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mechanized harvesting of defoliation-resistant varieties is 
also problematic due to their poor spontaneous defoliation 
performance, making it difficult to remove the sheaths from 
the stems and resulting in high impurities in the harvested 
sugarcane and lower yield of sugar. To improve harvesting 
efficiency, sugarcane plants in some countries are burned to 
remove the leaves before harvesting. However, burning sug-
arcane leaves produces large amounts of smoke and gases 
that are harmful to the surrounding environment. In addi-
tion, the dust produced by burning sugarcane leaves can also 
adversely affect the sugar production process (Cristale et 
al. 2012; Mugica-Alvarez et al. 2015). Therefore, studying 
how to improve the spontaneous defoliation performance 
of sugarcane is important for both manual and mechanized 
harvesting.

Plant organ abscission not only is of great biological sig-
nificance for the reproduction and spread of plants but also 
is of important practical value in agricultural production. 
During long-term crop domestication, humans recognized 
the shedding characteristics of plant organs and selected 
against them. As a result, problems such as grain shedding 

Introduction

Sugarcane (Saccharum spp. hybrids) is a major sugar crop 
around the world. Spontaneous defoliation is an important 
agronomic trait of sugarcane that varies greatly among vari-
eties. For the production of sugarcane, the manual harvest 
of defoliation-resistant varieties requires a large amount of 
labor to strip leaves, resulting in high harvesting costs and 
low efficiency (Singh et al. 2011; Huang et al. 2018). The 
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Abstract
Spontaneous defoliation improves the harvesting efficiency and yield of sugarcane. Here, we investigated the ultrastruc-
tural changes and pectinase and cellulase activity in the third, fifth, and seventh leaf sheaths in four sugarcane varieties 
with varying spontaneous defoliation performance during maturation. At the early and middle stages of spontaneous defo-
liation, the cells in the abscission zones of the third, fifth, and seventh leaf sheaths were degrading. At the late stage, no 
complete organelles and hollow or broken spots in the cell walls were observed in the abscission zone cells of defoliation-
prone varieties, while complete organelles and intact cell walls were present in the abscission zone cells at the same leaf 
positions in defoliation-resistant varieties. From the early to late stages, defoliation-prone varieties had higher pectinase 
activity in the abscission zones of the fifth and seventh leaf sheaths. At the early stage of defoliation, defoliation-prone 
varieties had significantly higher cellulase activity in the abscission zones of the third, fifth, and seventh leaf sheaths. 
Correlation analysis showed that the spontaneous defoliation rate was significantly positively correlated with pectinase 
activity in the leaf sheaths. In conclusion, the spontaneous defoliation of sugarcane was closely related to changes in cell 
morphology and pectinase activites in leaf sheaths.
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and ear breaking in grasses (Poaceae), bell dropping in 
cotton, and premature pod shattering in leguminous crops 
were successfully resolved to reduce yield loss (Wang et al. 
2009). In agricultural and horticultural production, mature 
seeds and fruits need to be shed through various artificial 
or natural means to ensure yield and quality and avoid eco-
nomic loss (Geitmann 2018). Plant organ shedding mainly 
happens to flowers, leaves, fruits, seeds, leaf sheaths and 
lateral roots (Mao et al. 2000; Nakano et al. 2012; Botton et 
al. 2011; Zhou et al. 2012; Lewis et al. 2006). During organ 
shedding, a tissue with several layers of cells forms a site 
where an organ spontaneously detaches from the plant, this 
is called the abscission zone (Bleecker and Patterson 1997). 
The abscission zone in plants is generally composed of 5 to 
50 layers of small, tightly packed, square cells with a dense 
cytoplasm that are capable of sensing abscission signals 
and undergoing cell separation, leading to organ detach-
ment (McManus 2008). Flower and fruit abscission occurs 
due to the degradation of cell walls, which results from the 
disruption of the adhesion between cells caused by various 
enzymes such as cellulases, pectinases, peroxidases, poly-
galacturonases, xyloglucan endotransglucosylases/hydro-
lases, and expansins (Bar-Dror et al. 2011; Tariq et al. 2017; 
Roberts and Gonzalezcarranza 2009; Levine and Hall 2011; 
Djanaguiraman et al. 2010; Niederhuth et al. 2013). It were 
found that cellulase and pectinase are the primary enzymes 
involved in the sugarcane spontaneous defoliation (Fan et 
al. 2013; Li et al. 2015).

