Agricultural Water Management 293 (2024) 108672

=L Agricultural
Water Management

Contents lists available at ScienceDirect

Agricultural Water Management

journal homepage: www.elsevier.com/locate/agwat

ELSEVIER

Check for

Fruit cracking in muskmelon: Fruit growth and biomechanical properties in  [%&s"
different irrigation levels

Qimin Xue "¢, Hao Li®"™¢, Jinliang Chen®", Taisheng Du®>¢"

2 State Key Laboratory of Efficient Utilization of Agricultural Water Resources, Beijing 100083, China

® National Field Scientific Observation and Research Station on Efficient Water Use of Oasis Agriculture in Wuwei of Gansu Province, Wuwei, Gansu province 733009,
China

¢ Center for Agricultural Water Research in China, China Agricultural University, Beijing 100083, China

ARTICLE INFO ABSTRACT

Handling Editor: Dr Z Xiying Muskmelon cracking during ripening is a physiological disorder that causes severe economic losses. Cracking is
related with fruit growth, cuticular membrane (CM), biomechanics and cell wall. Nevertheless, the mechanism of
cracking induced by irrigation strategy remains unclear. Therefore, we conducted an experiment in muskmelon
grown under three irrigation levels: full irrigation (T1, 100% ET), mild deficit irrigation (T2, 75% ET of T1), and

severe deficit irrigation (T3, 50% ET of T1). The results showed that fruit mass of T2 and T3 at maturity were
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icl . . .
]Silg;cleihanics decreased by 11.06% and 19.67%, while fruit cracking rate decreased by 53.13% and 84.38% compared to T1,
Irrigation respectively. Irrigation modified fruit growth rate during fruit expanding (Stage I) and maturation stage (Stage

1), with a higher growing rate observed under high irrigation levels. Furthermore, fruits under T2 and T3 had a
significantly less deformable (lower strain rate) cuticle than that under T1, resulting in higher CM per unit fruit
surface area. The mechanical properties showed different dynamic mode during fruit growth. The pericarp break
force and pericarp toughness increased at Stage I and then decreased at Stage II, while pericarp brittleness
displayed an increasing trend before harvest. We concluded that deficit irrigation alleviated the fruit cracking by
adjusting fruit growth rate, and increasing the pericarp break force and toughness at Stage II. However, both of
T1 and T3 resulted in accelerated cell wall decomposition during fruit ripening. Therefore, mild deficit irrigation
is an appropriate practice strategy that can greatly mitigate fruit cracking while slightly reducing fruit growth.

1. Introduction

Fruit cracking, as a serious physiological disorder commonly found
in several fruit species, can cause huge economic losses. The water
inflow from the plant to the fruit increases the cell turgor pressure
within fruit, causing tangential skin strain (Grimm et al., 2019). Crack
occurs when internal pressure exceeds the breaking stress of the
epidermis (Brown and Considine, 1982). Many factors are involved in
fruit cracking, such as environmental conditions, cultivation practices
and fruit biochemical properties, all of which are all linked to fruit water
balance (Saei et al., 2014; Wang et al., 2021). As one of the most
important cultivation practices, irrigation greatly affect the yield and
quality of crops (Sensoy et al., 2007). Deficit irrigation (DI) is an
effective strategy that attempts to improve water use efficiency and fruit
quality without compromising fruit yield by appropriately reducing
water supply (Du et al., 2015; Hou et al., 2020). Furthermore, many

studies have shown that an appropriate irrigation management can also
effectively reduce the probability of fruit cracking in tomato (Peet and
Willits, 1995), apple (Opara et al., 2000), fig (Kong et al., 2013), sweet
cherry (Blanco et al., 2019), and jujube (Wang et al., 2021). However,
there is little in-depth research on the impact of deficit irrigation on fruit
cracking.

The cuticle (syn. cuticular membrane CM) is a lipoidal, extracellular
biopolymer that forms the outermost layer of the epidermis, serving as
the primary barrier to water transport (absorption and loss) and a pro-
tective barrier to attack by insects and diseases (Dominguez et al., 2011).
The cuticle is considerably vital for the structural integrity and, as such,
plays a prominent role in fruit cracking. The fruit cracking is mostly
derived from the formation of microcracks in the cuticular membrane
(CM) serving as focal points weakening the dermal system (Brown and
Considine, 1982). Generally, the cracks in the CM result from marked
elastic strain of the CM, due to that fruit CM deposition does not keep
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Fig. 1. Daily changes of air temperature (Ta), relative humidity (RH), vapor pressure difference (VPD) in the greenhouse during the whole growth period

of muskmelon.

pace with the rapid expansion of fruit surface area (Knoche et al., 2004).
Additionally, owing to the sudden and drastic change in stress-bearing
properties during fruit-ripening process, the outer cuticle has to bear
more tensional forces transmitted from the soft flesh cells (Chang et al.,
2019). Many studies reported that the strain of the CM was closely
related to fruit surface expansion and CM deposition in sweet cherry
(Knoche et al., 2004), jostaberry (Khanal et al., 2011), and apple (Lai
et al., 2016). However, few studies have been down on the effect of
irrigation on CM stain and synthesis.

