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Abstract

The cause of fruit cracking can be diverse and the reasons vary among species. Wax apple (Syzygium

samarangense) fruit is an economically valuable fruit in Southeast Asia and in Taiwan. The main problem in the

production of wax apple is cracking which reduces its market value. The aim of this study is to identify the factors

associated with fruit cracking in wax apple. Results showed that the contents of total soluble sugars and total

titratable acid were both 20% higher in cracked fruits than in uncracked fruits, and the osmotic potential was 40%

lower; water potential was similar; turgor pressure was 60% higher, and specific activity of polygalacturonase was

131% higher. Based on the above results, the physiological factors for fruit cracking in wax apple are hypothesized.

The increase in total soluble sugars and total titratable acid during fruit maturation leads to decreased tissue

osmotic potential. Water absorption in response to this decrease in osmotic potential can cause cells to swell,

which increase the turgor pressure resulting in rupture of the cells and tissues. The increase in polygalacturonase

activity weakens the cell walls. Those combined factors result in fruit cracking.
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Introduction

Wax apple (Syzygium samarangense (Blume) Merrill & Perry,

Fam. Myrtaceae), a perennial evergreen tree species, is a native

to Malaysia, Papua New Guinea, Indonesia, and Thailand

(Wu et al. 1994). This species have been widely grown in

Indonesia, Thailand, Cambodia, Laos, Vietnam, Philippine,

Taiwan and China (restricted to South), and also cultivated in

India, Tanzania (mainly in Zanzibar and Pemba), Surinam

and Jamaica (Morton 1987; Wu et al. 1994). Syzygium

samarangense is commonly called wax apple, Java apple, water

apple, wax jambu (Morton 1987). Wax apple fruit is one of

the economically important fruits in Taiwan (Shü et al. 1996;

Chen 2010). Wax apple fruits are bell-shaped, narrow at the

base, very broad, flattened, indented and adorned with the

four fleshy calyx lobes at the apex; 3.4–5 cm long, 4.5–5.4 cm

wide (Morton 1987; Wu et al. 1994). The flesh is juicy and

spongy, and the color of the fruit can be light-red, dark-red

and green. The skin of wax apple fruit is very thin and cannot

be easily separated from the flesh. The tree fruits all year

round (Morton 1987; Wu et al. 1994).

Fruit cracking is common in many edible fruits, but its

mechanism is not well understood in many species (Opara et

al. 1997). Fruit cracking is a physical failure of the fruit skin

that manifests as fractures in the cuticle or skin of certain

fruits, or splitting, a more extreme form of cracking that

penetrates deep into the flesh (Opara et al. 1997). Cracking

of fruit has been observed in many species, including tomato

(Solanum lycopersicum) (Frazier and Bowers 1947; Schilstra

and Janse 1986; Shackel et al. 1991), cherry tomato (Solanum

lycopersicum var. cerasiforme) (Lichter et al. 2002), apple

(Malus domestica) (Goode et al. 1975), sweet cherry (Prunus

avium) (Verner and Blodgett 1931; Manganarisa et al. 2007),

French prunes (Prunus domestica L. cv. French) (Milad and
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Shackel 1992), jostaberry (Ribes nidigrolaria), gooseberry

(Ribes uva-crispa), black currant (Ribes nigrum) (Khanal et

al. 2011). In the wax apple, cracking occurs at the calyx end

(stem-end scar) and on the side, and there may be single split

or several splits, and cracking can develop in all seasons during

fruit maturation (Wang and Hung 2005). Fruit cracking usually

results in considerable financial loss to the farmers, but the

physiological mechanism of fruit cracking in wax apples is

still not understood (Wu et al. 2002).