Sugarcane leaves are composed of blades and sheaths, 
and during spontaneous defoliation the detachment occurs 
mainly in the abscission zone of mature leaf sheaths. To 
date, there are few reports describing the in-depth study of 
sugarcane defoliation, and related knowledge is very limited 

compared with that in tomato, rice, and Arabidopsis. This 
study explored the relationship between spontaneous defo-
liation and the morphological and physiological character-
istics of the cells in the leaf sheaths of sugarcane varieties 
with varied defoliation performances. The findings of this 
study will provide a reference for the improvement of the 
spontaneous defoliation performance of sugarcane at the 
cellular physiological level.

Materials and Methods

Plant Materials and Planting Conditions

Four sugarcane varieties, namely YZ03-194 and YZ01-
1413 (defoliation-prone) as well as GT02-467 and YZ99-
91 (defoliation-resistant), were selected for the study. These 
varieties have the same maturity time but different spontane-
ous defoliation performance. When the ratio of brix between 
the upper and lower internodes of the raw sugarcane stem is 
between 0.9 and 1 (be known as the maturity stage), starting 
from the fifth leaf below the most recent fully expanded leaf 
of defoliation-prone varieties, the angle between the sheath 
and stem increased, and the abscission zone connecting the 
sheath and stem at the base of the sheath spontaneously 
cracked, which allowed the leaf to fall off easily. In contrast, 
the leaf sheaths of defoliation-resistant varieties tightly 
wrapped stems, and the abscission zones that spontaneously 
cracked were at lower leaf positions (Fig. 1).

The sugarcane varieties were planted in the field in 
late February 2019. The soil surface (0–30  cm) had an 
organic matter content of 26.2  g•kg− 1, available nitro-
gen content of 117.7  mg•kg− 1, available phosphorus 

Fig. 1  Morphology of leaf sheaths in the studied sugarcane varieties
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content of 27.5  mg•kg− 1, available potassium content of 
115.2 mg•kg− 1, and pH of 5.7. The altitude of the experi-
mental area was 1,055 m. During the experiment, the area 
had annual natural precipitation of 698 mm, 2,317 h of sun-
shine, an annual average temperature of 21.5  °C, and an 
average wind speed of 2.38 m•s− 1. The experiment adopted 
a randomized block design including three blocks. Each 
variety was planted in eight rows per block, with a row 
length of 6 m and an inter-row space of 1.2 m. Sugarcane 
plants were managed throughout the entire growth period 
according to the measures used for local sugarcane produc-
tion to maintain their normal growth.

Sampling and Investigation

The sampling of sugarcane tissues began in late October 
when sugarcane plants started spontaneous defoliation, 
which was divided into three stages (the early, middle, and 
late stages). The sampling interval was 25–30 days. The leaf 
sheath tissues within 1 cm from the base line of the abscis-
sion zones connecting the stem and sheath of the third, fifth, 
and seventh leaf below the fully expanded leaf of normally 
growing sugarcane plants were sampled for the observation 
of ultrastructural morphology. The sampling included three 
replicates, once per variety in each of 3 blocks. The samples 
were frozen in liquid nitrogen immediately and then stored 
in a − 80 °C freezer for the determination of the pectinase 
and cellulase activity. Fifteen plants per plot were selected 
for investigating the spontaneous defoliation rate and the 
investigation was repeated three times (once per variety per 
block). The crack rate of leaf sheath is defined as the dehis-
cence length divided by the total length in the leaf sheaths 
around the cane stems where natural defoliation occurs. The 
crack rate of leaf that is not split open is set to 0%, while the 
crack rate of leaf that has fallen off is set to 100%.The leaves 
with ≥ 30% crack rate are easy detached by the winds, and 
are divided into shedding leaves. The spontaneous defolia-
tion rate was calculated as follows: The spontaneous defo-
liation rate = (the number of leaf with ≥ 30% crack rate / 
the number of all leaf below the most recent fully expanded 
leaf) × 100%.

