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Abstract: Ralstonia solanacearum is a causative agent of bacterial wilt and therefore poses a serious
threat to cultivated peppers (Capsicum annuum L.). Although attempts have been made to control
bacterial wilt by grafting, the disease resistance mechanisms that protect grafted peppers are poorly
understood. Here, we grew grafted peppers composed of the rootstock Buyeding or Weishi and
the scion Xinfeng 2. Following infection by R. solanacearum, we assessed the differences in lipid
peroxidation, cellular structure, root secondary metabolism, and biomass, between grafted plants
and controls. The grafted plants exhibited a greater root biomass than the control plants after
infection. The root cell ultrastructure of the grafted plants showed only slight injury relative to
that in the controls, and the roots of the grafted peppers were partially resistant to R. solanacearum.
Grafted pepper plants showed lower levels of lipid peroxidation. Lignin content, salicylic acid
levels, and the activities of phenylalanine ammonia lyase (PAL), peroxidase (POD), catalase (CAT),
and polyphenol oxidase (PPO), were also higher in grafted plants. All of these effects occurred
concomitantly with increased R. solanacearum resistance. Taken together, our findings demonstrate
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Bacterial wilt is among the most important soil disease in protected plant cultivation facili-
ties during the winter and spring [6,7], and its control in cultivated peppers has traditionally
involved the application of chemical pesticides. Although a number of recommended pes-
ticides are effective against R. solanacearum, they do not constitute long-term, sustainable
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solutions because of the secondary issues that accompany frequent pesticide spraying,
including the expense, exposure risk, fungicidal residues, non-target organism toxicity, and
other threats to the environment and human health. As a result, research is increasingly
focused on the development of safe, effective, long-lasting, and green solutions for plant
disease management.

Vegetable grafting and breeding of resistant cultivars are widely used alternatives to
the chemical control of soil-borne disease [8]. Japan and Korea pioneered the production
of vegetables from grafted seedlings and this technique is now common throughout the
world [9]. Grafting has been used successfully for controlling nematodes and Phytophthora
spp- fungal pathogens [10,11]. Moreover, the phasing out of methyl bromide fumigation
has further promoted the use of grafting, particularly for melons and solanaceous crops [3].

Similar strategies may be useful for protecting pepper crops from bacterial wilt. Lee [4]
found that grafted peppers showed greater disease resistance and higher growth rates;
his results suggested that the use of disease-tolerant pepper rootstocks was a promising
approach for controlling soil-borne diseases and improving yield. Increased growth and
enhanced resistance to Ralstonia solanacearum and Phytophthora blight have subsequently
been demonstrated in grafted peppers [12,13]. We previously reported that the ‘Buyeding’
and ‘Weishi’ pepper rootstock varieties show strong resistance to bacterial wilt, but the
mechanisms that underlie this resistance are poorly understood.

In previous work, we artificially inoculated the “Weishi” rootstock and observed its
responses to bacterial wilt. However, it is still unknown whether bacterial wilt infection
changes the root structure of the pepper plant and whether grafted peppers show greater
resistance to bacterial wilt than non-grafted peppers. Therefore, in this study, we examined
the effects of inoculation on grafted and non-grafted peppers to determine whether inocu-
lation alters the root secondary metabolism, cellular ultrastructure, antioxidant systems, or
specific enzyme activities. We hope that these findings will provide information to guide
the development of improved disease resistance in peppers and other vegetables.

2. Materials and Methods
2.1. Plants and Treatments

We used the previously studied pepper (Capsicum annuum L.) cultivars Buyeding
(BYD) and Weishi (WS) as rootstocks, and Xinfeng 2 (XF) as the scion. The rootstocks were
kindly provided by Professor Ai (Shandong Agricultural University) and the scion was
obtained from Zaozhuang, Shandong, China. We sowed the seeds individually in 10 cm
diameter pots that contained sterilized soil. Because the rootstock cultivars BYD and WS
had smaller seeds and longer seedling stages than the XF cultivar, the XF seeds were sown
two weeks after those of the rootstocks. The seedlings were cultivated in a glasshouse
with a 14 h photoperiod, 300-500 pmol-m~2-s~! illumination, a day/night temperature
regime of 25-30 °C/15-20 °C, and 75 % 5% relative humidity. When the rootstock plants
were about 30 cm in height with five-six leaves, the scion seedlings were grafted onto the
rootstock using the cleft grafting technique [11]. The rootstock/cultivar combinations were
labelled XEF/BYD and XF/WS. We also created control grafts, in which the same cultivar
was used for both scion and rootstock (i.e., XF/XF) to serve as controls.

