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Abstract: Kiwifruit canker and brown spot are significant diseases affecting kiwis, caused by Pseudomonas syringae pathogenic variations (Pseudomonas syringae pv. Actinidiae (Psa)) and Corynesporapolytica (Corynespora cassiicola). At present, the research on canker disease and brown spot disease mainly focuses on the isolation and identification of pathogenic bacteria, drug control, resistance gene mining and functional verification. Practice has proved that breeding disease resistant varieties are an effective method to control canker disease and brown spot disease. However, most existing cultivars lack genes for canker and brown spot resistance. Wild kiwifruit resources in nature exhibit extensive genetic diversity due to prolonged natural selection, containing numerous resistance genes. But, due to insufficient understanding of the resistance of most kiwifruit varieties (lines) to canker disease and brown spot disease, some high-quality resources have not been fully utilized. The incidence of canker and brown spot of 18 kiwifruit cultivars (lines) was measured by inoculating isolated branches and leaves, and their resistance to canker and brown spot was analyzed according to the length, disease index, mean diameter, and systematic clustering. The results were as follows: Among 18 different kiwifruit varieties (lines) for canker disease, there were two highly resistant materials, eight disease-resistant materials, four disease-susceptible materials, and two highly susceptible materials. Moreover, regarding brown spot disease, there were one highly resistant material, five disease-resistant materials, four susceptible materials, and three highly susceptible materials. Furthermore, four resources were resistant to both diseases. The outcomes provided a theoretical basis for breeding kiwifruit against canker and brown spot.
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1  Introduction

The kiwifruit is a deciduous fruit tree belonging to the Actinidia genus of the Actinidiaceae family. Consumers prefer it due to its distinctive flavor, abundant nutrients, and high ascorbic acid levels [1,2]. Kiwifruit has become the primary source of income for numerous farmers in major kiwi-producing countries such as China, New Zealand, and Italy [3]. China has been the leading country in kiwifruit cultivation and production since 2009, holding the top position for 10 years in a row. In 2019, China’s kiwifruit harvest area and annual output represented 67.9% and 50.5% of the global total, respectively, as reported by the Food and Agriculture Organization of the United Nations (FAO) [4].

However, as the kiwifruit business continues to grow, the problem of kiwifruit disease becomes increasingly significant. Pseudomonas syringae pv. actinidiae (Psa) causes cankerous disease, whereas Corynespora cassiicola causes brown patch, both devastating diseases affecting kiwifruit [5,6]. Canker is a type of bacterial disease that affects kiwifruit; and spread fast, and it may cause the branches to ulcerate and produce bacterial pus. Concurrently, the leaves develop necrotic spots, buds are damaged and fail to open, cankers are harmful, and prevention and control are challenging, making it a devastating disease in the global kiwifruit cultivation area, severely hindering the kiwifruit industry’s growth [7,8]. As a fungal airborne disease, brown spot disease has become one of the three major diseases endangering kiwifruit in Guizhou Province, second only to canker disease and soft rot [9,10]. Brown spot disease mainly leads to early deciduous fall of kiwifruit, slight germination in autumn, consumption of tree nutrients, affecting the flowering fruit in the next year, and seriously affecting the yield and quality of kiwifruit [11,12].

At present, chemical agents are mainly used in production for the prevention and control of brown spot and canker disease. Research has shown that the use of large amounts of chemical agents can harm human health, pose a threat to the environment, and develop drug resistance [13]. Practice has proved that breeding kiwifruit varieties with good resistance and fruit quality is one of the most effective ways to control canker and brown spot [14,15]. However, the varieties of kiwi with good commercial property cultivated at present are easily infected by Psa and Corynespora cassiicola, and it is difficult to prevent and control the infection [16]. Therefore, it is difficult to breed kiwifruit varieties with good resistance through existing varieties [17–19]. There are abundant wild kiwifruit resources in Guizhou, but different kiwifruit resources have significant differences in terms of disease resistance. Due to long-term growth in natural conditions, wild kiwifruit has many genes with strong adaptability and good resistance after long-term natural selection and rich genetic variation. Therefore, excellent resources with good resistance and good fruit quality should be identified. They can be cultivated, crossed, or backcrossed with existing varieties to improve the resistance of existing varieties and achieve the purpose of breeding resistant varieties [20–22].

In this study, 18 different kiwi varieties (lines) were studied for five years to assess their resistance to canker disease and brown spots. The goal was to identify varieties with better resistance to these diseases, and establish a foundation for breeding kiwi varieties that are resistant to canker disease and brown spots.