Observation of the Ultrastructure of the Cells in the 
Leaf Sheaths

Abscission zone tissues were isolated with a double-sided 
razor blade, and the third, fifth, and seventh leaf sheaths 
of each sample were randomly selected and used as three 
replicates for sectioning. The samples were immersed in 
2.5% glutaraldehyde fixative for 24 h under vacuum, rinsed 
with 0.1 mol/L phosphate buffer (pH 7.0), fixed in 1% OSO4 
fixative for 2 h, and rinsed three times in phosphate buffer 

for 15 min each time. The samples were then dehydrated 
sequentially in a gradient of 30%, 50%, 70%, 80%, 90%, 
95%, and 100% ethanol, with dehydration in each concen-
tration of ethanol for 15 min. After that, the samples were 
immersed in 100% acetone for 20 min to replace ethanol 
with acetone, and then infiltrated and embedded with Spurr 
low-viscosity embedding medium at 60 °C for 12 h. Ultra-
thin sections of the samples were made using a Leica EM 
UC7 Ultramicrotome, setting the thickness of section at 
70 nm. Then, the sections were double-stained with uranyl 
acetate and lead citrate so as to increase the the contrast 
of light and shade under electron microscopy. The ultra-
structure of cells was observed using an FEI transmission 
electron microscope (Taicnai G2 Spirit), with 80 kV accel-
erating voltage and 1100 times of magnification.

Determination of Pectinase Activity in the Leaf 
Sheaths

Three grams of abscission zone tissues were placed in a 
container with 40 mL 0.2 mol/L acetic acid-sodium acetate 
buffer (pH = 4.8), and then the container was shaken for 
30 min in a 4–7 °C incubator. After shaking, the same buffer 
was added to reach a final volume of 100 mL. The solu-
tion was stored in the dark at 4 °C for 24 h and then cen-
trifuged at 2795 g for 8 min. Next, 5 mL of the supernatant 
was taken and the volume was increased to 25 mL by add-
ing acetic acid-sodium acetate buffer. The pectinase activity 
was determined according to the method used by Wang et 
al. (2007). During the determination of pectinase activity, 
1 mg of D-galacturonic acid produced by 1 g pectinase in 
decomposing pectin for 1 h under the conditions of 48 °C 
and pH 4.8 was defined as 1 unit of pectinase activity. The 
determination was repeated three times (once per variety per 
block).

Determination of Cellulase Activity in the Leaf 
Sheaths

Three grams of leaf sheaths were ground on ice and then 
completely transferred into a 50-mL beaker. Forty milliliters 
of acetic acid-sodium acetate buffer (pH 5.5) was added and 
then stirred using a magnetic stirrer for 30 min. The buffer 
solution was added to reach a final volume of 50 mL and 
then the extract was stored at 4 °C in the dark for 24 h. After 
being shaken thoroughly, 50 mL of the extract was trans-
ferred into a centrifuge tube and centrifuged at 3,000 rpm 
for 3 min. The supernatant was used as the crude cellulase 
extract and stored at 4 °C. Cellulase activity was determined 
based on the method used by Hao and Liu (2001). Carboxy-
methyl cellulose was used as a substrate in the reaction 
system to produce reducing sugar that was measured using 
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the abscission zone of the fifth leaf sheath of the defoliation-
prone varieties YZ03-194 and YZ01-1413. Cells with hol-
low or broken spots in the cell wall were also present in the 
abscission zone of the seventh leaf sheath of YZ03-194 and 
YZ01-1413. In contrast, cells with hollow or broken spots 
in the cell wall were only present in the abscission zones of 
the fifth leaf sheath but not in that of the third and seventh 
leaf sheaths of defoliation-resistant varieties GT02-467 and 
YZ99-91. At the late stage of defoliation (Fig.  2C), cells 
with broken spots in the cell wall were present in the abscis-
sion zones of the third, fifth, and seventh leaf sheaths of 
the defoliation-prone varieties YZ03-194 and YZ01-1413. 
Only a small number of cells with broken spots in the cell 
wall were observed in the abscission zone of the seventh 
leaf sheath of defoliation-resistant variety GT02-467, and 
cells with either hollow or broken spots in the cell wall were 
not found in the abscission zones of the third and fifth leaf 
sheaths of this variety.

