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Abstract

The effects of grafting on the morphology, physiology, and acrenchyma of balsam pear aboveground
under waterlogging stress were studied using a two-factor randomized block design. At 8 and 16 days, the
degree of reduction of grafted balsam pear was lower than those of self-rooted balsam pear, although the height
and leaf number of self-rooted and grafted balsam pears were remarkably reduced under waterlogging stress.
Compared with self-rooted balsam pear, grafting considerably decreased the malondialdehyde content of
balsam pear leaves but substantially increased the activities of antioxidant enzymes (superoxide dismutase,
peroxidase, and catalase) and the contents of osmosis-regulating substances (soluble sugar, soluble protein, and
proline) in the leaves of balsam pear under waterlogging stress at 4, 8, and 16 days. The stem of grafted balsam
pear formed aerenchyma (pith cavity) at 0 days, whereas the stem of self-rooted balsam pear formed aerenchyma
at 4 days. The acrenchyma of the stem formed by grafted balsam pear was more developed than that formed by
the self-rooted balsam pear under waterlogging stress. The petiole of self-rooted and grafted balsam pears
formed acrenchyma at 16 days, and the acrenchyma of grafted balsam pear was more developed than that of
self-rooted balsam pear. These results indicated that grafting improved the antioxidant and osmotic regulation
ability of balsam pear and enhanced the tolerance of balsam pear to waterlogging stress by enlarging the pith
cavity of the stem and petiole of balsam pear.

Keywords: acrenchyma; antioxidant enzyme activity; grafted bitter melon; osmosis-regulating

substances; waterlogged substrate

Introduction

Waterlogging stress is the most common abiotic stress and leads to considerable morphology and
physiological modifications of plants during their growth stage (Zhang ez al, 2019; Peng et al., 2019).
Waterlogging stress inhibits the growth of some plants, such as Cucumis sativus L. and Saccharum officinarum
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L. (Tavares ez al., 2018; Barickman ez al., 2019). Waterlogging stress can damage plants but can be alleviated
through a series of responses (Chavez-Arias et al., 2019; Wang et al., 2019). Reactive oxygen species (ROS),
including O,7, H,O,, and HO", are toxic by-products of cellular acrobic metabolism (Guo ez al., 2018).
Waterlogging stress can increase ROS contents (Duan ez al., 2019), which are harmful to the biofilm system of
plants because ROS can destroy normal metabolism through oxidative damage of lipids, proteins,
deoxyribonucleic acids, and carbohydrates (Kavas ez /., 2013). Antioxidant enzyme activity is an important
indicator of plant resistance because antioxidants can effectively remove ROS (Foyer ez al., 2018; Gong ez 4l.,
2018). Waterlogging stress can increase the enzyme activities of superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) and thus cause ROS scavenging (Li ez al., 2018; Alizadeh-Vaskasi ez 4l., 2018).
Water potential in plant leaves decreases under waterlogging stress, but some plants, such as Robinia
pseudoacacia L. and Triticum aestivum L. (Yang et al., 2018; Khosravi ez al., 2018), can maintain the normal
morphology of leaves by accumulating osmotic substances. Moreover, the stems and petioles of some plants,
such as Cynodon dactylon and ferns (Yang ez al., 2011; Barton ez al., 2015), can also form aerenchyma (pith
cavity) to adapt to waterlogged environments. Furthermore, grafting, which is an extensively used technique
for vegetable production (Al-Harbi ez al., 2018; Miao ez al., 2019), can be used to improve the resistance of
crops to abiotic stresses, such as salt and cold stresses (Madadkhah ez 4/., 2018; Suchoff ez 4/., 2018).

Balsam pear (Momordica charantia L.) is an important melon vegetable that is rich in saponins, which
have medicinal values, such as lowering blood glucose and antiviral properties (Perez et al., 2019). The root
growth of balsam pear is poor and yield is greatly reduced in waterlogged areas. Luffa cylindrica (L.) Roem is
also an important melon vegetable, which can grow well in soil with moisture content more than 70% (Amrina
et al., 2019). In this experiment, we studied the growth and adaptation mechanism of balsam pear grafted on

towel gourd under waterlogging stress.