Ralstonia solanacearum was obtained from the Microbial Culture Collection Center of
Guangdong Institute of Microbiology, GIMCC. After one month, the control and grafted
pepper plants were inoculated with an R. solanacearum suspension using the immersion
technique. The suspension had been prepared by culturing R. solanacearum in a TM
culture medium for one day, then diluting with ddH,O to obtain a final concentration of
3 x 108 CFU/mL™! (Aggo = 0.2). Inoculated plants were then transplanted into soil-filled
plastic pots. The experimental design consisted of three replicates per treatment, with
50 seedlings in each replicate. At 0, 5, 10, and 15 d post-inoculation, root samples were
harvested for analysis.
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2.2. Disease Incidence and Disease Index

Infection by bacterial wilt (i.e., disease incidence) was assessed 5 d after inoculation,
and these assessments were used to determine the disease index of bacterial wilt for all
plants. The presence of bacterial wilt was visually rated using a five-point scale: 0, no
disease; 1, a small amount of lobular wilting; 2, slight leaf wilting; 3, serious leaf wilting;
4, wilting of the whole plant except for the top leaf; and 5, plant death. Disease index
(DI) was then calculated as: DI = X (number of plants with a given rating x rating)/[total
number of plants x 5 (i.e., the maximum rating)].

2.3. Root Characteristics, Activity, and Absorbing Area

Roots harvested at 0, 5, 10, and 15 d after inoculation were measured with a root
analyzer (J181A, Shanghai, China), and the resulting data were analyzed using WinRHIZO
software (Regent Instruments, Quebec City, QC, Canada) to calculate the root length,
surface area, volume, fork number, and tip number. An electronic balance was used to
measured root mass, and triphenyltetrazolium chloride (TTC) staining was used to assess
root activity [14]. The methylene blue techniques described by Li et al. [15] were used to
measure the total root absorbing area and active root absorbing area.

2.4. Observations of Root Cell Ultrastructure

Small root samples (1-2 mm) were obtained before and after inoculation, then fixed
for 2hin 1% (m/v) osmic acid and 3.5% (m/v) glutaraldehyde. The samples were fixed and
dehydrated in a series of ethanol concentrations before being embedded in resin (Epon 812)
and sectioned using a microtome (LKB-5, Stockholm, Sweden). After staining with lead
citrate and uranyl acetate, the ultrathin sections were observed with a transmission electron
microscope (JEM-1200 EX, Jeol, Tokyo, Japan).

2.5. Measurement of HyO, Content and Electrolyte Leakage

The hydrogen peroxide (H,O,) content of pepper roots was measured as described by
Patterson et al. [16], using several modifications reported by Gong et al. [17]. Electrolyte leakage
(EL) was determined according to the method of Zhao et al. [18] with several modifications:
0.5 g of each sample was incubated in a 25 mL test tube with 20 mL deionized water at 25 °C.
After 3 h, a DDB-303A conductivity meter (Shanghai, China) was used to measure the elec-
trical conductivity (ECq) of the incubation solution. Next, the samples were autoclaved for
10 min at 100 °C and the electrical conductivity (EC;) was measured a second time after the
samples had cooled. Electrolyte leakage (EL) was then calculated as: EL = EC; /EC, x 100.

2.6. Determination of MDA Content and the Activities of Antioxidant Enzymes

The thiobarbituric acid (TBA) reaction was used to measure the malonaldehyde (MDA)
content as described by Heath and Packer [19]. The activity of ascorbate peroxidase (APX)
was measured based on the oxidation of ascorbate monitored by the change in absorbance
at 290 nm [20], and that of glutathione reductase (GR) was measured as described by Foyer
and Halliwell [21].