Changes of Pectinase Activity in the Abscission zone 
of Sugarcane Leaf Sheaths

As shown in Fig. 3, during defoliation there were significant 
differences in pectinase activity in the abscission zones of 
the same leaf positions between the four sugarcane variet-
ies. At the early stage of defoliation, the abscission zones of 
the third leaf sheath of YZ03-194, YZ01-1413, and GT02-
467 had significantly higher pectinase activity than that of 
YZ99-91; the abscission zones of the fifth leaf sheath in 
YZ03-194 and YZ01-1413 had significantly higher pec-
tinase activity compared to GT02-467 and YZ99-91; the 
abscission zones of the seventh leaf sheath of YZ03-194 
and YZ01-1413 had significantly higher pectinase activity 
compared to GT02-467 and YZ99-91; and the abscission 
zone of the seventh leaf sheath in GT02-467 had signifi-
cantly higher pectinase activity than those in YZ99-91. In 
the middle stage of defoliation, the abscission zones of the 
third and seventh leaf sheaths of YZ03-194 and YZ01-1413 
had significantly higher pectinase activity than those of 
GT02-467 and YZ99-91, and at the same leaf position the 
abscission zone of YZ01-1413 had significantly higher pec-
tinase activity than that of GT02-467, while the difference in 
pectinase activity in the abscission zone between GT02-467 
and YZ99-91 was non-significant; at the fifth leaf position, 
the abscission zones in YZ03-194 and YZ01-1413 had sig-
nificantly higher pectinase activity than those in GT02-467, 
the abscission zone of GT02-467 had significantly higher 
pectinase activity than that in YZ99-91, and there was no 
significant difference in the pectinase activity in the abscis-
sion zones between YZ03-194 and YZ01-1413. At the late 
stage of defoliation, there was no significant difference in 
the pectinase activity in the abscission zones of the third 

the 3, 5-dinitrosalicylic acid colorimetric method. One mil-
ligram reducing sugar produced by 1 g cellulose in 1 h was 
defined as 1 unit of cellulase activity. The determination was 
repeated three times (once per variety per block).

Data Analysis

Experimental data were organized and analyzed using 
Microsoft Excel 2007, and one-way analysis of variance 
(ANOVA) and correlation analysis were performed using 
SPSS 21 statistical software. The enzyme activities at early, 
mid and late stage were combined to analyse their relation 
with spontaneous defoliation rate.