Materials and Methods

Experiment materials and design

The experiment was conducted in a glass greenhouse at Yangtze University, Jingzhou City (30° 21'N,
112° 8'E) in Hubei Province, China from April to August 2019. Towel gourd variety cv. “Zaojia” seeds were
provided by Zhuzhou Nongzhi Co., Ltd., and balsam pear variety cv. “Hualvzhuangyuan” seeds were provided
by the Chunhua Seed Industry Center, Yichun City, Jiangxi Province. The cultivation substrate was provided
by Jiangsu Peilei Matrix Technology Development Co., Ltd. A two-factor randomized block design was used
in the experiment. Factor 1 included the type of propagation (self-rooted vs. grafted), and Factor 2 was whether
or not the plants were subjected to waterlogging. Four treatments and three biological replications were
conducted.

Plant treatment

When the towel gourds seedlings were unearthed, the balsam pears were sprouted. When the balsam
pear seedlings were unearthed, some of the balsam pears were grafted onto towel gourds through insertion
method, and some balsam pears were self-rooted. Towel gourds were transplanted into culture pots (20 cm in
diameter, 15 cm in height) when the grafted balsam pear had four leaves and one heart. For the waterlogged
treatment, the seedlings were transplanted for 7 days and then waterlogged (water level was kept at 1 cm below
the cotyledon). All morphological and physiological indicators were measured via random sampling at 0, 1, 2,

4, 8, and 16 days of waterlogging.
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Determination 0f growth parameters

Plant height was measured by using a tapeline and the number of leaves of each plant were counted at 0,

1,2, 4,8, and 16 days.

Determination of lipid peroxidation, enzyme activity, and osmosis-adjusting-substance content

Malondialdehyde (MDA) content was measured based on the method of Esterbauer and Cheeseman
(1990). SOD activity was estimated through the method of Beauchamp and Fridovich (1971), POD activity
was estimated through the method of Prochazkova ez a/. (2001), and CAT activity was estimated by using the
method of Chance and Machly (1955). Soluble sugar was estimated through the method of Yemm and Willis
(1954). Soluble proteins were estimated per the method of Bradford (1976). Content of proline were
determined per the method of Li (2000).

Observation of aerenchyma of stem and petiole
Stem (1 cm below the cotyledon) and petiole (1 cm away from the leaf base) were sectioned through
frechand, stained with toluidine blue O, and observed under an anatomic microscope (Yang ez 4/., 2011).

Statistical analysis
All data were analysed with SAS 9.1 software, and Duncan's new complex range method was used to
compare significant differences.

Results

Plant height

The heights of grafted and self-rooted balsam pears were remarkably reduced under waterlogging at 8
and 16 days, but the degree of reduction of the growth of grafted balsam pear was lower than that of the self-
rooted balsam pear (P < 0.05) (Table 1). The height of grafted and self-rooted balsam pears decreased by 19.4%
and 20.2%, respectively, at 8 days of waterlogging and by 26.6% and 27.0%, respectively, at 16 days of

waterlogging compared with non-waterlogged plants.

Number of leaves

The number of leaves of grafted and self-rooted balsam pears was remarkably reduced at 8 and 16 days
after waterlogging, and the degree of the reduction of the number of leaves of grafted balsam pear was lower
than that of the self-rooted balsam pear (P < 0.05) (Table 2). The number of leaves of grafted and self-rooted
balsam pears decreased by 13.7% and 17.1%, respectively, after 8 days of waterlogging and by 15.5% and 23.1%,
respectively, after 16 days of waterlogging compared with non-waterlogged plants.

Lipid peroxidation

The MDA contents of grafted and self-rooted balsam pears significantly increased (P < 0.05) during the
16 days of waterlogging (Figure 1). At 1-16 days, grafting significantly reduced the MDA content of the leaves
of waterlogged and non-waterlogged balsam pears (P < 0.05). MDA content in grafted balsam pear leaves at 1,
2,4, 8, and 16 days decreased by 40.9%, 40.5%, 38.7%, 40.8% and 41.7% without waterlogging and decreased
by 41.6%,45.6%, 52.1%, 54.9%, and 53.0% under waterlogging, respectively, compared with self-rooted balsam

pear.
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Table 1. Plant height of grafted balsam pear under waterlogging stress

Treatment time, d

0 1 2 4 8 16
M/M + NW 22.334+3.35a | 31.73+£1.08a | 35.4744.89a | 39.67+5.80a | 69.57+5.95a | 104.57+6.38a
M/M +W 21.70+2.84a | 30.10+1.10a | 33.10+4.44a | 35.73%4.35a | 51.03+6.92b | 76.30+4.78b
M/L + NW 10.70+2.61b | 11.3742.09b | 13.13+3.15b | 18.27£2.52b | 37.70+6.31c | 82.27+8.71b
M/L+W 9.93+2.35b | 10.60+1.78b | 11.20+3.38b | 15.30£2.05b | 30.37+£5.28d | 65.67+4.24c
Analysis of variance
Grafting (G) x ok ok x ok ok
Waterlogging (W) ns ns ns ns ** x*
GxW ns ns ns ns ** ns

M: Momordica charantia, L: Luffa cylindrica, NW: no waterlogged substrate, W: waterlogged substrate. Data were

shown as means + SE. Different letters in the table indicate significant differences between treatments at the same time

(P < 0.05).

