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Abstract
Background: Juglans regia L. is an important nut tree that has a wide range of distribution in temperate regions of the world. In some walnut orchards, walnut
blight can become a problematic disease that affects the growth of walnut trees. To explore the correlation between biochemical response and walnuts
resistance, we inoculated four walnut cultivars with Xanthomonas arboricola pv. Juglandis (abv. Xaj). The walnut cultivars were, namely, ‘Xiangling’, ‘Xiluo 2’,
‘Yuanfeng’ and ‘Xifu 2’. Total phenol content (TPC) and total �avonoid content (TFC) were measured, whereby nine major phenolic compounds and several
relevant enzymes were identi�ed.

Results: The results showed that the most resistant and susceptible walnut varieties were ‘Xiluo 2’ and ‘Xifu 2’ respectively. The reaction of walnut to
Xanthomonas arboricola pv. Juglandis was characterized by the early accumulation of phenolic compounds in the infected site. The accumulation of
phenolic compounds after infection was accompanied by an increase in reactive oxygen species (ROS). This was re�ected in the catalytic effect of peroxidase
(POD) on ferulic acid dimerization which contributed to walnut resistance against disease. This also meant a series of defense-related functions with a key
role of polyphenol oxidase (PPO). The results revealed that the competitiveness of �avonoids were weakened in biosynthesis, thereby strengthening the
synthesis of chemicals catalyzed by phenylalanine ammonia lyase (PAL) against walnut blight. The resistant variety ‘Xiluo 2’ had a signi�cantly higher
protocatechuic acid content, compared to other varieties, when measured on the 4th day after inoculation (dpi).

Conclusion: Our �ndings con�rmed that walnut blight resistance is a collective function of interactions between the accumulation of phenolic compounds in
the phenylpropane metabolic pathway and the action of relevant defense enzymes.

Introuction
Juglans regia L. is one of the most important economic tree species of the Juglandaceae family. Walnut is cultivated worldwide for its delicious taste and rich
nutritional qualities, with its protein and protein hydrolysates that play an important role in promoting health[1]. Among the pathogens that affect walnut, there
is a species of bacteria, namely, Xanthomonas arboricola pv. Juglandis (abv. Xaj), which causes walnut blight. It is particularly damaging in wet years and on
early lea�ng cultivars, as it poses a serious threat to walnut growth and production. It can enter through stomata, lenticels, and stigmas, and then spread by
the wind and rain, or by insects and agricultural operations [2–5]. The occurrence of Xanthomonas has reportedly affected rice [6], citrus [7], walnut and other
plants. To date, the control of walnut blight disease has relied on copper-based biocides [8]. Nonetheless, biocides may be overlooked because of their toxicity,
their impact on the environment and on natural ecosystems [9]. The most economical, effective measure for the control of this disease is to cultivate blight-
resistant walnut cultivars.

Plant resistance can be classi�ed into two categories: constitutive resistance and inducible resistance. Constitutive resistance is an inherent trait that relies on
epidermal wax, cell walls, and cuticles [10–11]. Inducible resistance, on the other hand, refers to a set of induced defense responses evolved by plants as a
result of pathogen stimulation, whereby pathogens are resisted by plants through better mechanisms of defense. This active defense-response can strengthen
the endogenous defense ability of plants which comprises the accumulation of ROS, rapid changes in the biochemical features of cell walls and the
enhancement of various defense-related enzyme activities [12]. The interactions between walnuts and disease involve the coordination of ROS and other
signals, as these are dependent on stress-speci�c chemicals that initiate self-protective responses in neighboring cells [13]. ROS plays a protective role at
times of infection by reinforcing the cell walls of the host plant to inhibit pathogenic growth [14]. Previous works have summarized that plants respond to
pathogenic attack by staging a transient burst of ROS which triggers a chain of reactions that promote walnut defense against pathogens [15]. RBOHs are a
major reactive oxygen species that contribute greatly to the scavenging system. Speci�cally, it transfers electrons from the NADPH in the cytosolic �uid to
oxygen in the apoplast (i.e. the main source of ROS) in order to generate superoxide anion (O2.−). The latter is then converted to H2O2, either spontaneously or
by SOD. As SOD produces H2O2, the disproportionate amount of H2O2 is then degraded by POD and CAT into non-toxic H2O2 and oxygen, thereby protecting
plant cells from serious oxidative damage [13, 15].