The biomechanical properties of fruit play a significant role in sus-
taining inner pressure and resistance to fruit cracking (Saei et al., 2014).
Specially, the knowledge of the mechanical properties of pericarp is of
vital interest, and several studies have been carried out in tomato
(Bargel and Neinhuis, 2005; Dominguez et al., 2012), apple (Winis-
dorffer et al., 2015), and jujube (Li et al., 2018). The fruit crack resis-
tance is highly related to pericarp toughness and extensibility (Li et al.,
2018). Fruit cracking is positively correlated with rind hardness, and
negatively correlated with pericarp break forces (Yamaguchi et al.,
2002; Liao et al., 2020). It has also been reported that immature fruits
have a higher degree of elasticity than mature ones, but fruit cracking
mostly occurs during the mature stage (Li et al., 2021a). The structure
and composition of the cell wall directly determine fruit mechanical
properties, hence, the fruit strength (Cybulska et al., 2011). The poly-
saccharide network structure of cell wall is composed of cellulose,
hemicellulose, and protopectin. Protopectin contains an interlaminar
bond between adjacent cells, which tightly binds plant tissue cells
through cross-linking of different polymers and proteins in cell walls
(Verbancic et al., 2018). And the percentage of the water-soluble pectin
(WSP) increases towards maturity, due to the dissolution of pectin
(Ponce et al., 2010; Rolle et al., 2012). Cellulose is the main component
of plant cell wall, and plays a crucial role in the bearing strength of cell
wall. Hemicellulose is considered as the main polymer, which connects
cellulose microfibers in different areas of the cell wall and forms a
cellulose-hemicellulose network (Deng et al., 2013). Some studies have
shown that cellulose and hemicellulose decomposition, and the increase
of WSP might lead to the cracking of fruit during ripening and a shorter
shelf-life (Wang et al., 2023). The degradation of the structural com-
ponents necessary to reinforce the cell wall is a characteristic of the
fruit-ripening process (Briieggenwirth and Knoche, 2017), which is
associated with a rapid decline in splitting resistance (Dominguez et al.,
2012; Chang et al., 2019). Biomechanical properties of pericarp and cell

wall structure play an important role in fruit cracking, because both of
them are linked to internal pressure resistance (Lichter et al., 2002).
Therefore, it is essential to understand the response of biomechanical
properties of fruit peel and cell wall components during fruit develop-
ment and maturation to different water supplement.

Melon (Cucumis melo L.) is a worldwide horticultural crop with high
nutritional characteristics and market value (Yavuz et al., 2021). The
melon is likely to splitting and cracking at maturity stage, causing a
serious detrimental effect on its market acceptability and economic
benefit (Lopez-Zaplana et al., 2022). It has been reported that melon
cracking is related to rapid water absorption, which can induce high cell
turgor pressures, leading to pericarp cracking (Lopez-Zaplana et al.,
2020). Nevertheless, the benefits of DI on reducing muskmelon cracking
are less evaluated, and the cracking mechanisms of muskmelons asso-
ciated to irrigation still remain mostly unclear. We hypothesized that DI
would alleviate the cracking of muskmelons by acting on fruit growth,
fruit cuticle strain, biomechanical properties and cell-wall metabolism.
In this study, the objectives were to investigate the role of irrigation on
fruit cracking based on cuticle development, biomechanics and cell-wall
composition of pericarp in muskmelon. A better understanding of the
fruit cracking mechanism will be helpful to making appropriate irriga-
tion management practices.

2. Materials and methods
2.1. Experimental site

The experiment was conducted in a Venlo-type glass greenhouse of
the Shiyanghe Experimental Station of China Agricultural University,
located at Wuwei City, Gansu Province, Northwest China (37°52'N,
102°52F, altitude 1581 m above sea level), from March to August in
2022. The environmental parameters (air temperature (Ta, °C), and
relative humidity (RH, %) were monitored with the weather station
(Hobo, Onset Computer Corp, USA) in the greenhouse. Ta, RH, and
calculated vapor pressure deficit (VPD) during the whole growth period
were shown in Fig. 1.