Table 2. Number of leaves of grafted balsam pear under waterlogging stress

Treatment time, d

0 1 2 4 8 16
M/M + NW 6.0+0.0a 7.0£0.0a 8.0+0.0a 9.0+0.6a 11.0£0.6a 16.0+1.2a
M/M +W 5.710.3a 6.7£0.3a 7.7£0.3a 8.3+0.7a 9.3+0.3b 12.3+0.9b
M/L + NW 4.7+0.3b 5.0+0.0b 5.7+0.3b 6.0+0.6b 7.320.9¢ 11.7+£0.7b
M/L+W 4.340.3b 4.74+0.3b 5.3+0.3b 5.7+0.3b 6.3+0.3d 9.740.7¢
Analysis of variance
Grafting (G) o o ok ok o o
Waterlogging (W) ns ns ns * * >
GxW ns ns ns ns ns *

M: Momordica charantia, L: Luffa cylindrica, NW: no waterlogged substrate, W: waterlogged substrate. Data were

shown as means + SE. Different letters in the table indicate significant differences between treatments at the same time

(P <0.05).
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Figure 1.MDA content in leaves of grafted balsam pear under waterlogging stress

M: Momordica charantia, L: Luffa cylindrica, NW: no waterlogged substrate, W: waterlogged substrate. Data were

shown as means + SE. Different letters in the table indicate significant differences between treatments at the same time

(P <0.05).
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SOD, POD, and CAT activities

The SOD, POD and CAT activities of grafted and self-rooted balsam pears were significantly increased
(P <0.05) at 4, 8, and 16 days of waterlogging (Figure 2(a), 2(b), 2(c)). The SOD activity of grafted balsam
pear 4, 8, and 16 days of waterlogging remarkably increased by 6.0%, 16.6%, and 16.7%, respectively, compared
with self-rooted balsam pear (Figure 2(a)). Grafting significantly increased the POD activity in the leaves of
waterlogged and non-waterlogged balsam pears (P < 0.05) at 4, 8, and 16 days (Figure 2(b)). The POD activity
of grafted balsam pearleaves at 4, 8, and 16 days increased by 153.3%, 153.1% and 152.9% without waterlogging
and increased by 167.5%, 292.3%, and 207.3% under waterlogging, respectively, compared with self-rooted
balsam pear. The CAT activity of grafted balsam pear leaves at 2, 4, 8, and 16 days of waterlogging substantially
increased by 18.4%, 16.8%, 14.0%, and 25.9%, respectively, compared with self-rooted balsam pear (Figure

2(c)).
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Figure 2. Antioxidant enzyme activity in leaves of grafted balsam pear under waterlogging stress

M: Momordica charantia, L: Luffa cylindrica, NW: no waterlogged substrate, W: waterlogged substrate. Data were
shown as means + SE. Different letters in the table indicate significant differences between treatments at the same time
(P < 0.05)