Hydrolytic enzymes activities in plant cell wall that

contribute to reduced skin elasticity have been investigated in

French prune and papaya (Milad and Shackel 1992; Krongyut

et al. 2011), but no reports were found on wax apple. Plant

cell wall hydrolytic enzymes have been shown to change the

structure of the cell wall in apple, tomato, papaya, and cherry

(Huber 1983; Brady 1987; Andrews and Li 1995; Krongyut

et al. 2011). One such enzyme, polygalacturonase (PG),

cleaves the linkage of -(1-4)-galacturonan in the pectin chain

(Fisher and Bennett 1991), and the increased activity of PG

induces fruit softening (Eskin 1979) in tomato (Solanum

lycopersicum) (Wallner and Walker 1975), papaya (Carica

papaya) (Paull and Chen 1983; Krongyut et al. 2011), cucumber

(Cucumis sativus) (Miller et al. 1987), cherry (Prunus avium)

(Barrett and Gonzalez 1994; Andrews and Li 1995). Therefore,

we examined whether PG plays a role in cracking of wax apple.

As most fruits mature, biochemical processes convert

starch into sugar, resulting in changes in firmness and texture

of the fruit (Speirs and Brady 1991; Domíngueza et al. 2011).

A cultivar of cherry with high sugar content was more

predisposed to fruit cracking; decreased osmotic potential

and increased turgor pressure in fruits with high sugar were

suspected as important factors causing fruit cracking

(Christensen 1972). In addition, in some studies, treatment

of tissues with H+ has been reported to increase softening of

the cell wall in <10 minutes (Clelend 1971) and promote fruit

cracking (Bangerth 1973; Lichter et al. 2002). In this study,

we investigated the water relations of fruit to determine the

role of sugars and titratable acid in fruit cracking of wax apple.

Materials and Methods

PLANT  MATERIALS

Mature and even-sized field-grown wax apple (Syzygium

samarangense) fruits were randomly selected from five-year-

old wax apple trees in three different orchards located in

Pingtung (tropics), Kaoshung (tropics), and Nantou

(subtropics) in Taiwan (rainfall and elevation are similar on

the three locations). Cracked (n = 45) and uncracked (n = 45)

fruits were randomly collected from 15 different trees on

each orchards (each individual tree had both cracked and

uncracked fruits; three cracked and three uncracked fruits on

a randomly selected tree were collected). A cracked fruit was

defined as one having a skin break >2 mm long. Fruit and trees

selected were disease-free with the same treatment during

growth.

SUGAR  ANALYSIS

The amount of glucose, fructose, sucrose, maltose and lactose

were quantified by high-performance liquid chromatography

(HPLC) using the procedure of AVRDC (1989). Fruits were

squeezed with a juicer and the juice was collected and

centrifuged at 20,000 xg at 4°C for 20 min to obtain the

supernatant. The supernatant was filtered through a PVDF

(polyvinylidiene fluoride) 0.45 μM millipore. The filtrate was

analyzed and quantified by HPLC system (HITACHI L-7200

Autosample injector, HITACHI L-6200 Intelligent Pump)

using a guard column (Licherosorb RP-18 column,

LiChroCART 125-4 HPLC-Cartidge, LiChrosher 100RP-18

endcapped 5 μm, MERCK), and elution with 82% (v/v)

Acetonitrile (MERCK) solution at a constant flow of 1.0

 mL min-1. The individual fractions were detected with a

refractive index detector (model HITACHI L-7420 UV-VIS,

Japan) and analyzed with integration software (Valuchrom,

Bio-Rad) and detection at 229 nm by a Chromato-Integrator

(model HITACHI D2500). Standards of D(-)-Fructose (Fluka

47740), D(+)-Glucose anhydrous (Fluka 49140), D-Sucrose

(Fluka 84100), D(+)-Maltose monohydrate (Fluka 63419),

D(+)-Lactose monohydrate (Fluka 6134) were processed in

the same way as the samples.