2.2. Experimental design

The cultivar “Tinglin” muskmelon (Cucumis melo var. chinensis), was
used in the experiment. The fruit is elliptical with very thin and milky
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Time(s)

Fig. 2. The first peak of the curve represents the pericarp break force (g), ratio of the first peak and the running time represents the pericarp brittleness (g s™'), the
area between the curve of first peak and X-axis represents the pericarp toughness (g-s).

green rind. The melon seeds were planted in plugs for germination on
19th March 2022, and transplanted at the four-leaf stage into matrix
bags on 5th May 2022, which were filled with a mixed substrate con-
taining coconut bran and coconut cake (1:1 v/v). One plant was potted
per customized matrix bags and the main properties of the matrix bags
were as follows: size,23 cm x 18 cm x 12 cm; weight, 1.07 kg; PH,
5.77; saturated volumetric moisture content, 0.78 gcm'g.

Irrigation treatments began on 24th June, when the melons stepped
into reproductive stage. The reproductive period of fruit growth is
divided into two stages based on the fruit color change, including
flowering and fruit development stage (Stage I, 0-18 days after full
bloom (DAFB), the peel is green) and fruit maturation stage (Stage II,
19-28 DAFB, the peel changes from green to white). The daily amount of
irrigation applied was calculated based on the actual daily evapotrans-
piration (ET), which was measured with a continuous weighing device
(TCS-60, JingYanHengYe Technology Co., Ltd, Beijing). Three irrigation
treatments were set as follow: the irrigation amount of T1 met the daily
ET of the previous day, while mild and severe deficit irrigation treat-
ments, referring as T2 and T3, respectively, received 75% and 50% of
full irrigation amount of T1. The saturated paste conductivity (ECe) of
groundwater used for irrigation was about 0.65dS m~. The concen-
tration of major ions such as K™, Na*, Mg?*, Ca®", and CI' in ground-
water were 9, 222, 61, 194, and 138 mg kg_l, respectively (Jiang et al.,
2012). Balanced water-soluble compound fertilizer (Nitrogen: Phos-
phorus: Potassium = 20: 20: 20) was applied every 2 or 3 days, with the
same amount (average 0.15 g per plant each time) and timing of fertil-
izer application for all treatments. Melon plants were double-vine
pruned to leave four fruits per plant. During the experimental period,
except for irrigation, other management practices such as pollination,
pruning branch stem, and pest control were the same for all treatments.

2.3. Parameters measurements

2.3.1. Rate of cracking

Four to five plants were selected with similar growth, no pests and
diseases, and no picking during the experiment to determine the
cracking rate. Fruit cracking rate was recorded by visually observing and
counting the number of total and cracked fruits on the tagged branches

and converting the differential into a percentage: Cracking rate (%)
= (Number of cracked fruit/Total number of fruit) x 100%.

2.3.2. Plant water status

The fresh leaves were sampled to measure midday stem water po-
tential (@stem) every 5-7 days using a pressure chamber (Model 1515D,
PMS Instrument Company, USA). To allow equilibration with the stem,
leaves were inserted in a black plastic bag covered by tin foil at least
60 min before the measurement (Rodriguez-Dominguez et al., 2022).
@stem Was measured between 12:30 p.m. and 13:30 p.m. In all cases,
measurements were taken on four different individuals for each
treatment.

2.3.3. Fruit growth

The muskmelon fruits were sampled every 5-7 days until harvest.
Fresh weight (FW) was measured using an electronic balance
(ME2002E, METTLER Toledo, Switzerland). The adjusted wrapping
method was used to measure the surface area of the fruit (Villordon
et al., 2020). Mass (surface area) increased rate was calculated by
dividing the average value of mass (surface area) growth between
adjacent samples by the interval days. Six fruits from three plants were
sampled as replicates for each treatment.

2.3.4. Strain of the cuticle

The strain of the CM was determined based on the method reported
by Knoche et al. (2004) and Lai et al. (2016). The evenly developed fruit
without visual defects were selected and tagged. And point pattern
composed of four marked points was placed at cheek region by toothpick
between 5 DAFB and maturity. The initial distance between marked dots
on the fruit surface in the transverse direction (perpendicular to the
stem/stylar axis, x), and in longitudinal direction (parallel to the
stem/stylar axis, y) were recorded by taking photos every 6 to 7 days,
then quantified by image analysis (Image J, National Institutes of
Health, USA). 6 to 7 days after printing the dots, fruit were transferred to
the laboratory to quantify the final distance between each dot. Five
fruits from three plants were sampled as replicates for each treatment.

Based on measurements taken using the dot patterns, uniaxial strain
rates (¢f t! and ¢ t! in mm mm™* day’1 for horizontal and vertical
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Irrigation amount (I), evapotranspiration (ET) of single plant, midday stem water potential (¢stem) and fruits cracking rate in full irrigation (T1), mild deficit irrigation

(T2), and severe deficit irrigation (T3).