Soluble sugar, soluble protein, and free proline content
The soluble sugar contents of grafted and self-rooted balsam pears were significantly increased (P < 0.05)
at 2,4, 8, and 16 days of waterlogging (Figure 3(a)). Grafting significantly increased (P < 0.05) the soluble sugar
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content in leaves under waterlogged and non-waterlogged conditions at 2, 4, 8, and 16 days. The soluble sugar
content of grafted balsam pear at 2, 4, 8, and 16 days increased by 21.6%, 18.5%, 12.6% and 12.3%, respectively,
without waterlogging and increased by 24.5%, 27.5%, 27.7% and 17.3%, respectively, under waterlogging
compared with self-rooted balsam pear. The soluble protein contents of grafted and self-rooted balsam pears
were significantly increased (P < 0.05) at 4, 8, and 16 days of waterlogging (Figure 3(b)). Grafting considerably
increased (P < 0.05) the soluble protein content in leaves waterlogged and non-waterlogged conditions at 4, 8,
and 16 days. The soluble protein content of grafted balsam pear at 4, 8, and 16 days increased by 7.1%, 9.5%,
and 8.0%, respectively, without waterlogging and increased by 13.2%, 16.4%, and 10.8%, respectively, under
waterlogging compared with self-rooted balsam pear. The proline contents of grafted and self-rooted balsam
pears were significantly increased (P < 0.05) at 1, 2, and 4 days of waterlogging (Figure 3(c)). The proline
content of grafted balsam pear leaves at 1, 2, 4, 8, and 16 days increased considerably by 16.1%, 15.2%, 8.2%,
17.6%, and 6.3%, respectively, compared with self-rooted balsam pear.
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Figure 3. Osmotic adjustment substances content in leaves of grafted balsam pear under waterlogging stress
M: Momordica charantia, L: Luffa cylindrica, NW: no waterlogged substrate, W: waterlogged substrate. Data were
shown as means + SE. Different letters in the table indicate significant differences between treatments at the same time

(P < 0.05)
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Aerenchyma of the stem

At 0-2 days, the stem of grafted balsam pear formed a pith cavity under waterlogged and non-
waterlogged conditions (Figure 4). At 4-16 days, the stems of grafted and self-rooted balsam pears formed a
pith cavity under waterlogged and non-waterlogged conditions, and the pith cavity of grafted balsam pear stem
was more developed than that of self-rooted balsam pear.
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Figure 4. Effect of waterlogging stress on acrenchyma of grafted balsam pear stem
Ep, epidermis; Co, cortex; Vb, vascular bundle; Pi, pith cavity. Ruler =125 pm.

Aerenchyma of the petiole
The petiole of self-rooted and grafted balsam pears had formed pith cavity at 16 days of waterlogging,
and the pith cavity of the petiole of grafted balsam pear was more developed than that of self-rooted balsam

pear (Figure 5).
Discussion

Plant height and leaf number are important indicators of plant growth. In this experiment, waterlogging
remarkably reduced the height and leaf number of grafted balsam pear at 8 and 16 days. This result indicated
that waterlogging inhibits the growth of grafted balsam pear similarly to Cucumis sativus L. and Saccharum
officinarum L. (Tavares et al., 2018; Barickman ez al., 2019). This finding is attributed to the inhibition of
anacrobic respiration of roots during waterlogging stress, in which the roots do not have enough energy to
absorb nutrients and maintain the normal growth of grafted balsam pear aboveground. Grafting substantially
reduced the height and leaf number of balsam pear under waterlogged and non-waterlogged conditions because
the growth rate of self-rooted balsam pear was faster than grafted balsam pear during the healing period of
grafting. The degrees of reduction of the height and leaf number of grafted balsam pear at 8 and 16 days were
lower than self-rooted balsam pear under waterlogging. This result suggested that the waterlogging resistance
of grafted balsam pear is better than that of self-rooted balsam pear possibly because the roots of the host of
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grafted balsam pear was more developed than self-rooted balsam pear, and the ability of the host of grafted
balsam pear to absorb nutrients was stronger than self-rooted balsam pear.
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Figure 5. Effect of waterlogging stress on acrenchyma of grafted balsam pear petiole
Ep, epidermis; Co, cortex; Vb, vascular bundle; Pi, pith cavity. Ruler =125 pm.

MDA is one of the peroxidation products of lipid, and its content can reflect the degree of damage to
plants. In this experiment, waterlogging stress significantly increased the MDA content of grafted balsam pear
at 1-16days because ROS content increased and antioxidant enzymes cannot scavenge ROS under
waterlogging. MDA content in the leaves of grafted balsam pear was remarkably lower than that of self-rooted
balsam pear at 1-16 days. This result suggests that grafting reduced the degree of lipid peroxidation of balsam
pear because the SOD, POD, and CAT activities of grafted balsam pear were higher than those of self-rooted
balsam pear. The MDA content of grafted balsam pear decreased initially and then increased under
waterlogging at 0—16 days. This finding was attributed to the increase in CAT activity after 1 day of
waterlogging and the ROS-scavenging ability of SOD, POD, and CAT was weak. The activities of SOD, POD,
and CAT were considerably increased at 4 days, and their ability to scavenge ROS was strong. SOD can catalyse
the conversion of superoxide anions into HO2 and O, and POD and CAT can catalyse the decomposition of
H,0; into H,O and O, (Figure 6). In this experiment, the activities of SOD, POD, and CAT of grafted balsam
pear were substantially increased under waterlogged treatment at 4 days compared with non-waterlogged
treatment. This finding indicates that grafted balsam pear can resist waterlogging stress by increasing the
activities of antioxidant enzymes. The activities of SOD, POD, and CAT of grafted balsam pear were
significantly higher than those of self-rooted balsam pear at 4—16 days of waterlogging. This result suggests that
grafting improved the antioxidant capacity of balsam pear. The SOD activity of grafted balsam pear initially
decreased and then increased during the 16 days of waterlogging. This finding suggests that the leaves of grafted
balsam pear accumulated large amounts of H,O,, which inhibit the activity of SOD after 1 day of waterlogging.
POD and CAT reduced some of the H,O, at 2-16 days of waterlogging, and the SOD activity of grafted
balsam pear was no longer inhibited and thus increased rapidly. This result is different from those observed in
Zea mays L. and Triticum aestivum L. probably due to different test conditions and materials used (Li ez 4/,