2  Materials and Methods

2.1 Experimental Material

Test strain: The pathogenic variant of Psa from kiwifruit canker was stored in 25% glycerol at –20°C in the refrigerator for future use, provided by Zhao Zhibo Laboratory of Guizhou University [23]. Corynespora cassiicola, the pathogen of kiwifruit brown spot, was isolated from the leaves of kiwifruit production, education, and research base in Miluo Town, Shuicheng District. After detection using PCR-specific primers and molecular identification, it was stored in the refrigerator with a PDA slope at –20°C for further use [24].

Kiwi varieties (lines) for test: These 18 kiwi fruit resources were collected from different counties in Guizhou Province, including Hongyang, Guichang, Xuxiang, CH-1, GH-1, GH-2, HS-8, HS-10, HS-13, HS-2, QJ-1, JK-5, XY-6, DD-8, GD-1, LL-4, HS-12, and DS-4. The above resources were stored in the millet town of ShuiCheng District, which serves as a kiwi production and research base.

2.2 Experimental Method

2.2.1 Strain Activation and Culture

Activation of canker strains: The Psa was inoculated on LB medium using the streak-plate procedure and cultured at 25°C for 48 h. Single colonies were selected for detection and verification with PSA-specific primers. The positive single colonies were selected and cultured in liquid LB medium and used after the concentration of bacterial solution reached OD600 nm = 0.1.

Brown spot strain activation: The fungal mycelia stored on the inclined surface were selected and cultured on PDA medium at 28°C for seven days before use.

2.2.2 Identification of Resistance of Isolated Branches Inoculated with Canker Strains

The collected healthy kiwifruit branches (annual) with consistent growth were cut into 15 cm stem segments. The surface was disinfected with 75% alcohol, then washed with sterile water three times, and placed on a super-clean work table to dry naturally. Subsequently, the branches were sealed with paraffin wax. Five branches per resource were inoculated, each branch at two inoculation points. Moreover, a sterilized surgical blade was used to scratch the bark on the branch to the xylem (depth 2–3 mm). The injured site was inoculated with 10 µL spore suspension using a pipette and sterile water as the control. After the bacterial solution penetrated the branches, it was placed in an artificial climate box with a photoperiod of 16 h/8 h, diurnal temperature of 10°C/4°C, and relative humidity of 95%. After 25 days, the length of the branches lesions was measured, and the disease index was calculated to evaluate the resistance of different kiwifruit resources to canker disease, the experiment was repeated three times.

2.2.3 Identification of Resistance of Isolated Leaves Inoculated with Brown Spot Strain

Kiwifruit leaves with healthy growth and uniform size were collected in the field. Subsequently, the surface was disinfected with 75% alcohol for 30 s, washed repeatedly with sterile water three times, and then placed on a super-clean work table to dry naturally. Then, the petiole was moistened with sterilized moistening cotton and put on a porcelain plate. Cultured pathogens were taken along the edge of the colony with bacteria cakes with a diameter of 5 mm, and 2–3 bacteria cakes were inoculated on one side of each leaf. In contrast, PDA was inoculated on the other side as a control, and three leaves were inoculated on each resource. After inoculation, the porcelain plate with treated leaves was cultured in an artificial climate chamber with a photocycle of 16 h/12 h, temperature of 27°C, and relative humidity of 80%. After inoculation for seven days, the diameter of the spot was measured using the crisscrossing method to evaluate the resistance of different kiwifruit resources to brown spots, the experiment was repeated three times.

2.2.4 Resistance Evaluation Method

The classification standard of kiwifruit ulcer disease was divided according to Song’s method (Table 1) [14], evaluation of different kiwifruit resources for resistance to ulcer disease by calculating disease indexes based on the disease class. Brown spot grading criteria refer to the method of Huang et al. [25] for classification (Table 2), measurement of lesion diameters after inoculation and evaluation of the level of resistance of different kiwifruit resources to brown spot on the basis of lesion diameters. The specific resistance grading criteria are listed in Table 2. Meanwhile, cluster analysis was conducted with reference to the research methods of resistance evaluation and cluster analysis of kiwifruit germplasm by Li et al. [26], Pei et al. [27], and Huang et al. [25].
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The disease index is calculated as follows:

Disease index = 100 × ∑ (number of vaccinations in disease grade × number of representative grades)/(total number of vaccinations in the test × number of the highest representative grade of vaccination incidence).

2.2.5 Data Analysis

Using SPSS21.0 for data processing and cluster analysis, all data were analyzed by one-way ANOVA.