Treatments Stage I (0-18DAFB) Stage II (19-28DAFB) Total reproductive season Pstem (Mpa) Cracked fruit rate (%)
I (L/plant) ET (L/plant) 1 (L/ plant) ET (L/ plant) I (L/plant) ET (L/ plant)

T1 19.58 18.43 8.68 8.63 28.26 27.06 -0.66 a 40.00 a

T2 14.98 16.21 6.2 5.7 21.17 21.91 -0.87 b 18.75b

T3 9.32 13.15 4.38 4.33 13.69 17.48 -1.17 b 6.25 b

Note: The data of I and ET is calculated based on the weighing device data before and after irrigation. The value of @g.n, is the average of twelve date from the whole
reproductive growth stage. Different letters indicate significant difference among irrigation treatments at P < 0.05.
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Fig. 3. Time course of change in fruit mass (n = 5) (a) and fruit surface area (n = 3) (b) between 5 and 28 days after full bloom (DAFB) under full
irrigation (T1), mild deficit irrigation (T2), and severe deficit irrigation (T3). Inset: Rates of mass and surface area growth in the course of development.
Values are means =+ SE. P values of two-way ANOVA for water (W) and stage (S) are shown in the table of each panel. The dotted line represents the boundary

between the two stages.
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direction, respectively) of the CM was calculated according to following
equations.

X=X Ax

g5t = = 1
Xo * Xo x 1 ( )
or
, — A
& 1! Y=o Y )

T oyoxt oyt

In these equations, x and x¢ or y and y, represented the distance of
dots at the time of application and sampling, respectively. t represented
a given time interval for marking (6 or 7 days). The data for biaxial area

strain (g in mm? mm™~2) was calculated from & and &} using Eq. 3.
, ! A—A AA
& =[(e7 +1)x (&7 +1)] 1= 0= 3)
Ao Ao

Dividing by t yielded the biaxial strains rates e t.

2.3.5. Isolation of cuticular membranes and mass determination

The exocarp strips (5 mm x 10 mm) were sampled using a custom-
made rectangular cutter. The CM was isolated enzymatically by incu-
bating the exocarp strip in 50 mM citric acid-sodium citrate buffer so-
lution (pH is 4.5) containing pectinase (0.2 g L, Solarbio, Beijing,
China), cellulase (0.6 g L1, Solarbio, Beijing, China), PC-300 liquid
biological preservative (0.4 g L}, Solarbio, Beijing, China) to prevent
microbial activity. Each time the enzyme solution was refreshed
repeatedly until the CM complete separation from the tissue completely.
The sample was washed thoroughly with deionized water. Whereafter,
the CM was dried at 25 °C. The mass of the CM was determined by
weighing a sample of CM (n=4 or 5) with an analytical balance
(ML104T/02, Mettler Toledo, Switzerland). CM mass per unit area was
calculated by dividing mass of CM mass by the sampling area originally.
As the exocarp of an intact muskmelon fruit was strained and sectioning
fruit may release strain, only one strip was excised per fruit from the
cheek region of muskmelon. CM mass of the whole fruit was calculated
by multiplying average CM mass per unit area by average surface area
each treatment. Six fruits from three plants were sampled as replicates
for each treatment.

2.3.6. Biomechanical properties determination

The method was modified on the basis of biomechanical determi-
nation described by Li et al. (2018) and Zhang et al. (2023). Determi-
nation of mechanical properties of the muskmelon pericarp were
achieved by the puncture test with texture analyzer (TMS Pro, FTC, The
UK), which profiled a mechanical force displacement using a LA/P/2
cylindrical probe with a diameter of 2 mm. The parameters of the
texture analyzer were adjusted to a test speed of 2.00 mm s, posttest
speed of 10.00 mm s, test depth of 5.00 mm and auto force trigger of
5.00 g. Determination indices included the pericarp break force (g),
pericarp brittleness (g s) and pericarp toughness (g-s) (Fig. 2). Random
points were selected on the fruit surface for testing. Three fruits from
three plants were sampled as replicates for each treatment.

2.3.7. Determination of cell wall components

The protopectin and WSP content were determined with Multiskan
Spectrum (Multiskan Go, ThermoFisher, U.S.A), using the protocols
described by Wang et al. (2012). The content of cellulose and hemicel-
lulose were determined with a fiber analyzer (Model ANKOM220,
ANKOM Technology, U.S.A.) according to the method described by
Naydenova and Vasileva (2015). Sampling occurred on the 11, 17, 23
and 28 DAFB after full bloom, respectively. Six fruits from three plants
were sampled as replicates for each treatment.
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Fig. 4. Rates of total area strain (¢/¥ t"') and of uniaxial strain in trans-
verse (perpendicular to stem/stylar axis; &  t'1) and longitudinal (parallel
to stem/stylar axis; &} t"!) direction of fruit surface between 5 and 28 days
after full bloom (DAFB) under full irrigation (T1), mild deficit irrigation
(T2), and severe deficit irrigation (T3). Values are means + SE (n =5). P
values of two-way ANOVA for water (W) and stage (S) are shown in the table of
each panel. The dotted line represents the boundary between the two stages.