Results

Changes in the Ultrastructural Morphology of the 
Cells in the Leaf Sheaths

As shown in Fig. 2, in the spontaneous defoliation process 
the cells in the abscission zones of the third, fifth, and sev-
enth leaf sheaths of all varieties degraded from the early to 
late stages of defoliation. At the early and middle stages of 
defoliation, there was no significant difference in the organ-
elle degradation in the leaf sheath cells between defoliation-
prone and defoliation-resistant varieties. At the late stage of 
defoliation, the organelles of the cells in the abscission zones 
of the third, fifth, and seventh leaf sheaths of defoliation-
prone varieties were all degrading and cells with complete 
organelles were not observed, while the cells in the abscis-
sion zones of the same leaf positions of defoliation-resistant 
varieties showed complete and abundant organelles. There 
was a significant difference in the cell wall morphology of 
the abscission zone cells between the varieties with differ-
ent defoliation performances from the early to the late stage 
of defoliation (Fig.  2A). Multiple cells with hollow spots 
in the cell wall were present in the abscission zones of the 
third leaf sheath of defoliation-prone varieties YZ03-194 
and YZ01-1413. For the abscission zone of the fifth and 
seventh leaf sheath, with the decline of leaf position and 
the increase of leaf age, the cells with ruptured cell walls 
and broken spots in the cell wall were present. In contrast, 
at the same stage, cells with either hollow or broken spots 
in the cell wall in the abscission zones of the third, fifth, and 
seventh leaf sheaths of defoliation-resistant varieties GT02-
467 and YZ99-91 were not observed. At the middle stage of 
defoliation (Fig. 2B), cells with broken spots in the cell wall 
were present in the abscission zone of the third leaf sheath 
of the defoliation-prone variety YZ03-194. The cell wall 
rupture became more severe and the number of cells with 
broken spots in the cell wall was significantly increased in 
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Fig. 2  Ultrastructural changes in the cells in the sugarcane leaf sheath. 
A: Early stage, B: Middle stage, C: Late stage. A, B, and C show the 
ultrastructure of the cells in the leaf sheath at the early, middle, and late 

stages of defoliation, respectively. Arrows indicate hollow or broken 
spots in the cell wall
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1.42, 1.36, and 1.16 times of that in YZ99-91, respectively, 
with the abscission zones of the third leaf sheath in YZ03-
194 and YZ01-1413 having significantly higher cellulase 
activity than that in YZ99-91; the cellulase activities in 
the abscission zones of the fifth leaf sheath in YZ03-194, 
YZ01-1413, and YZ99-91 were 1.49, 1.33, and 1.17 times 
of that in GT02-467, respectively, with YZ03-194 and 
YZ01-1413 having significantly higher cellulase activity in 
the leaf sheaths than GT02-467; and the cellulase activities 
of the abscission zones of the seventh leaf sheath in YZ03-
194, YZ01-1413, and YZ99-91 were 1.28, 1.22, and 1.12 
times of that in GT02-467, respectively, with YZ03-194 and 
YZ01-1413 having significantly higher cellulase activity 
in the leaf sheath than GT02-467. At the middle and late 
stages of defoliation, there was no significant difference in 

leaf sheaths between the four varieties; the fifth leaf sheath 
of YZ03-194 and YZ01-1413 had significantly higher pec-
tinase activities than that in YZ99-91; the abscission zones 
of the seventh leaf sheath of YZ03-194 and YZ01-1413 had 
significantly higher pectinase activity than that in GT02-
467, and the abscission zone of the seventh leaf sheath in 
GT02-467 had significantly higher pectinase activity than 
that in YZ99-91.

Changes of Cellulase Activity in the Abscission Zone 
of Sugarcane Leaf Sheaths

As shown in Fig.  4, in the early stage of defoliation, the 
cellulase activities in the abscission zones of the third leaf 
sheath of YZ03-194, YZ01-1413, and GT02-467 were 

Fig. 4  Changes in cellulase activity in the abscission zone of sugarcane leaf sheaths. Different letters on the histogram represent significant differ-
ences at p < 0.05

 

Fig. 3  Changes in pectinase activity in the abscission zone of sugarcane leaf sheaths. Different letters on the histogram represent significant dif-
ferences at p < 0.05
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Correlation between the Spontaneous Defoliation 
Rate and the Enzyme Activity in Sugarcane Leaf 
Sheaths