2.7. Secondary Metabolite Contents and Related Enzyme Activities

Polyamines were extracted according to the method of Sharma and Rajam [22] with
the modifications described by Wei et al. [23]. Root lignin content was measured according
to the method of liyama and Wallis [24] with the modifications outlined by Syros et al. [25].
Phenylalanine ammonia lyase (PAL) activity was measured based on the work of Yuan
et al. [20], polyphenoloxidase (PPO) activity based on the work of Rao and Deosthale [27],
peroxidase (POD) activity based on the work of Omran [28], and catalase (CAT) activity
based on the work of Chance and Maehly [29]. Salicylic acid content was measured by high
performance liquid chromatography (HPLC) with a 510 HPLC and a 2487 UV detector
(Waters, Worcester, MA, USA) as described by Proestos et al. [30].
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2.8. Statistical Analysis

To ensure reliability, experiments were performed using three biological replicates with
three technical repetitions each. All data are presented as the mean =+ standard deviation
(SD) of three independent replicates. Analysis of variance (ANOVA) was conducted
with DPS software. The statistical significance of the differences between treatments was
assessed using Duncan’s multiple range test.

3. Results
3.1. Bacterial Wilt Disease Incidence and Disease Index

No XF/WS plants were diseased at five days after inoculation. By contrast, the XF/XF
(control) and XF/BYD treatments showed disease incidences of 23.0% and 15.0% (Table 1)
and disease indices of 11.0% and 9.0%, respectively. The disease incidences and indices of
both the control and grafted peppers continued to increase gradually after five days, but
the extent of this increase differed among the treatments. Disease incidence and the disease
index was consistently and significantly lower in the grafted peppers than in the controls
(p < 0.05). Fifteen days post-inoculation, the control plants showed a disease incidence of
98.0% and a disease index of 81.0%. By contrast, the XF/WS plants had a disease incidence
of 29.0% and a disease index of 21.0%, and the XF/BYD plants had a disease incidence of
61.0% and a disease index of 33.0%. These data suggest that grafting improves the ability
of pepper plants to resist bacterial wilt.

Table 1. Disease incidence (%) and index (%) of bacterial wilt in control (XF/XF) and grafted (XF/BYD
or XF/WS) pepper plants. Data are presented as mean + SD of three independent replicates, and
different letters indicate significant differences in mean values (p < 0.05).

5 d after Inoculation 10 d after Inoculation 15 d after Inoculation

Treatments Disease Disease Disease Disease Disease Disease
Incidence Index Incidence Index Incidence Index
XF/XF 23.0+2.08a 11.0+1.15a 61.0 +2.00 a 47.04+153a 98.0 = 2.52a 81.0 £ 3.06 a
XF/BYD 15.0 £ 0.58b 9.00 & 0.58 b 32.0+252b 19.0£1.15b 61.0 = 3.06 b 33.04+0.00b
XF/WS 0.00 & 0.00 ¢ 0.00 = 0.00 ¢ 13.0 £ 0.00 ¢ 11.0 £0.58 ¢ 29.0 £ 2.08 ¢ 21.0 £ 1.53 ¢

XF/BYD XF/WS

XF/XF(Control)

Note: comparison of control (XF/XF) and grafted (XF/WS, XF/BYD) peppers 15 d after inoculation.

3.2. Root System Parameters

Prior to inoculation, there were more root hairs and fine roots on the XF/BYD
(Figure 1B) and XF/WS (Figure 1C) plants than on the controls (Figure 1A). However, after
R. solanacearum infection, the roots of all peppers were damaged, reducing the numbers of
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root hairs and lateral roots. Nonetheless, the grafted plants showed less damage than the
controls, and the XF/WS plants showed markedly less root damage (Figure 1).

XFIXF

(Control)

. ....
h ....

Figure 1. Roots of control (XF/XF) and grafted (XF/WS, XF/BYD) peppers before inoculation (A-C),
and 5 d (D-F), 10 d (G-I), and 15 d after inoculation (J-L).