MEASUREMENT  OF  TOTAL  TITRATABLE  ACID

The pH of centrifuged juice was measured using a standard

digital pH meter (Mettler-Toledo Ltd., LE4 1AW, UK), and

the titratable acidity was measured by titrating the juice sample

with 0.02 N NaOH until the pH reached to 8.3, using a

buretmeter (Burette Digital III Brand, Wertheim, Germany)

(Chu et al. 1990). The experiment was done at room

temperature (25°C).
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MEASUREMENT  OF  WATER  RELATIONS  PARAMETERS

Fruit discs (8 mm diameter, 1 mm thick) were excised from

cylinders of pericarp, and then incubated in sample chambers

(model C-52, Wescor, Utah, USA) at 25°C for 2 h. Three

discs were used from each fruit. The water potential of fruit

discs was measured with a thermocouple psychrometer (HR-

33T Dewpoint Microvoltmeter, Wescor, Utah, USA)

calibrated with standard NaCl solution (1 M). The osmotic

potential of fruit juice extracted from samples thawed in a

bath at 25°C was measured using a vapour pressure

osmometer (5500 Vapour Pressure Osmometer, Wescor, Utah,

USA) calibrated with standard NaCl solution. Turgor pressure

(
p
) was calculated by subtracting osmotic potential (

s
)

from water potential () (Nobel 1983).

POLYGALACTURONASE  (PG)  ASSAY

Juice was collected and centrifuged at 20,000 xg at 4°C for 20

min to obtain the supernatant containing polygalacturonase

(PG). PG activity was assayed spectrophotometrically

following derivation of the reaction product with UV-

absorbing 2-cyanoacetamide. The reaction mixture consisted

of 100 ìL enzyme extract and 500 ìL 0.25% (w/v) na-

polygalacturonic acid (Sigma Chemical Co.) in 40 mM sodium-

acetate buffer (pH 4.4), was incubated at 30°C for 2 h. The

reaction was terminated with 2 ml cold borate buffer (100

mM, pH 9.0), followed by addition of 200 ìL of 1% 2-

cyanoacetamide (Aldrich Chemical Co). The reaction vessel

was immersed in boiling water for 10 min, and then cooled at

25°C for 20 min. Absorbance at 276 nm was measured with a

spectrophotometer (Model U-2001, Hitachi, Tokyo, Japan).

-D-galacturonic acid (Sigma, Saint Louis, MO, USA) was

used as a standard (Gross 1982).

Total protein content was determined in the crude

extracts by Bradford’s method using Bio-Rad reagents

(Bradford 1976). Enzyme activities were expressed on a basis

of total protein type.

STATISTICAL  ANALYSIS

The experimental design was a completely randomized with

fifteen replications per orchard. All statistical values are

reported as the means ± SD (Ott and Longnecker 2001). All

analyses were performed in triplicate. The coefficients of

variation were in all instances less than 10%, thus the values

for each study parameter for each fruit type was averaged to

obtain a mean value per tree. Comparison between mean

values of water relations parameters and sugar content of

cracked and uncraked fruits were done by paired t-test using

MiniTab 15.

Results

Both cracked and uncracked fruits had glucose, fructose, and

sucrose, but no maltose and lactose. The concentrations of

simple sugars such as glucose and fructose were significantly

higher in cracked fruit (respectively 23% and 24% higher)