Phenols are a pervasive group of secondary metabolites in plants [16]. Gallic acid, ferulic acid and quercetin are different types of phenolic chemicals in
walnuts [17]. Phenolic chemicals comprise a part of inducible resistance. In plant defense, phenolic compounds can act as physical or chemical barriers
against pathogenic invasion. Previous research indicated a strong linear relationship between phenolic compounds in walnut microshoots and antioxidant
activity [18]. Moreover, a detailed research on plant-pathogen interactions revealed that these phenolic compounds are generated through the phenylpropanoid
metabolic pathway, with the �rst reaction being catalyzed by PAL. It can accumulate signi�cantly to participate in the defense process when pathogens invade
the host [19]. Infection of maize cultivars with Dickeya zeae enhanced PAL activity more in inducing resistance among tolerant cultivars, compared to
susceptible ones [20]. PAL can be used as a precursor for creating metabolites such as phenylpropanoids, �avonoids, and cell wall lignin that are synthesized
to take part in the resistance against pathogens [21–22]. PPO has been observed to have roles in the phenylpropane pathway. It is a copper-containing
enzyme that inhibits pathogens by converting monophenols into o-catechol compounds with oxygen as a substrate. As pathogens destroy plant cells, phenol
oxidation occurs by PPO and pathogenic toxicity [23].

Identi�cation and utilization of disease resistance may provide a basis for a feasible control strategy for walnut blight. Although walnuts are rich in phenolic
compounds, the potential for disease resistance by phenolic chemicals is not fully understood. Therefore, the changes of activities in defense enzymes were
studied in the process of infection in this study. In addition, HPLC can detect differences in the phenolic metabolism of different walnut cultivars after
infection. This study provided valuable physiological information for understanding the response of walnut to Xanthomonas, and revealed how relevant
defense-related enzymes and chemicals can be important in the resistance against blight disease, thereby hinting at possible ways into the breeding of
resistant cultivars.

Results
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Effects of treatments on the four walnut cultivars
Walnut trees were detected with blight disease and all cultivars were infected with Xanthomonas. Accordingly, the selected cultivars had different levels of
susceptibility (Table 1). Blight disease was most prevalent (by more than 85%) in each cultivar on the 16th day dpi (Fig. 1). Fruit rot and blackening were
recurrent symptoms in all four cultivars at 16 dpi, although the sizes of lesions varied. The average diameter of lesions on the fruits of each treatment was
used as a measure of walnut resistance against pathogenic activity. On the 16th dpi, the difference of lesion size between ‘Xiluo 2’ and ‘Xifu 2’ was the largest,
meaning that ‘Xifu 2’ was the most susceptible, whereas ‘Xiluo 2’ was the most resistant (Fig. 2).

Table 1
The disease index and resistance evaluation of different

cultivars to walnut blight
Cultivar Disease index Resistance

Xiangling 41.35±2.87b Moderate susceptibility

Xluo 2 23.69±3.15c Resistance

Yuanfeng 38.07±3.21b Moderate resistance

Xifu 2 57.67±2.33a Susceptibility

Antioxidant Activity
After inoculation with the pathogen, SOD activity increased in the outset but then decreased. This pattern of change was observable in all four cultivars. On
day 0, the SOD activity of all cultivars that were infected with the pathogen was signi�cantly lower than that of the control. Four days after inoculation, the
SOD activity staged an obvious increase. The growth rates of ‘Xiangling’ and ‘Xiluo 2’ reached 93% and 97%, respectively, whereas those on ‘Yuanfeng’ and
‘Xifu 2’ reached 108% and 158%, respectively. The activity of SOD, after infection with the pathogen, began to decrease rapidly and was signi�cantly lower
than that of the control on the 8th day. In terms of the SOD level on the 16th day, there was no signi�cant difference between the control and the inoculated
samples of three cultivars, except that the SOD in ‘Xiluo 2’ was signi�cantly higher than that of the control (Table 2).