Before inoculation, XF/BYD and XF/WS plants had significantly greater fresh weight,
length, surface area, volume, fork numbers, and tip numbers than the controls (p < 0.05).
As the experiment progressed, all of the root characters above decreased, but their values
were consistently highest for the grafted XF/WS plants and lowest for the control plants.
Fifteen days post-inoculation, the root weight, length, surface area, volume, fork number,
and tip number were 39.3%, 45.1%, 39.8%, 23.7%, 29.1%, and 36.5% higher for XF/WS
plants than for the controls. Likewise, the values of these parameters were 31.7%, 37.8%,
44.3%, 16.9%, 14.6%, and 21.1% higher for XF/BYD plants than for the controls (Figure 2).

Grafting was associated with markedly higher root activity, although XF/BYD and XF/WS
did not differ significantly in root activity prior to inoculation (Figure 2G). Root activity grad-
ually declined in all plants after inoculation, but XF/WS showed the smallest degree of
decline and the control plants showed the highest (p < 0.05). Fifteen days post-inoculation,
root activity of XF/BYD and XF/WS plants had increased by 77.1% and 115.0%, respec-
tively, compared to the controls. Taken together, these data reveal that grafted pepper
plants show increased root activity and this may play a role in their lower susceptibility to
bacterial wilt disease.

We also measured the absorbing root area and active absorbing root area in all treat-
ments. Prior to inoculation, there were no differences among the treatments in the absorbing
root area (Figure 2H) or active absorbing root area (Figure 2I). However, the absorbing and
active absorbing areas of control roots had decreased significantly five days after inocula-
tion, whereas no such changes were exhibited in the grafted plants. Absorbing and active
absorbing areas continued to decline gradually with time in all plants, but this decline was
significantly greater in the control plants (p < 0.05).
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Figure 2. Root characteristics of control (XF/XF) and grafted (XF/WS, XF/BYD) peppers: root fresh
weight (A), volume (B), number of tips (C), total length (D), surface area (E), number of forks (F),
activity (G), absorbing area (H), and active absorbing area (I). Data are presented as mean =+ SD of
three independent replicates, and different letters indicate significant differences in mean values
(p < 0.05).

3.3. Root Cell Ultrastructure

To determine how differences in the root characteristics of grafted and control peppers
may have been related to their differences in bacterial wilt resistance, we examined the root
ultrastructure of control and grafted plants 5 d after inoculation (Figure 3). R. solanacearum
bacteria were observed in both the control (Figure 3f) and XF/WS (Figure 3b) root cells,
but they were present at a significantly lower density in the roots of the grafted plants.
Moreover, the root cells of the control plants were seriously damaged: we observed visible
membrane injuries, disaggregation of the cytoplasm and nuclei, and cell wall rupture
(Figure 3g,h). By contrast, roots of the grafted plants showed a largely normal ultrastructure,
with the exception of some mild injuries to the cell membrane and plasmolysis (Figure 3¢,d).

3.4. Lipid Peroxidation and Antioxidant Enzyme Activity

In general, relative to the control plants, the grafted peppers inoculated with R.
solanacearum had a lower root HyO, content, MDA, and electrolyte leakage and higher APX
and GR activities (Figure 4). H,O, content increased over the first 5 d post-inoculation in
all treated roots, but the magnitude of this increase was lower in the XF/BYD and XF/WS
plants. Subsequently, H,O, content gradually declined in both control and XF/WS roots,
but this decline was not evident until 10 d later in the XF/BYD roots. At the end of the
experiment (15 d), the H,O, content of the XF/BYD and XF/WS roots had decreased by
21.2 and 20.8 %, respectively, relative to the control roots (p < 0.05).
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XFIXF
(Control)

XF/WS

Figure 3. Root cellular ultrastructure of control (XF/XF) and grafted (XF/WS) peppers: uninfected
XE/XF (a), XF/XF infected by R. solanacearum for 5 d (b—d), uninfected XF/WS (e), XF/WS infected
by R. solanacearum for 5 d (f-h). B, bacteria. Cm, cell membrane. Cn, cell nucleus. Cw, cell wall, Cy,
cytoplasm. V, vacuole.