than in uncracked fruits (Table 1). The total soluble sugars in

cracked and uncracked fruits were 9.14 and 7.64 mg g-1 fresh

weight, respectively. The total soluble sugars were 20% higher

in cracked fruit than in uncracked fruit (Table 1). The total

titratable acid in cracked fruit (34.0 ± 0.07 mol ml-1) was

significantly higher (p<0.05) than in uncracked fruit (28.0 ±

0.03 mol ml-1) (Figure 1). Water potential of cracked fruit

did not differ significantly with that of uncracked. There was

  Uncracked  Cracked  Degree of freedom  t‐value 

Total sugar  7.64 ± 0.1a  9.14 ± 0.1b  44  ‐13.65 

Glucose  3.17 ± 0.1a  3.90 ± 0.1b  44  ‐26.51 

Fructose  2.84 ± 0.1a  3.53 ± 0.1b  44  ‐36.69 

Sucrose  1.63 ± 0.1a  1.71 ± 0.1a  44  ‐2.07 

Water potential (, MPa)  ‐0.36 ± 0.00 a  ‐0.37 ± 0.00 a  44  ‐2.86 

Osmotic potential (s, MPa)  ‐1.08 ± 0.15 a  ‐1.52 ± 0.11 b  44  ‐7.87 

Turgor pressure (p, MPa)  +0.72 ± 0.15 a  +1.16 ± 0.11 b  44  ‐3.76 

 

Table 1. Comparison of sugar contents (mg g-1 fresh weight) and water relations parameters of uncracked and cracked fruits of
wax apple. Each value is the mean of 15 fruits per orchard. Values in a column followed by different alphabets are significantly
different (p<0.05, paired t-test).
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significant difference in osmotic potential of the cracked and

uncracked fruits (Table 1). Osmotic potential was 20% higher

in cracked than in uncracked fruit. The high osmotic potential

caused the fruit to absorb more water, resulting in a higher

turgor pressure in cracked fruits (Table 2).

The specific activity of PG (as galacturonic acid per mg

protein) in cracked fruit was 0.09 ± 0.02 mol ml-1 h-1 while

in uncracked fruit it was 0.04 ± 0.0 mol ml-1 h-1 (Figure 2).

Polygalacturonase activity was 131% higher in cracked than

in uncracked fruit.

Discussion

Our study provides three important observations about fruit

cracking in wax apple. First, total soluble sugar and total

titratable acid were positively related to fruit cracking. Second,

fruit cracking was accompanied by increased PG enzyme

activity. Third, lower osmotic potential drove fruit cracking.

The study of fruit cracking in wax apple will benefit from an

assay inducing cracking and facilitate evaluation of the effect

of different treatments.

The skin of wax apple is different from the other fruits

studied previously such as tomato and cherry because the

skin of wax apple cannot be separated (i.e. exocarp is directly

connected into the mesocarp) and its exocarp is thin compared

to other fruits (Morton 1987). Therefore, when cracking

occurs, not only the exocarp but also the mesocarp is broken.

This type of fruit is easily broken by external force or unclear

internal factors (Morton 1987). This study provides the

potential explanations to decipher the internal factors that

were unclear in previous research. One possible factor is the

low osmotic potential due to the higher concentration of total

soluble sugar and total titratable acid. This triggers high turgor

pressure to break the skin. Cracking only in some fruits

indicate the genetic polymorphism reflected in the fruits (Bach

and Kelly 2007).

According to the epidermis-growth-control theory which

describes that the epidermis is responsible for the restriction

of organ growth (Kutschera and Niklas 2007), originally, the

cell should start cell growth and strengthen cell wall in response

to the extrusion. However, the development of fruit in the

mature stage will cease or become slower (Stolle-Smits et al.

1999). Due to higher pressure inside the cell than the outside,

a fruit can maintain a pressure balance externally and internally

if the fruit has firm skin. The synthesis of new plant cell wall

would also weaken the cell wall, and during the generation of

new cells, the acidity and PG enzyme activity usually increase

(Wallner and Walker 1975; Schilstra and Janse 1986). Overall,

the causes of fruit cracking in wax apple from our data support

these previous studies.

Cracking may result from normal processes that occur

too rapidly for cells to adjust to the changes even though

plant’s cuticle is flexible to protect the environmental change

(Domíngueza et al. 2011). Solute gradients in cells and tissues

caused by transport of solutes or conversion of starch to

sugars or other soluble solids leads to water movement by

osmosis as equilibration occurs (Nobel 1983). During the
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Figure 1. The comparison of total titratable acid of normal
fruit and cracked fruit in wax apples. Values are reported as the
means ± SD (n = 45). Bars with different letters are significantly
different by paired t-test (t = -7.64, p = 0.01).
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Figure 2. The comparison of polygalacturonase specific activity

of normal fruit and cracked fruit in wax apples. Values are

reported as the means ± SD (n = 45). Bars with different letters

are significantly different by paired t-test (t = -10.91, p< 0.001).
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equilibration process, water gets absorbed through the cell

membrane producing turgor pressure against cell walls, causing

cells to swell; such swelling is essential for growth and tissue

rigidity (Nobel 1983). This study hypothesizes that water

enters into the fruit in response to a decreased tissue osmotic

potential and then exerts pressure on the cell membranes.