Table 2
SOD Activity (U·g-1 FW·h-1)

Days after
treatments

Xiangling Xluo 2 Yuanfng Xifu 2

CK Xaj CK Xaj CK Xaj CK

0d 1168.28±2.39d 911.82±10.36e 1379.31±11.15d 1002.30±42.95e 1175.17±41.22d 917.70±100.10e 1029.89±64.06d

4d 1364.60±25.91c 1762.76±12.65a 1609.20±96.35c 1976.09±48.24a 1526.44±66.02c 1913.20±15.14a 1338.85±166.52c

8d 1558.62±28.68b 1346.21±5.75c 1919.54±37.39a 1674.48±27.92bc 1671.72±6.37bc 1501.61±44.28c 1576.09±7.19ab

16d 1515.40±41.56b 1533.79±42.25b 1627.68±35.06c 1768.37±6.37b 1609.20±41.59bc 1820.30±128.30ab 1439.08±19.92bc

Note. Table 1represents the SOD activity in the control (CK) and walnut fruits infected Xaj treated for 0-16 days. The data are expressed as mean ± standard d
indicated signi�cant differences at a level of p < 0.05.

The changes in CAT activity were different in each of the four cultivars. ‘Xiangling’ had no signi�cant changes in its CAT activity throughout the whole
infection process. CAT activities in the other three cultivars were basically close to the control samples after inoculation. Nonetheless, they differed from each
other, depending on the stage of pathogenic development. On the 8th dpi, the CAT activity in ‘Xiluo 2’ was signi�cantly higher than in the control, whereas
differences in the CAT activities of ‘Xifu 2’ and ‘Yuanfeng’, occurring between the inoculated fruits and the control fruits of each cultivar, were observed on the
16th day. Meanwhile, the CAT activity of ‘Yuanfeng’ was higher than that of ‘Xifu 2’. Ultimately, the pathogen caused differences in CAT activity when
comparing the cultivars (Fig. 3).

POD activity increased in all cultivars after inoculation. This increase reached 180% in the case of ‘Xiangling’, as a result of infection with the pathogen,
whereas it increased by 120% in the resistant cultivar ‘Xiluo 2’. At the same time, POD activity in ‘Yuanfeng’ and ‘Xifu 2’ increased by 140% and 96%,
respectively. On the 16th dpi, POD activity in ‘Xiluo 2’ was signi�cantly higher than that of the control. In fruits of the remaining three cultivars, infected
samples had no signi�cant difference compared with the control samples in this regard (Fig. 4).

Pal Activity Analysis
PAL activity initially decreased and then increased after inoculation. On the 4th dpi, PAL activity decreased in all cultivars and, in particular, it decreased in ‘Xifu
2’ by nearly 2-fold. At 8 dpi, an obvious increase in PAL activity was observed, with signi�cant levels of activity in ‘Xiluo 2’ as a disease-resistant cultivar,
compared to the control. Meanwhile, there were negligible differences in other cultivars. Sixteen days after inoculation, PAL activity decreased rapidly in ‘Xiluo
2’ and was very close to that of the control. Inoculated samples of ‘Yuanfeng’ and ‘Xifu 2’ showed signi�cant levels of PAL activity, compared to the control. In
the ‘Xiangling’ cultivar, no notable change occurred in the late stages of disease development (Fig. 5).
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Ppo Activity Analysis
Similar to other enzyme activities, PPO took a trend of increase in activity, but with variable intensities among the cultivars. The PPO in ‘Xiangling’, ‘Yuanfeng’
and ‘Xifu 2’ changed very little if any, compared to the control on the 8th day. However, the PPO activity in inoculated fruits was signi�cantly higher than that
of the control on the 16th day. A marked difference was observed between ‘Xiluo 2’ and other cultivars. At 4 and 8 dpi, the PPO activity of the control fruits was
signi�cantly higher than that of the inoculated samples. On the 16th day, inoculated samples of ‘Xiluo 2’ showed signi�cantly higher PPO activity, compared to
the control group of ‘Xiluo 2’ and other cultivars as well (Fig. 6).