R. solanacearum infection was associated with markedly higher MDA contents in all
plants (Figure 4B). However, the MDA content was lower in the XF/BYD and XF/WS
plants than in the controls (p < 0.05). These data corroborate the earlier finding that grafting
alleviates membrane injury to root cells caused by R. solanacearum. R. solanacearum also
caused significant increases in EL in all plants (p < 0.05) (Figure 4C), and the EL was
higher in the control plants than in the grafted plants at all timepoints. Fifteen days
after inoculation, the EL of the XF/BYD and XF/WS plants was 21.2% and 32.8% lower,
respectively, than that of the control plants. Finally, APX and GR activities increased during
the first 5 or 10 d after inoculation but decreased thereafter. APX and GR activities were
significantly higher in the grafted plants than in the controls (p < 0.05).

3.5. Secondary Metabolites and Secondary Metabolic Enzyme Activity

After inoculation, grafting led to a higher production of secondary metabolites (SA, lignin,
and PAs) in grafted pepper plants relative to the control plants (Figure 5). Grafted pepper
roots showed significantly higher SA content after inoculation, and this increase was
much greater than the more moderate increase found in the controls (p < 0.05) (Figure 5B).
Lignin content also increased gradually in response to inoculation and then decreased
over time, and this increase was significantly greater in the controls than in the XF/WS
and XF/BYD plants (p < 0.05) (Figure 5A). However, at 10 d post-inoculation, the lignin
content of XF/WS had increased by 115.7% and that of XF/BYD had increased by 75.0%.
By contrast, the lignin content of the control plants had increased by only 31.6%. Prior to
inoculation, the putrescine content was significantly higher in XF/BYD and XF/WS roots
(p < 0.05) than in controls, but spermidine content did not differ among any treatments
(Figure 5C,D). The spermine content was higher in the roots of XF/BYD (p < 0.05) than in
the control roots (Figure 5E), but there was no difference in root spermine content between
the XF/WS and control plants. Following inoculation, the contents of all three PAs initially
increased and then declined; nonetheless, each reached higher levels in the XF/WS roots
than in the control roots (p < 0.05).
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Figure 4. H,O, content, MDA content, electrolyte leakage, and activities of antioxidant enzymes
in roots of control (XF/XF) and grafted (XF/WS and XF/BYD) peppers. H,O, content (A), MDA
content (B), EL (C), APX activity (D), and GR activity (E). Data are presented as mean + SD of three
independent replicates, and different letters indicate significant differences in mean values (p < 0.05).

PAL, PPO, POD, and CAT are key enzymes of plant secondary metabolism that have
important roles in plant disease resistance. Moreover, the activities of PAL, POD, PPO, and
CAT in pepper roots show positive correlations with R. solanacearum resistance. Ten days
after inoculation with R. solanacearum, pepper root PAL activity first increased 1.17-1.83-
fold above pre-inoculation levels, then gradually decreased (Figure 5F). PAL activity was
significantly greater in the grafted plants (p < 0.05) at all timepoints. The grafted and
control roots both showed significant increases in PPO activity after inoculation (Figure 5G).
However, 15 d after inoculation, the XF/BYD and XF/WS and grafted plants showed
PPO activities 33.2% and 78.6% higher than those of the controls, respectively. The plants
exhibited an increase in POD activity during the first 5 d after inoculation, but POD activity
decreased thereafter (Figure 5H). In general, POD activity was lower in the control roots
than in the grafted roots (p < 0.05). Like POD, the activity of CAT rose during the initial 5 d
after inoculation but then declined. Once again, the grafted plants showed a significantly
higher CAT activity (p < 0.05) than the controls (Figure 5I).
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Figure 5. Secondary metabolite contents and related enzyme activities in roots of control (XF/XF) and
grafted (XF/BYD and XF/WS) peppers. Lignin (A), SA (B), putrescine (C), spermidine (D), spermine
(E), PAL (F), POD (G), PPO (H), and CAT (I). Data are presented as mean + SD of three independent
replicates, and different letters indicate significant differences in mean values (p < 0.05).
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4. Discussion

Grafting is an effective means of plant propagation used to combat root-knot nematode
infestation and soil-borne diseases during the production of cucurbits and solanaceous
vegetables [31,32]. It is becoming increasingly popular in pepper cultivation [6].