2.4. Statistical Analysis

The statistical software SPSS (Version 26.0; IBM Corp.) was used to
analyze the variance of the test data. One-way ANOVA was performed to
compare difference between treatments at each developmental stage.
Two-way ANOVA was performed to test for the effects of water treat-
ment, developmental stage, and their interaction.

A structural equation model (SEM) was conducted to quantify the
causal pathways with the AMOS 21.0 (SPSS Inc., IBM Co., Armonk, NY,
USA), in which melon growth (mass and surface area), cuticle, cell wall
component (protopectin and hemicellulose), and biomechanical prop-
erties (pericarp break force, pericarp brittleness and pericarp toughness)
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Fig. 5. Change in mass of cuticular membrane (CM) per unit area in the
developing fruit between 5 and 28 days after full bloom (DAFB) under full
irrigation (T1), mild deficit irrigation (T2), and severe deficit irrigation
(T3). Inset: CM mass whole fruit in the course of development. Values are
means + SE (n = 3). P values of two-way ANOVA for water (W) and stage (S)
are shown in the table of each panel. The dotted line represents the boundary
between the two stages.

were all involved. The one-way arrow associated with the coefficient
represents the partial regression coefficient between two variables. The
data were fitted to the models based on the maximum likelihood esti-
mation. Model probability was assessed by x? tests. In this regard, the
final model was considered good fit with chi-square/degree values
(CHI/DF) < 3, the applied comparative fit index (CFI) > 0.95, and the
root mean square error of approximation (RMSEA) < 0.06 (Fan et al.,
2016).

3. Results
3.1. Melon fruit cracking and growth were depressed by deficit irrigation

Table 1 showed the amount of evapotranspiration (ET) and irrigation
water applied (I) at different growth stages for different treatments. ET
was decreased by 19.03% and 35.40% under T2 and T3 compared to T1
for the whole growth stage, while ¢gem was reduced 31.81% and
77.27% in T2 and T3 respectively. The rate of fruit cracking was highest
in T1 at 40%, but decreased by 53.13% and 84.38% in T2 and T3.

As shown in Fig. 3, fruit fresh mass and surface area increased during
development. The growth trend was generally consistent among
different treatments: there was a phase of rapid increase in mass and
surface area at Stage I, followed by a plateau phase characterized by
decreasing growth rates during mature period (Stage II). Generally, mass
and surface area of muskmelon decreased with the irrigation amount.
There was a significant stage x water level interaction on mass (Ps x =
0.008, Fig. 3a), indicating that the sensitivity of fruit to water deficit was
different for different stages. Compared with the T1, it was decreased by
26.52% and 45.91% under T2 and T3 in fruit mass at 5 DAFB, and the
decreases in fruit surface area was 34.66% and 48.04%, respectively. By
contrast, the fruit mass of T2 and T3 at 28 DAFB were lower by 11.06%
and 19.67%, whilst the decreases in fruit surface area reached 8.69%
and 21.06%, respectively. Meanwhile, the growth rate of fruit mass and
surface area reached maximum at 5 to 17 DAFB and then declined until
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Fig. 6. The biomechanical performance of developing muskmelon fruit
under full irrigation (T1), mild deficit irrigation (T2), and severe deficit
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way ANOVA for water (W) and stage (S) are shown in each panel. The dotted
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fruit mature.

3.2. Deficit irrigation induced slower strain rates during fruit development
and higher CM mass per unit area at maturity

Significant interactions between stage and water supply were
observed in both CM strain and mass (P x w < 0.001, Figs. 4 and 5),
indicating that the change of CM strain and mass under deficit irrigation
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Fig. 7. The content of cell wall components of developing muskmelon fruit pericarp under full irrigation (T1), mild deficit irrigation (T2), and severe
deficit irrigation (T3), including (a) protopectin, (b) water-soluble pectin (WSP), (c) cellulose, (d) hemicellulose. Values are means + SE (n = 3). P values of
two-way ANOVA for water (W) and stage (S) are shown in each panel. Different letters indicate significant difference among irrigation treatments using Duncan’s

multiple range tests at P = 0.05 level.

were different during the development of muskmelon fruit. The rates of
uniaxial strain (¢ t and £/t) and biaxial area strain (¢ t'1) of the fruit
surface had same tendency with the highest strain rate at the initial stage
and decreasing to nil towards the maturity. Compare with T1, ef t'1, &} t'1
and €Y t1 from 11 to 17 DAFB decreased by 44.30%, 51.65%, and
53.61% under T3 respectively, while the reduction was reduced to
26.02%, 6.68% and 19.18% in the final days, respectively.