Correlation analysis (Table  1) showed that in the process 
of sugarcane spontaneous defoliation, the pectinase activity 
in the abscission zones of the fifth (R = 0.772, p < 0.00001) 
and seventh (R = 0.805, p < 0.0001) leaf sheaths had a sig-
nificant positive correlation with the spontaneous defolia-
tion rate, and the cellulase activity in the abscission zone of 
the seventh leaf sheath had a significant positive correlation 
with the spontaneous defoliation rate (R = 0.396, p = 0.017). 
There was a significant positive correlation between the 
pectinase activity in the third, fifth, and seventh leaf sheaths, 
and there was also a significant positive correlation between 
the cellulase activities in the third, fifth, and seventh leaf 
sheaths. The cellulase activity in the abscission zone of the 
seventh leaf sheath was correlated with the pectinase activ-
ity in the abscission zones of the third, fifth, and seventh 
leaf sheaths, whose correlation coefficient were 0.436, 
0.584 and 0.367, respectively. There was a positive correla-
tion between cellulase activity and pectinase activity in the 
abscission zone of the fifth leaf sheath (R = 0.339, p < 0.05).

cellulase activity in the leaf sheaths in the four varieties at 
the same leaf position among the third, fifth, and seventh 
leaves.

Changes in the Spontaneous Defoliation Rate of 
Sugarcane

As shown in Fig.  5, during spontaneous defoliation, the 
abscission zones of the mature leaf sheaths spontaneously 
cracked one after another, leading to defoliation. From the 
early to late stages of defoliation, the spontaneous defoli-
ation rates in the four varieties showed a regular upward 
trend, and for each stage the order of the varieties based on 
their spontaneous defoliation rates was YZ03-194 > YZ01-
1413 > GT02-467 > YZ99-91. At the early stage of defo-
liation, the spontaneous defoliation rates in YZ03-194, 
YZ01-1413, and GT02-467 were 5.38, 4.62, and 1.92 
times of that in YZ99-91, respectively. At the middle stage 
of defoliation, the spontaneous defoliation rates of YZ03-
194, YZ01-1413, and GT02-467 were 4.46, 4.16, and 1.52 
times of that in YZ99-91, respectively. At the late stage of 
defoliation, the spontaneous defoliation rates of YZ03-194, 
YZ01-1413, and GT02-467 were 3.85, 3.58, and 1.49 times 
of that in YZ99-91, respectively. Overall, YZ03-194 and 
YZ01-1413 had higher spontaneous defoliation rates and 
GT02-467 and YZ99-91 had lower spontaneous defoliation 
rates. The differences in the spontaneous defoliation rates 
between the varieties showed a decreasing trend over time.

Fig. 5  Spontaneous defoliation rate of four sugarcane varieties at different stages of defoliation. Different letters on the histogram represent sig-
nificant differences at p < 0.05
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2009; Levine and Hall 2011; Djanaguiraman et al. 2010; 
Niederhuth et al. 2013). Pectin is synthesized in the Golgi 
apparatus, methylated by methyltransferases, and trans-
ported to the cell wall via vesicular transport (Ibar and Orel-
lana 2007). In the cell wall, pectin is demethylated by pectin 
methylesterase (Sénéchal et al. 2014). Changes in the degree 
of methylation of pectin affect the cross-linking between 
pectin and other cell wall components, thereby affecting 
the mechanical strength, fluidity, and other properties of the 
cell wall (Burton et al. 2010). During plant organ abscis-
sion, polygalacturonase and cellulase exhibit high levels 
of activity in the abscission zone (Sundaresan et al. 2020). 
In the present study, the pectinase activity in the abscission 
zones of the fifth and seventh leaf sheaths in the defoliation-
prone varieties YZ03-194 and YZ01-1413 was significantly 
higher compared to the defoliation-resistant varieties GT02-
467 and YZ99-91 from the early to late stages of defoliation. 
At the early stage of defoliation, the cellulose activity in the 
abscission zones of the third leaf sheath in the defoliation-
prone varieties YZ03-194 and YZ01-1413 was significantly 
higher than that of the defoliation-resistant variety YZ99-
91. The cellulase activity in the abscission zones of the fifth 
and seventh leaf sheaths in YZ03-194 and YZ01-1413 was 
also significantly higher than that in GT02-467. From the 
middle to late defoliation stages, there was no significant 
difference in the cellulase activity in the abscission zones of 
the same leaf sheaths in four varieties. This result indicated 
that pectinase was involved in the physiological events pro-
moting cell degradation in leaf sheaths from the early to late 
stages of defoliation, while the promoting effect of cellulose 
was concentrated at the early stage of defoliation. The cell 
wall morphology in the third, fifth and seventh leaf sheaths 
was significantly altered in the defoliation susceptible vari-
eties, but no significant difference was observed in the defo-
liation resistant varieties. This was consistent with pectinase 
activity modification in different resistant cultivars, sug-
gesting that the ultrastructural changes was influenced by 
pectinase and age together. Moreover, correlation analysis 
(Table  1) showed that pectinase activity in the abscission 