The size and vigor of the root system may be associated with its resistance to soil-borne
pathogens. Root biomass reflects the plant’s overall capacity for resource acquisition and
is an important parameter for evaluating the effects of various plant stresses. Here, we
showed that bacterial wilt resistance was improved when a scion was grafted onto a
robust rootstock. The grafted plants showed a reduced disease incidence and index and
less severe effects of R. solanacearum infection. The grafted peppers exhibited higher root
activity, a larger number of root hairs, and a greater root volume and absorptive area
(Figures 1 and 2). This suggested that the grafted pepper roots, which showed minimal
injury from pathogenic R. solanacearum, maintained better physiological function and a
stronger absorptive capacity following inoculation in this experiment. These findings
support the notion that grafting can enhance bacterial wilt disease resistance in peppers.

Reactive oxygen species (ROS) are frequently responsible for membrane fatty acid
peroxidation in response to Fusarium infection, causing significant cellular damage [5].
MDA levels are a biochemical marker of plant membrane lipid peroxidation [33]. Here, we
found that H,O, and MDA contents increased with the onset of R. solanacearum infec-
tion in pepper roots (Figure 4). The higher levels of HyO, and MDA observed in non-
grafted pepper roots suggested that oxidative damage was more severe in the control
roots than in the grafted roots. This, in turn, seems to have resulted in higher electrolyte
leakage and lower root biomass and root activity (Figures 2 and 4). CAT, GR, and APX
are important ROS-scavenging enzymes, and HyO, is removed predominantly by CAT
and APX [34]. GR catalyzes the reduction of oxidized glutathione (GSSG) to reduced
glutathione (GSH). In this reaction, GR helps to scavenge ROS and protect plants from
ROS damage. Higher antioxidant enzyme activity is associated with disease resistance in
fruit [35]. Figure 4 shows that GR and APX activities were higher in the grafted roots than
in the control roots after R. solanacearum infection, clearly suggesting that the robust WS and
BYD rootstocks impair the development of R. solanacearum and reduce lipid peroxidation
by activating antioxidant defense enzymes. Grafted pepper plants showed lower levels
of lipid peroxidation, probably related to their increased activities of ROS-scavenging
enzymes such as glutathione reductase and ascorbate peroxidase. We speculate that their
increased disease resistance was related to reducing the permeability of cell membranes to
R. solanacearum, resulting from reduced lipid peroxidation.

SA is an important plant secondary metabolite that inhibits the growth of a wide range
of pathogens. Secondary metabolites encompass the secondary products of plant physio-
logical and biochemical processes [36]. SA participates in plant responses to abiotic and
biotic stress and contributes significantly to antioxidant activity [37-39]. Interestingly, the
roots of the XF/WS plants exhibited significantly higher SA levels than the control roots
before and after inoculation (Figure 5B), suggesting that SA may play an important part in
resistance to bacterial disease.

Pathogen invasion often enhances the activities of secondary-metabolism-related
enzymes, such as PAL, PPO, POD, CAT, and others. PAL directs the flux of primary
metabolites into the phenylpropanoid pathway of the secondary metabolism, and the
activities of PAL, PPO, POD, and CAT are required for the formation of flavonoids, sinapic
acid esters, and lignin [40—42]. Lignified tissue is produced through the deposition of lignin,
a complex polymer of aromatic compounds that are laid down in the cell wall and function
in the prevention of pathogen infection. In this study, PAL, POD, PPO, and CAT activities
rose after inoculation in both the control and grafted peppers, and lignin content also rose
at the same time (Figure 5). These findings suggest that infected plants have heightened
defense functions owing to an enhanced secondary metabolism. PAL, PPO, POD, and
CAT activities were higher in the grafted plants, and their activities may be related to the
reduced susceptibility to pathogen infection seen here. Furthermore, these findings may
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provide an explanation for why grafted plants exhibited a greater lignin content long after
inoculation and why R. solanacearum conidial invasion was inhibited in the grafted plants.
Lignin reinforces cell walls, forming a mechanical barrier that protects cells from pathogen
invasion. Finally, putrescine, spermidine, and spermine are the major free PA species in
pepper leaves [43].
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