3  Results and Analysis

3.1 Evaluation of Resistance of Different Kiwi Varieties (Lines) to Canker Disease

3.1.1 Symptoms of Isolated Branches Inoculated with Psa in Different Varieties (Lines)

After the isolated branches of kiwi were inoculated with Psa, the symptoms were observed every three days. On the seventh day after inoculation, some varieties (lines) began to develop the disease, the inoculation spots turned red-brown, and some branches had alpinia pus over flowing. With the increase of culture time, the length of disease spots gradually increased, and the symptoms appeared after 25 days of inoculation (Fig. 1).
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Figure 1: Symptoms of Psa inoculated branches of different varieties (lines)

3.1.2 Classification of Resistance to Canker in Different Kiwifruit Varieties (Lines)

According to the incidence of isolated branches of kiwifruit, the disease index of different varieties (lines) was calculated 25 days after inoculation with pathogenic varieties of Pseudomonas syringae. As per the classification standard of kiwifruit resistance to canker (Table 3), among the 18 varieties (lines) tested, Hongyang and GH-1 showed high susceptibility, CH-1, GH-2, HS-8 and HS-10 showed susceptibility, HS-13 and HS-2 showed resistance; QJ-1, JK-5, Guichang, XY-6, DD-8, Xuxiang, GD-1, LL-4 showed resistance to canker; and HS-12 and DS-4 showed high resistance to canker.
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3.2 Classification of Resistance to Canker in Different Kiwifruit Varieties (Lines)

3.2.1 Symptoms of Isolated Leaves Inoculated with Corynespora cassiicola of Different Varieties (Lines)

After inoculation with Corynespora cassiicola, kiwi leaves were subjected to daily moisturizing observation. On the third day after inoculation, some varieties (lines) began to develop the disease, and brown lesions appeared on the leaves at the site of the disease. With the increase in culture time, the diameter of the lesions gradually increased. Fig. 2 demonstrates the symptoms seven days after inoculation.
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Figure 2: Symptoms of Corynespora cassiicola inoculated with isolated leaves of different varieties (lines)
Note: The infected side of the same leaf is the result of inoculation with Corynespora cassiicola, and the other side is the result of inoculation with PDA.

3.2.2 The Resistance Level of Different Kiwi Varieties (Lines) to Brown Spot Disease

The resistance of different kiwi varieties (lines) was graded according to the measurement of the disease spot diameter of kiwi fruit inoculated with Corynespora cassiicolafor sevendays. In Fig. 3, Hongyang, CH-1, and JK-5 showed high susceptibility; GH-1, HS-8, QJ-1, and DS-4 showed susceptibility; and CH-2, HS-2, Guichang, Xuxiang, and LL-4 showed resistance. HS-13, HS-12, DD-8, XY-6, and GD-1 exhibited disease resistance, while HS-10 exhibited high resistance.
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Figure 3: Diameter of diseased spots in 18 kiwi cultivars (lines) inoculated with Corynespora cassiicola
Note: The error line represents standard error, the analysis of variance uses Duncan multiple comparison (p < 0.05), and different letters indicate that there are significant differences in resistance to brown spot disease among varieties (lines).

3.3 Comprehensive Resistance of 18 Kiwi Cultivars (Lines) to Canker Disease and Brown Spot Disease

The resistance of 18 varieties to the two diseases was comprehensively evaluated by measuring the length of the disease spot of the branches infected by the canker strain. The diameter of the disease spot of the leaf infected by the brown spot strain (Figs. 4 and 5). It was clear that Hongyang was highly susceptible to the two diseases. GH-1, CH-1, and HS-8 exhibited susceptibility to two diseases; HS-2 and GH-2 demonstrated resistance to two diseases; XY-6, DD-8, GD-1, and HS-12 showed resistance to two diseases. Moreover, the resistance of the same variety (line) to different diseases varies significantly.
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Figure 4: Cluster analysis of resistance to canker in 18 kiwifruit varieties (lines)
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Figure 5: Cluster analysis of resistance to brown spot of 18 kiwi varieties (lines)

3.4 Analysis of Ploidy and Disease Resistance of Different Kiwi Varieties (Lines)

Hongyang and XY-20 were used as the 2X and 6X standard samples, respectively, for the ploidy detection of the collected samples. The prominent peaks appearing at the horizontal axis 100 and 300 represented 2X and 6X, respectively (Figs. 6A and 6B). The outcomes of the ploidy detection of different kiwi fruits revealed the following. In the 18 kiwifruit tested, 2X accounted for 16.67%, 4X represented 11.11%, 6X constituted 72.22%, most of them were A.deliciosa (Table 4). In A.chinensis, the resistance to canker and brown spot was HS-2> GH-1>Hongyang. The higher the ploidy, the stronger the resistance. Furthermore, no significant correlation exists between the resistance and ploidy of different kiwifruit varieties (lines) to canker and brown spot.
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Figure 6: Flow cytometry of control materials
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4  Discussion