The CM mass of the whole fruit increased up to 23 DAFB with the
highest deposition rates during early development stage. Fig. 5 showed
that the mass of CM per unit area of muskmelon fruit increased at Stage I
for all the treatments, but decreased in T1 and T2 from 18DAFB. At Stage
I, the CM mass per unit area was significantly higher for T1 than other
treatments. However, the content of CM mass per unit area in T1
decreased quickly when fruit stepped into the maturity. In contrast to
T1, more CM was synthesized under deficit water conditions during
mature period.

3.3. Deficit irrigation caused the better pericarp cracking force, pericarp
brittleness and pericarp toughness

The changes of the pericarp break force were similar for all treat-
ments throughout the development process. The pericarp break force
increased with fruit development at Stage I, and then decreased at Stage
II (Fig. 6a). The pericarp brittleness gradually increased at Stage I, then
dramatically increased after entering Stage II followed by a downward
trend near harvest (Fig. 6b). The pericarp toughness first increased to
the maximum before entering Stage II and then decreased (Fig. 6c¢).

There was a significant difference between the three irrigation treat-
ments on the pericarp break force, pericarp brittleness and pericarp
toughness. In addition, significant interactions between stage and water
level were observed in the pericarp break force (P = 0.005, Fig. 6a)
and pericarp toughness (P « v < 0.001, Fig. 6¢). T1 had the maximum
fruit breaking force and pericarp toughness at 5 DAFB. However, deficit
irrigation had marked positive effects on pericarp cracking force, peri-
carp brittleness and pericarp toughness during fruit growth and
maturation.

3.4. Mild deficit irrigation had significantly higher cellulose content and
lower WSP content at fruit maturation stage

There were significant changes in the cell wall fractions of the
pericarp of developing fruits (Fig. 7). Compared to Stage I, the content of
protopectin and hemicelluloses at Stage II decreased. However, the
water-soluble pectin (WSP) content and cellulose of pericarp showed a
reverse trend. Multiple comparisons indicated that there was significant
interaction between irrigation level and development stage in proto-
pectin (Ps . w < 0.001, Fig. 7a), WSP (Ps « w < 0.001, Fig. 7b), hemi-
celluloses (Psxw = 0.002, Fig. 7c), and cellulose (Psy, = 0.001,
Fig. 7d). In general, T2 had the highest protopectin content, while the
highest content of hemicellulose obtained by T3 at Stage I. By compar-
ison, there was significantly higher cellulose content and lower WSP
content in T2 compared with full irrigation in the last stage. However,
T3 had the lowest content in protopectin, and cellulose at 28 DAFB.
There was no significant difference in hemicellulose content among the
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Fig. 8. Structural equation model (SEM) on fruit mass, surface area, CM per unit area, protopectin, hemicellulose, pericarp break force, pericarp brit-
tleness and pericarp toughness. Arrows indicate the proposed links between variables. The red and blue arrows indicate negative and positive correlations,
respectively, whereas solid lines and dashed lines indicate significant paths (p < 0.05) and non-significant paths, respectively. Standardized path coefficients are
shown on the arrows. The R? values indicate the percentage of variance explained by the relationships with other variables. Goodness-of-fit statistics are shown

underneath the modeling frames.
treatments at Stage II.

3.5. Fruit growth affected biomechanical properties through the cuticle
and cell wall components

Structural equation model (SEM) results manifested the speculative
causal relationships among fruit development, cuticle, cell wall com-
ponents and biomechanical properties of melon (Fig. 8). There was a
significant positive correlation between surface area and mass
(A =0.951, P < 0.001). Surface area was negatively correlated with
protopectin (A = —0.776, P < 0.001) and hemicellulose (A = —0.307,
P = 0.032), but the indirect effect of surface area on pericarp brittleness
was not significant (A = 0.201, P = 0.109). The direct impact of fruit
mass on CM per unit area was not significant (A = 0.297, P = 0.066).
Protopectin and hemicellulose were significantly negatively correlated
with pericarp brittleness (A= —0.498, P < 0.001; A= —0.257,
P = 0.001), but highly positively correlated with pericarp toughness
(A =0.451, P = 0.002; . = 0.334, P = 0.036). CM per unit area had a
significant positive effect on pericarp toughness (A = 0.322, P = 0.043).
Pericarp toughness showed a significant negative effect on pericarp
brittleness (A = —0.182, P = 0.037). Pericarp break force was signifi-
cantly influenced by the direct positive effect of pericarp brittleness
(A =0.951, P < 0.001) and pericarp toughness (A = 1.121, P < 0.001).

4. Discussion

We investigated the relationship between irrigation and melon
cracking by analyzing the impact of irrigation on the fruit growth,
cuticle, biomechanics and cell wall components during the muskmelon
development. Overall, mild deficit irrigation was a reasonable practical
strategy that could greatly alleviate fruit cracking by slightly reducing
fruit growth, decreasing cuticle strain, and improving the biomechanical
properties of pericarp by regulating cell wall metabolism (Fig. 8, Fig. 9).
Our research provided a new insight for irrigation management to
reduce fruit cracking.

