large fruit
which promotes the mechanism of granulation in citrus
fruits. The fruit position is also reported by Hofman [25] to
significantly influence the granulation. The fruits located
inside the canopy are reported to be susceptible to granu-
lation as compared with the outer fruits. This can be as-
sociated with the SSC content of the fruits where the fruits
inside the canopy are far away to the carbohydrate sources
(fewer leaves are found inside the canopy as compared with
outside), and it is reported that the leaves generally export
their sugar primarily to the nearest fruits [46]. The SSC of the
inner fruits is lower than the fruits located outside the
canopy.

It was noted that the alcohol-insoluble solids (AISs)
(composed of pectin and some cell wall materials) are higher
at the granulated fruits [5]. Several studies suggest that the
large fruits are more sensitive to granulation [4, 5]. It was
also reported that the harvest time significantly affects the
granulation of the Guanxi pomelo (Citrus grandis). Previous
studies showed that fruits at low altitudes with timely harvest
have high SSC and TA contents and light granulation, but
fruits at higher altitudes have delayed maturity than those at
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the lower altitudes; those fruits are reported to have less SSC
and TA contents with higher granulation [19]. The above
listed factors which influence the development of granula-
tion in citrus made it possible to do some recommendations
for its management. The selection of the rootstocks for citrus
trees is highly important for successful control of granula-
tion. It could be recommended to select some moderate
vigorous rootstocks as compared with high vigorous root-
stocks. It is also of utmost importance to regularly irrigate
and fertigate plants to promote flowering and ensure early
fruit ripening. Adequate application of nitrogen and
phosphorus is highly important during the early stages of
flowering and fruit set. Regarding the fruit location and SSC
contents, tree pruning is also important to ensure adequate
light penetration inside the canopy. This would increase the
number of leaves inside the canopy, thus increasing the SSC
content of the fruits. Fruit thinning can also increase the SSC
content of the fruits and may promote earliness, which can
reduce the granulation.

Researchers also suggested that the white colour shading
net (20%) could increase the SSC and reduce the granulation
at “Ponkan” fruits [47, 48]. Granulation is reported to be
strongly related to the high temperatures during flowering
and fruit set [12], and shading net could reduce the incidence
of granulation. It is also known that plant nutrition has a
significant influence on the granulation development
[28, 49] and foliar application of macro and micronutrient,
i.e., potassium, zinc, calcium, and boron could prevent the
development of granulation [11, 50, 51]. Shade netting could
also stimulate the development of longer roots [52] which
can indirectly improve nutrient uptake and help to reduce
the granulation. Among those plant nutrients, calcium was
reported to be highly effective in the prevention of granu-
lation in citrus. On the other hand, the selection of cold
tolerant and early maturing varieties is suggested [20].

In a different study, Xiong et al. [53] noted that the
exogenous application of spermidine (Spd) significantly
inhibits the ROS accumulation in “Huangguogan” citrus
fruits, when applied to seedlings, and affects antioxidant
enzyme activities. Furthermore, researchers suggested that
the exogenous Spd application may protect fruits from
granulation by improving metabolic defence systems.
According to the researchers’ notes, exogenous Spd appli-
cation decreases the permeability of cell membrane (which
reduces the water movement) and malondialdehyde (MDA)
content of the fruits [53].

6. Effects of Edible Coatings on Citrus
Granulation and Maintaining the Postharvest
Quality of Citrus Fruits

Edible coatings reduce the movement of water (transpira-
tion) and gaseous (indirectly reduces respiration) through
the fruits’ surface which results in a reduction in the water
and solute loss, an increase in antimicrobial activities and
hence the improvement in fruit storability [16, 17]. Edible
coatings and films are very important which are developed
from edible, environmentally friendly ingredients and have

no damage to human health [54]. Because of the consumers’
preferences, recent studies have mainly condensed on the
development and use of edible coatings in postharvest ap-
plications. Edible coatings are reported to be applied to fruits
in several forms, including spraying, dipping, and brushing
[55]. Edible coatings cover the fresh fruits, seal the stomata,
and fill any pores and mechanical cracks [16, 17]. The main
mechanism of the edible coatings for maintaining post-
harvest quality and storability is because of its characteristics
for reducing the gaseous exchange and respiration. How-
ever, because of the anaerobic respiration, coatings should
not completely inhibit but control gaseous exchange [56].
Therefore, some characteristics of edible coatings, i.e.,
waxiness, adhesion, thickness, transparency, and plasticity,
play a critical role in the success of edible coatings. The
characteristics of the fruits are also important for obtaining
the desired condition [16].