Kiwifruit canker disease and brown spot disease spread rapidly in the field, impact inga wide range and causing significant pathogenicity. The pathogenic bacteria are easy to mutate and develop drug resistance, seriously endangering the production of the macaque peach orchard and resulting in a sharp decline in the yield and fruit quality of the macaque peach orchard [28,29]. Therefore, effective control of kiwifruit canker and brown spot disease has been a particular concern of scholars at home and abroad. Researchers primarily focused on isolating and identifying pathogenic bacteria of kiwifruit canker and brown spot [30–32], exploring the regularity of disease occurrence [33]. And indoor and field drug prevention and control [34,35] to find effective methods in order to prevent and control kiwifruit canker and brown spot. However, recently, more efforts have been made to identify variety resistance, screen resistant germplasm, and study the mechanism of resistance [36–38], with the aim of preventing and controlling diseases by breeding new resistant varieties. However, most of the research focuses on the existing commercial planting varieties, which is difficult to break through.

Field identification is the most intuitive method for disease resistance identification of fruit trees. However, it is susceptible to many factors, such as climate, geographical environment, and management measures. Identification requires a long observation period, and there is a risk of pathogen transmission in field identification, causing huge losses to the industry. At present, a large number of studies have confirmed that the incidence of diseases through laboratory inoculation in vitro is significantly positively correlated with the investigation results of field inoculation. Therefore, in vitro inoculation is widely used in the identification of disease resistance of fruit trees [39,40]. However, indoor identification differs significantly from field identification, making it suitable only as a supplementary method for identifying resistance in numerous materials.

Various types of kiwi fruit exhibit notable variations in disease resistance. Shi et al. [41] graded the resistance to ulcer disease of 24 kiwifruit varieties based on the length of diseased spots in isolated branches, and proved that the resistance of Xuxiang to ulcer disease was obviously better than that of Hongyang. Huang et al. [25] evaluated the resistance of 42 kiwi fruits to brown spot and determined that Xuxiang resistance to brown spot was better than that of Hongyang. At the same time, the study showed that both cake inoculation and spore suspension inoculation could be used for rapid identification of disease resistance in laboratory. However, in indoor culture, Corynespora cassiicola is not easy to produce spores, and the inoculation effect of bacteriosis is better. In this study, we evaluated 18 different kiwifruit cultivars (lines) for resistance to canker and brown spot. The results showed that Corynespora cassiicola was difficult to produce spores in the room. And Hongyang kiwifruit showed high sensitivity to canker and brown spot, the resistance of Xuxiang was better than that of Hongyang, these are consistent with the results of previous studies. By analyzing the relationship between different ploidy kiwifruit resources and ulcer resistance. Song et al. [14] and Li et al. [26] clarified that within the same species, the higher the ploidy, the greater the resistance. However, for delicious kiwis, DD-8 and LL-4 resources were diploid. And their resistance to canker and brown spots was higher than that of hexaploid HS-8, which was not consistent with the previous results. The relationship between ploidy and resistance needs further study.

In the process of plant response to pathogen infection. Firstly, cell signaling related substances, such as salicylic acid and ethylene, first change. Followed by changes in nitrogen oxides, methyl jasmonic acid, methyl salicylic acid and other systemically acquired resistance related substances. Finally changes in primary metabolism and secondary metabolites, such as carbohydrates, organic acids, amino acids and lipids. And then resist the invasion of pathogenic bacteria [42]. The response ability of different kiwi varieties to pathogen infection was also different. Huo et al. studied the antibacterial activity and induction activity of pHBA on Aspergillus flavus of kiwi fruit. The application of pHBA promoted the accumulation of endogenous pHBA and induced oxidative stress in A. flavus infected kiwifruit, resulting in an increase in H2O2 content and catalase (CAT) and superoxide dismutase (SOD) activities [43]. Qin evaluated the resistance of different kiwifruit resources to canker disease, and conducted transcriptome and proteome analysis after psa inoculation of resistant and susceptible germplasm. The results showed that the differential metabolites increased gradually after Psa inoculation in resistant and susceptible germplasm. However, the metabolites of susceptible germplasm were more than those of resistant germplasm [44]. A large number of studies have shown that the mechanism of kiwifruit response to pathogen infection is very complex, which can not only induce the change of enzyme activity. But also stimulate the plant to produce a large number of metabolites to resist pathogen infection. This study evaluated the resistance of canker disease and brown spot disease from different resources, multi-omics analysis can be combined through resources for resistance. Exploring the relationship between metabolites and resistance of different varieties to canker and brown spot, and then provide the corresponding experimental materials for the research of resistance breeding by molecular biological means in the later stage.