Discussion

During the growth and development of sugarcane, spontane-
ous cracking occurs at the leaf sheath of aging leaves, leading 
to leaf shedding. From the early to late stages of defoliation, 
there were significant differences between the spontaneous 
defoliation rates in four sugarcane varieties, and the spon-
taneous defoliation rate of each variety increased over time. 
In cotton, soybean, and tomato, defoliation is closely related 
to the formation and cracking of abscission zones, and dif-
ferences in the regulation of cell growth in abscission zones 
in different varieties lead to the differences in their defolia-
tion performance (Mishra et al. 2008; Jáquez-Gutiérre et al. 
2019; Woo et al. 2019). In this study, cells in the abscis-
sion zones of the third, fifth, and seventh leaf sheaths of all 
varieties undergo degradation from early to late stages. At 
early and middle stages, no significant difference in organ-
elle degradation is observed between defoliation-prone and 
defoliation-resistant varieties. However, during late-stage 
defoliation, organelles in the abscission zone cells of defo-
liation-prone varieties degrade completely, while those in 
defoliation-resistant varieties remain intact. Significant dif-
ferences in cell wall morphology exist between varieties 
with different defoliation performances throughout the pro-
cess. Defoliation-prone varieties exhibit multiple cells with 
hollow spots in the cell wall, whereas defoliation-resistant 
varieties do not show such abnormalities.

The plant cell wall is a complex network structure mainly 
composed of polysaccharides such as cellulose, hemicellu-
loses, and pectin (Carpita 1996). Changes in the compo-
sition and structure of the cell wall play a crucial role in 
plant growth and development and in the response of a plant 
to external stresses (Tenhaken 2015). The direct cause of 
flower and fruit drop in fruit crops is the degradation of the 
cell wall, which results from the breakdown of cell adhe-
sion due to the action of various enzymes such as cellulase, 
pectinase, peroxidase, polygalacturonase, xyloglucan endo-
transglucosylases/hydrolases, and expansins (Bar-Dror et 
al. 2011; Tariq et al. 2017; Roberts and Gonzalez-Carranza 

Table 1  Correlation between enzyme activity and the spontaneous defoliation rate in sugarcane
Pectinase 
activity (leaf 3)

Pectinase 
activity (leaf 5)

Pectinase 
activity (leaf 7)

Cellulase 
activity (leaf 3)

Cellulase 
activity (leaf 5)

Cellulase 
activity (leaf 
7)

Defo-
liation 
rate

Pectinase activity (leaf 3) 1
Pectinase activity (leaf 5) 0.652** 1
Pectinase activity (leaf 7) 0.573** 0.833** 1
Cellulase activity (leaf 3) 0.103 0.227 0.120 1
Cellulase activity (leaf 5) 0.304 0.339* 0.189 0.632** 1
Cellulase activity (leaf 7) 0.436** 0.584** 0.367* 0.516** 0.448** 1
Defoliation
rate

0.324 0.772** 0.805** 0.301 0.253 0.396* 1

Note: * indicates p < 0.05, and ** indicates p < 0.01
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