Phenolic Chemical Content Analysis

Changes in the content of TPC and �avonoids TFC
Similar to POD and PPO, the TPC showed an upward trend in value among all cultivars. Phenolic contents increased in ‘Xiangling’ on the 4th day, while the
TPC of inoculated fruits was signi�cantly higher than that of the control. Even though it decreased slightly on the 8th day, the TPC in inoculated fruits was still
signi�cantly higher than that of the control. By the 16th day, the TPC increased rapidly and reached a maximum value, so that phenolic contents in control
samples were signi�cantly higher than those in inoculated samples. At 4 dpi, TPC increased rapidly in inoculated ‘Xiluo 2’ and became signi�cantly different
from that of the control. The TPC decreased slightly on the 8th day after inoculation and showed no signi�cant difference compared to the control. Also, no
changes were observed between ‘Yuanfeng’ and ‘Xifu 2’ in terms of TPC throughout the experiment (Table 3).

Table 3
The content of TPC (mg·g−1 FW)

Days after treatments Xiangling Xluo 2 Yuanfng Xifu 2

CK Xaj CK Xaj CK Xaj CK Xaj

0d 22.84±1.61f 23.64±0.39f 25.21±2.90d 25.76±1.89d 27.55±2.55a 26.66±3.83a 23.16±3.15b 22.71±5.57b

4d 27.43±1.34e 34.37±0.14c 29.13±0.17cd 34.56±0.03b 33.42±2.86a 26.91±5.24a 26.30±6.14ab 23.48±0.37b

8d 26.87±0.03e 30.89±1.11d 27.55±0.97cd 31.21±1.64bc 28.39±1.91a 34.80±0.17a 31.91±0.78ab 31.53±0.39ab

16d 45.42±0.03a 42.11±1.66b 41.59±1.58a 35.05±2.42b 33.23±4.46a 35.12±3.57a 28.64±3.64ab 37.04±5.66a

Note. Table 2 represents the contents of the total phenolic compounds (TPC) in the control (CK) and walnut fruits infected Xaj treated for 0-16 days. And
the values are expressed as the mean ± standard deviation of three biological replicates. Letters indicated signi�cant differences at a level of p < 0.05.

The TFC in fruits also increased in response to inoculation. While evidenced in all cultivars after the treatments, the TFC increased signi�cantly in ‘Xiangling’
and ‘Yuanfeng’ in a manner very similar to the control. Signi�cant changes in the TFC of ‘Xifu 2’ occurred on the 4th dpi. At 16 dpi, however, the value in ‘Xiluo
2’ was signi�cantly lower than that of the control. These results suggest that �avonoids can play a signi�cant role in different stages of disease-resistance in
cultivars (Table 4).