5  Conclusion

In this experiment, the resistance of different kiwifruit varieties (lines) to canker disease and brown spot disease was evaluated comprehensively using the in vitro inoculation method. Moreover, the difference in resistance of different varieties (lines) to canker disease and brown spot disease was identified. Ten anti-canker materials were screened: HS-12 and DS-4 were highly resistant materials; HS-10 was a highly resistant material; XY-6, DD-8, GD-1, and HS-12 were resistant to canker and brown spots. At the same time, the results laid a foundation for breeding resistant varieties from molecular perspective. In this study, in vitro, inoculation was carried out indoors. Although there was a certain positive correlation between indoor inoculation and field inoculation results, field experiments were easily affected by environment, climate, and management measures. Therefore, it is necessary to conduct field identification of the selected high-quality resources in the future, to provide theoretical guidance for breeding.
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Table 1: Classification criteria of kiwifruit ulcer disease

Level Value Incidence of branches

I 0 Asymptomatic

II 1 The inoculation site 1s brown

111 2 A small amount of white bacterial pus can be seen at the inoculation site
IV 3 Inoculation site overflow white bacterial pus

\Y 4 Vaccination points and the surrounding overflow white fungus pus

VI 5 The pus turns reddish brown and the phloem turns dark brown
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Table 3: Classification of resistance to canker in 18 kiwifruit varieties (lines)

No. Name Disease index Resistance
1 Hongyang 95.56 £ 0.44 a HS
2 GH-1 93.33+£0.50 a HS
3 CH-1 73.33 £0.50 b S

6 HS-10 71.11 £0.53 b S
5 HS-8 53.33 £0.50 ¢ S

4 GH-2 48.89 £ 0.53 b T
7 HS-13 31.11 £ 0.53 de T
8 HS-2 35.56 £ 0.44 d T
9 QJ-1 15.56 £ 0.44 h R
10 JK-5 26.67 £ 0.50 def R
11 Guichang I1.11 £ 0.53 gh R
12 XY-6 22.22 £0.33 ef R
13 DD-8 17.78 £ 0.33 fg R
14 Xuxiang 26.67 + 0.50 def R
15 GD-1 11.11 £ 0.53 gh R
16 LL-4 28.89 £0.53 d R
17 HS-12 6.67 £0.50 h HR
18 DS-4 8.89 £ 0.53 ef HR

Note: The error line represents standard error, the analysis of variance uses Duncan multiple comparison test (p < 0.05), and different letters indicate
that there are significant differences in resistance to canker among varieties (lines).
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Table 4: Analysis of ploidy of different kiwi varieties (lines)

No. Name Cultivars or strains  Ploidy  Resistance to canker  Resistance to brown spot
1 Hongyang  A.chinensis 2x HS HS
2 GH-1 A.chinensis 2x HS S

3 CH-1 A.deliciosa 4x S HS
6 HS-10 A.deliciosa 6x S HR
5 HS-8 A.deliciosa 6x S S

4 GH-2 A.deliciosa 4x T T

7 HS-13 A.deliciosa 6x T R

8 HS-2 A.chinensis 6x T T

9 QJ-1 A.deliciosa 6x R S
10 JK-5 A.deliciosa 6x R HS
11 Guichang  A.deliciosa 6x R T
12 XY-6 A.deliciosa 6x R R
13 DD-8 A.deliciosa 2x R R
14 Xuxiang A.deliciosa 6x R T
15 GD-1 A.deliciosa 6x R R
16 LL-4 A.deliciosa 6x R T
17 HS-12 A.deliciosa 6x HR R
18 DS-4 A.deliciosa 6x HR S
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Table 2: Grading criteria for resistance to canker and brown spot in different kiwifruit resources

Grade Canker disease condition index Spot diameter of brown spot disease (cm)
HR <10 <l

R >10, <30 >1,<1.4

T >30, <50 >1.4,<1.8

S >50, <80 >1.8,<2.2

HS >80 >2.2

Note: HR: highly resistant; R: resistant; T: tolerant S: susceptible; HS: highly susceptible.
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