2018; Alizadeh-vaskasi e 4/., 2018).
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Waterlogging stress
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Figure 5. Mechanism of the grafted balsam pear aboveground adapted to the waterlogging stress
SS, soluble sugar; SP, soluble protein; Pro, proline

Plants enhance their stress resistance by accumulating considerable amounts of soluble sugar, soluble
protein, and proline to improve cell sap concentration, which can maintain cell turbidity and prevent excessive
plasma dehydration (Guo ez 4l., 2018), thereby stabilizing their intracellular macromolecular structure and
maintaining enzyme activity (Figure 6). In this experiment, the soluble sugar, soluble protein, and proline
contents of grafted balsam pear were remarkably increased under waterlogged treatment at 4 days compared
with non-waterlogged treatment. This result suggests that grafted balsam pear can resist waterlogging stress by
accumulating osmotic substances. Soluble sugar, soluble protein, and proline in grafted balsam pear were
remarkably higher than those in self-rooted balsam pear at 4 days of waterlogging. This finding indicates that
grafting improved the osmosis-adjustment ability of balsam pear under waterlogging. At 0-16 days of
waterlogging, the contents of soluble sugar and soluble protein of grafted balsam pear initially decreased and
then increased, and proline content initially increased and then decreased. This outcome indicated that the cell
turbidity of grafted balsam pear was maintained by accumulating proline first and then obtaining soluble sugar
and protein. This finding differs from those observed in Robinia pseudoacacia L. and Triticum aestivum L.
probably because of differences in methods, test materials, and environment (Yang ez al., 2018; Khosravi ez 4l.,
2018).

The formation of acrenchyma is an important plant adaptation to waterlogged environment. Some
plants adapt to waterlogged environment by forming acrenchyma in their stems and petioles. In this
experiment, the stem and petiole of grafted and self-rooted balsam pears formed aerenchyma at 16 days of
waterlogging. The adventitious roots of grafted balsam pear formed aerenchyma under waterlogging stress
(Penget al.,2019). This finding indicates that stems and petioles can form a channel, which is connected with
the aerenchyma of roots, to transport and store oxygen and to provide oxygen from the inside to the roots, thus
relieving hypoxia stress caused by waterlogging on the roots. This phenomenon is similar to those observed in
Cynodon dactylon and ferns (Yanget al., 2011; Barton ez al., 2015). The stem of grafted balsam pear had formed
pith cavity at 0 day of waterlogging, whereas the stem of self-rooted balsam pear had not formed pith cavity
until 4 days of waterlogging. This outcome indicated that grafted balsam pear already had the morphological
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characteristics to adapt to waterlogging stress after grafting,, the pith cavity in the stem and petiole of balsam
pear was expanded by grafting at 16 days of waterlogging. This result suggests that the roots of grafted balsam
pear is more developed than self-rooted balsam pear and needs more oxygen. Moreover, the lack of oxygen to
stimulate grafted balsam pear caused the formation of more ethylene and stronger cellulase activity than self-
rooted grafted pear to dissolve more cortical cells.

Conclusions

Overall, waterlogging stress inhibited the growth of grafted balsam pear aboveground, whereas grafting
increased the resistance of balsam pear to waterlogging stress by (1) increasing the activity of antioxidant
enzymes in the leaves of balsam pear, (2) increasing the content of osmosis-adjusting substances in the leaves of
balsam pear, and (3) expanding the acrenchyma of the stem and petiole of balsam pear.
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