4.1. Deficit irrigation decreased fruit cracking by regulating fruit
growth

Cultural management practices such as tree spacing, pruning, fruit
thinning and irrigation, are crucial factors influencing the occurrence
and intensity of cracking (Gilbert et al., 2007). Amongthese, irrigation is
the most intensively practiced operation throughout the growing season,
and plays an irreplaceable role in fruit cracking. In the present study,
low irrigation reduced stem water potential at midday (Table 1), a
reliable indicator of plant water status (Boini et al., 2019), which rep-
resents a limitation of water transport from the plant to the fruit
(Measham et al., 2010; Li et al., 2021b). The decrease of fruit water
accumulation would help to decrease the internal pressure of fruit,
which is considered as being the cause of the decrease in susceptibility to
cracking and skin failure (Considine and Kriedemann, 1972).

Fruit cracking and splitting have been partly attributed to the un-
reasonable irrigation management (Kong et al., 2013). In this study, we
found that although deficit irrigation (T2) decreased fruit mass by about
11.06%, a more pronounced decrease in fruit cracking was achieved (by
about 53.13%), thus avoiding a dramatic economic loss (Table 1), which
were consistent with previous studies on tomatoes (Peet and Willits,
1995), nectarine (Gilbert et al., 2007), and figs (Kong et al., 2013). Both
mass and surface area of muskmelon growth followed sigmoid patterns
with time (Fig. 3). Notably, there was slow change in mass while surface
area increased rapidly in the prophase of Stage II (Fig. 3), which meant
dramatic strain imposed on the pericarp, causing greater risk of skin
failure (Ginzberg and Stern, 2019). In addition, fruit cracking suscepti-
bility could be related to a higher growth rate (Dominguez et al., 2012).
In this study, the highest area expansion rate and the maximum mass
increase rate were observed under higher water supply (Fig. 3). Deficit
irrigation resulted in a significant decrease in the fruit growth and tissue
expansion (Fig. 3), which further supported that DI influenced fruit
growth by decreasing its rate, thus playing a positive role in alleviating
cracking.
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Crack extension

Fig. 9. During growth and development of muskmelon, the increase of surface area in the absence of cuticle deposition and changes of biomechanical properties of
pericarp due to that cell wall degradation may cause cuticle tension and microcracks formation. Microcracks extend and eventually develop into macroscopic cracks.

4.2. The development pattern of the CM affects fruit cracking

Although the strain rate decreased as the muskmelon developed, the
cuticle was constantly stretched. The decrease of CM mass per unit area
and constant CM mass on a whole fruit of muskmelon occurred at Stage
II (Fig. 5), which would be expected based on its fruit surface expansion
after cessation of CM deposition. This indicated that the CM was subject
to great plastic and elastic strain. It is noteworthy that elastic behavior
would result in an increased risk of CM fracture (Knoche et al., 2004).
Differences in the ratio of CM deposition and fruit surface expansion
during growth result in the development of stresses to a continuously
thinning CM, leading to the formation of microcracks (Peschel et al.,
2007). The cracks on the CM of the pericarp reduce the protective bar-
rier function of the CM and further lead to fruit cracking. It was reported
that irrigation levels could affect fruit CM thickness (Pérez-Pastor et al.,
2007), and a thicker CM may could have been caused by deficit irriga-
tion on fruit (Blanco et al., 2019). Cuticular biosynthesis is an adaptive
mechanism to resist drought (Tafolla-Arellano et al., 2018). In this
study, we found that high irrigation amount led to thinner CM (Fig. 4,
Fig. 5), which may be due to lower CM synthesis and faster fruit growth
rate at maturity (Tafolla-Arellano et al., 2018; Li et al., 2020). Excess
water within fruit could promote the occurrence of cuticular cracks, and
then macroscopic cracks by acting on CM strain, as it has been described
by Gilbert et al. (2007).

In the case of muskmelon, fruit cracking occurs at the late stage of
ripening when the synthesis of CM almost terminated. There may be a
relationship between the synthesis of CM and the crack susceptibility
stage at which fruits are more prone to cracking (Dominguez et al.,
2011). CM are substantially accumulated at maturity in tomato (Bargel
and Neinhuis, 2005), apple (Lai et al., 2016) and Jujube (Li et al., 2018),
whereas crack initiation can occur throughout the entire period of fruit
development and ripening. By contrast, it has been reported that cherry
tomato (Dominguez et al., 2008) and sweet cherry fruit (Knoche et al.,
2004) accumulate CM at the early stage of fruit development, and
cracking problem only occur during the ripening process (Dominguez
et al., 2011), which is similar to the pattern of muskmelon in this study.
However, it is necessary to further explore the intrinsic mechanism of
the differences in the formation of CM between different fruits at the
molecular level.