Our results accepts this hypothesis and also supports the

experiments examined in other species in response for fruit

cracking in sweet cherry (Anderson and Richardson 1982; Seske

1987; Seske 1995) and grape (Considine and  Kriedmann 1972).

Wax apple’s fruit is made by primary cell covering by

plant cuticle and includes higher proportion of pectin with

some spongy structure at the center or base of fruit (Morton

1987). On the inner side of the plant cuticle, cutin is mixed

with polysaccharides, which is physically or chemically

interconnected with epidermis cell wall (Domíngueza et al.

2011). Knowledge of these interconnections is not yet clear

but would be important to protect plants by increasing its

elasticity (Domíngueza et al. 2011). Cutin is one kind of waxy

polymers that are the main components of the plant cuticle

(Holloway 1982). Polygalacturonase degrades

polysaccharides present in the cell walls of plants by

hydrolysis of the glycosidic bonds and the major component

of pectin (Jones et al. 1972). In this study, PG enzyme

activity was 131% higher in cracked fruits than in uncracked

fruits, which suggests PG enzyme may be the major enzyme

to soften the skin of fruit in mature wax apple. The breaking

of polysaccharides by PG enzyme loosens the structure of

the mixed cutin with polysaccharides, and increases the solutes

in plant epidermis and exocarp resulting in more water

absorption and weakening the protection of plant cuticle.

Once the orchards faces heavy rain, plants uptake more water

than the usual time, and thus fruit cracking occurs due to the

high turgor pressure shortly after the heavy rainfall. The

present data also suggests that PG enzyme activity increased

in response to the pressure developed during fruit maturation.

Further studies are required to provide more evidence to

demonstrate that the synthesis of PG enzyme can be induced

by an abrupt increase in turgor pressure, which could reduce

skin elasticity and lead to fruit cracking.

The total titratable acid in cracked fruit is higher than in

uncracked fruit (Figure 1). Therefore, the acidity in the plant

cell is related to the series of reactions, which also induces PG

enzyme activity and leads to cell wall softening. The data has

supported the previous studies which showed the relation

between the acid factor and increasing fruit cracking (Bangerth

1973; Köhler and Spatz 2002; Lichter et al. 2002). Total

soluble sugar mainly affects on osmotic potential and the

total titratable acid affects on cell wall softening. The sugar

and acidity may both play a role in PG enzyme signal trans-

duction (Price et al. 2004). However, the interaction between

total soluble sugar and acid is still not clear in wax apple.

This study explored the physiological reasons for fruit

cracking of wax apple. Further research can be designed on

manipulative experiments to avoiding fruit cracking in wax

apple. The data presented here can be helpful to validate the

recently developed fruit cracking prediction model under a

real environment conditions (Ehret et al. 2008). Based on our

data, the cause of wax apple fruit cracking is similar to what

the previous researchers found in tomato (Huang and Snapp

2004). It has been suggested that calcium with wax be sprayed

to fruits of tomatoes during their maturity period, or at least

before the heavy rain for preventing fruit cracking (Huang and

Snapp 2004). This suggestion could probably be followed to

prevent fruit cracking of wax apple too. Because acid and chelating

solutions reduce cracking, it was suggested to make neutral

calcium spray by adjusting pH value before applying to fruits

(Lichter et al. 2002). However, the best time and the concentration

of spray solution for wax apple require further study.
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