Edible coatings are generally composed of lipids, pro-
teins, polysaccharides, or from their combinations [57].
These have different advantages and disadvantages in
commercial use. For example, lipids provide a good barrier
for moisture due to their hydrophobic in nature [16] but
have poor characteristic for gas barrier [58]. On the other
hand, contrary to lipids, proteins have a good ability to act as
a barrier for gaseous exchange, but they are brittle and may
have allergenic risks [58, 59]. Polysaccharides have better
characteristics as compared with lipids and proteins and
have widely used, such as Aloe vera [60], alginate [61],
chitosan [62], and Arabic gum [17]. Combination of mul-
tiple coating materials improves functionality of the mate-
rials [58]. In general, edible coatings reduce respiration rate
[63, 64], prevent weight loss [63-65], control ethylene
biosynthesis [63, 64, 66], maintain fruit firmness [63-65],
prevent colour changes (by controlling anthocyanin and
carotenoid synthesis [67]), delay the break-down of soluble
solids [64, 65], minimise loss in TA [63-65], reduce the loss
of phenolic compounds and ascorbic acid and maintain
antioxidant activity [62], delay or control chilling injury
[64], and reduce microbial decay [68]. In a previous study,
Kharchoufi et al. [68] reported that the edible coatings
enriched with pomegranate peel extracts have antifungal
effectiveness and reduce Penicillium digitatum decay in
orange fruits. Edible coatings with Ficus hirta + 1.5% sodium
alginate treatment was reported to enhance the antioxidant
activities of Nanfeng mandarins which also stimulated the
accumulation of phenolic compounds and some defence-
related enzymes (i.e., SOD, CAT, POD, chitinase (CHI), and
phenylalanine ammonialyase (PAL)) [61]. The senescence of
the citrus fruits is generally known as the cause of granu-
lation during postharvest storage, and uncontrolled meta-
bolism reactive oxygen species (ROS) increases the
senescence and granulation of the fruits [69, 70]. Thus, the
prevention of the ROS formation inhibits the formation of
the granulation. In a previous study, chitosan treatment was
reported to reduce the post-harvest oxidative damage, in-
hibit the O production, and MDA accumulation, which
reduces the granulation of the “Wuye” lithci fruits. It was
also noted that edible coatings enhance the activity of some
enzymes, ie., superoxide dismutase (SOD), ascorbate



peroxidase (APX), and catalase (CAT) [71]. Edible coatings
enhance or induce some enzymatic activities in grapefruits
[72] and “Murcott tangor” fruits [73]. Similar results were
also reported for “Newhall” navel orange and “Xinyu”
tangerines where it was noted that that the chitosan coating
forms a protective barrier on the surface and inhibits the
oxidation process [74]. This result is in accordance with the
previous knowledge about the positive relationship between
granulation and oxidative stress [75]. Thus, it can be con-
cluded that the prevention of oxidative stress prevents the
granulation of the citrus fruits.

7. Conclusion and Further Suggestions

Although there are numerous studies about the mechanism
and management of granulation in citrus, it is still an
important problem throughout the world and there is not a
simple practice for prevention of granulation. Studies
suggest that high temperature during flowering, higher
water potential of the tree, vigorous tree growth, imbal-
anced nutrition, cold weather during maturity period, and
delay in harvesting are the main reasons for granulation. At
this point, another important problem arises which is the
drastic change in the world climatic data due to climate
change. In line with this information, farmers have to
reconsider climatic data when renewing their plantations
or establishing new orchards. It is also crucial to pay at-
tention to the rootstock selection, irrigation, and fertil-
ization. Granulation is known to highly affect the
postharvest storage life of the citrus fruits, but very few
studies have found about the effects of granulation on the
postharvest storage duration. It is important to study this
subject for the prevention and/or reducing the postharvest
granulation. Edible coatings have a great potential in re-
ducing the quality loss during storage and extending the
storage duration of citrus fruits. Besides the quality re-
tention, edible coatings provide favourable conditions for
reducing oxidative damage and inhibiting O;" production
and MDA accumulation, which reduces the citrus fruit
granulation. A review of the existing literature also suggests
that the edible coatings have high potential in the pre-
vention of the postharvest granulation; however, further
studies need to clarify the mode of action and those studies
should focus on technological readiness of edible coatings.
Commercial performances of edible coatings should be
tested by comparing with different applications and by
considering its cost and sustainability. This would also
make it possible to develop edible coatings industrially, and
they will be used for the prevention of citrus fruit gran-
ulation during storage.
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