4.3. Mild deficit irrigation affects fruit cracking by modifying
biomechanical properties and cell wall metabolism of pericarp

The mechanical performance of the fruit skin is considerably prom-
inent for the integrity of the whole fruit, playing a significant role in fruit
appearance and storage (Bargel and Neinhuis, 2005). In particular, the
pericarp break force reflects the peel strength, and the toughness in-
dicates the energy required to break the peel of intact fruit (Sirisomboon
et al., 2012), both of which are considered to be related to fruit cracking
(Li et al., 2018). In this study, both of the pericarp break force and
pericarp toughness of muskmelon decreased at Stage II (Fig. 6), indi-
cating that fruit was more prone to cracking during fruit maturation. The

same properties were also found in pears (Sirisomboon et al., 2000) and
tomato (Sirisomboon et al., 2012). It has been reported that the change
in mechanical properties may be related to the loose cuticle and waxy
layer falling off on the surface of the pericarp after entering the mature
stage, increased risk of cracking (Li et al., 2018). In this study, we found
that the CM mass per unit area, the pericarp break force and pericarp
toughness all showed a decrease tendency after entering the mature
stage (Fig. 5, Fig. 6). Studies have shown that excessive irrigation
stimulated cell expansion, leading to an increase in cell volume and a
deterioration in pericarp biomechanical properties, and eventually
pericarp cracking (Briieggenwirth and Knoche, 2017; Li et al., 2023).
Our study showed that the lower pericarp break force, pericarp brittle-
ness, and pericarp toughness under high irrigation (Fig. 6), which was
consistent with the results that high irrigation amount had negative
effects on peel strength and skin break force (Peet, 1992; Fernandes
et al., 2015).

Cell wall also plays a vital role in the mechanical properties of
pericarp, thus in fruit cracking (Jiang et al., 2019; Forlani et al., 2019).
Cell wall not only supports the cells, but is also responsible for cell
adhesion. The degradation of cell wall substances during fruit devel-
opment is a characteristic of the fruit-ripening process (Yakushiji et al.,
2001), which render the fruit less rigid and structurally weaker. The
change in cell wall components during maturation is associated with
cell-wall-related degrading enzyme activities and cell wall gene
expression levels enhancement (Posé et al., 2019). It has been reported
that cell wall disintegration degree and cracking susceptibility both in-
crease during the fruit development (Farquhar and Zhao, 2006).
Furthermore, the cell wall mechanical structure of cracked fruits is
weaker with stronger cell-wall-metabolism (Jiang et al., 2022). The
cellulose fraction contributes to the rigidity of structure, and cell wall
plasticity and viscoelasticity rely on the pectin and hemicellulose
(Schumann et al., 2020). In this study, the content of protopectin and
hemicellulose of muskmelon decreased, while the WSP content
increased with fruit growth (Fig. 7), which may be a good explanation
for the change of mechanical properties of muskmelons (Fig. 8). Irri-
gation has been shown to modify the mechanical properties of fruits by
cell wall composition and wall-modifying enzyme activities, thus
changing the biomechanical properties of fruit textural (Diarte et al.,
2022). It has been reported that the cellulose content of fruits decreases
with increasing irrigation (Chen et al., 2022), and water deficit could
help to maintain the pectin levels (Fernandes et al., 2015). However,
severe deficit irrigation results in weakened anabolism and enhanced
catabolism in plants, which may be a reason for rapid cell wall decom-
position (Cossani and Reynolds, 2012). In agreement with those previ-
ous experimental results, our study indicates that better biomechanical
performance under mild deficit irrigation treatments might relate to the
slower cell wall degradation (Fig. 7).

5. Conclusions

The inflow of water into fruits results in heightened internal pres-
sure, causing pericarp stress. Meanwhile, during muskmelon fruit
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growth and ripening, the change of morphology, the mechanical prop-
erties, and cell wall metabolism of fruit weakens the cracking resistant of
fruit peel, ultimately leading to the generation and extension of cracks .
Severe fruit cracking occurred under full irrigation conditions, which
produced higher fruit growth rate, worse biomechanical properties and
unfavorable cell wall structure. Mild deficit irrigation could decrease the
incidence of fruit cracking in muskmelon while also reducing water use,
which could be related with the decreased strain of cuticle and the
increased pericarp break force and toughness induced by the cell wall
metabolism. Whilst the lowest fruit cracking rate was attained under
severe water deficit, it also resulted in the smallest fruit mass and surface
area, as well as rapid decomposition of cell walls, which impededfruit
growth and quality. Hence, mild water deficit emerges as an efficient
approach to alleviate fruit cracking. From the perspective of integrated
horticultural production, further work is needed to considered the
economic benefit and fruit quality based on comprehensive impact of
irrigation on fruit cracking.
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