Table 4
The content of TFC (mg·g−1 FW)

Days after treatments Xiangling Xluo 2 Yuanfng Xifu 2

CK Xaj CK Xaj CK Xaj CK Xaj

0d 3.89±0.73bc 4.10±0.60bc 3.96±0.53c 3.82±0.37c 3.59±0.39a 3.70±0.63a 3.11±0.44bc 3.13±0.60bc

4d 4.31±0.56bc 3.43±0.43c 4.60±0.31bc 3.28±0.08c 4.06±0.68a 3.28±0.71a 4.56±0.10a 2.70±0.13c

8d 3.97±0.59bc 3.53±0.46bc 4.07±0.68c 4.34±0.33bc 3.56±0.28a 5.01±1.19a 3.51±0.74abc 3.42±0.38abc

16d 7.19±1.19a 5.61±0.86ab 8.05±0.78a 5.52±0.55b 4.68±0.47a 4.90±0.52a 4.19±0.65ab 4.08±0.14abc

Note. Table 3 represent the contents of the total �avonoids compounds (TFC) in the control (CK) and walnut fruits infected Xaj treated for 0-16 days. And
the values are expressed as the mean ± standard deviation of three biological replicates. Letters indicated signi�cant differences at a level of p < 0.05.

Analysis Of Monomer Phenol Contents
After the treatments, the four cultivars showed different amounts of catechin, p-coumaric acid, gallic acid, protocatechuic acid, myricetin, quercetin,
chlorogenic acid and ferulic acid. Some of these played a role in interactions between walnut fruits and pathogenic activity.

A signi�cant decrease in gallic acid content was detected in ‘Xiangling’ and ‘Xiluo 2’ after the treatments. On the 8th dpi, the gallic acid content in ‘Xiangling’
began to decrease signi�cantly, but still remained similar to the amount in control fruits. However, the gallic acid content in inoculated fruits of ‘Xiluo 2’ was
always signi�cantly lower than that of the control fruits, except that it neared the value of the gallic acid content in the control group on the. ‘Yuanfeng’
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changed little throughout the period of observation. Surprisingly, the gallic acid content of the susceptible cultivar ‘Xifu 2’ increased slightly on the 8th day
after inoculation. The results showed that gallic acid correlated weakly with disease resistance ( Figure S1).

The change in catechin content was not observed in ‘Yuanfeng’ and ‘Xifu 2’. At 4 dpi, the catechin contents in ‘Xiangling’ and ‘Xiluo 2’ increased by 140% and
7.4-fold, respectively, and then decreased to their initial level. Inoculated fruits of ‘Xiangling’ had no obvious difference compared to the control fruits. However,
inoculated fruits of ‘Xiluo 2’ showed that catechin contents were signi�cantly lower than that of the control fruits (Figure S2). Furthermore, the amount of
chlorogenic acid decreased rapidly in the inoculated ‘Xifu 2’ cultivar on the 4th dpi, but remained very close to the control samples. The other three cultivars
showed no changes in this regard throughout the experiment. This observation suggested a weak interaction between chlorogenic acid and the pathogen
(Figure S3). The amount of p-coumarin in ‘Xiangling’ increased in the later stage of inoculation, and was signi�cantly higher than that of the control. Similarly,
at 16 dpi, its content in the inoculated ‘Yuanfeng’ was signi�cantly higher than that of the control and, on the 4th day, the amount of p-coumarin decreased
signi�cantly, so that its difference with the control was negligible. In ‘Xiluo 2’, however, no changes occurred in this respect as a result of inoculation (Figure
S4).

While the amount of protocatechuic acid and ferulic acid were lower than other phenolic chemicals, their roles cannot be overlooked. On the 4th dpi,
protocatechuic acid increased signi�cantly in all cultivars. The protocatechuic acid content in ‘Xiluo 2’ became signi�cantly higher than that of the control
samples, indicating that this compound plays an important role in the early stage of disease resistance (Table 5). On the other hand, the maximum amount of
ferulic acid was measured in the resistant cultivar after infection. At 4 dpi, ferulic acid increased substantially in the fruits of ‘Xiangling’ and ‘Xiluo 2’, while
having a signi�cant difference with the control fruits. Inoculated samples of ‘Yuanfeng’ staged a signi�cant decrease in ferulic acid content on the 4th day,
although their content became signi�cantly higher than that of the control on the 8th day. Meanwhile, the ‘Xifu 2’ basically remained unchanged in this regard
(Fig. 7).

Table 5
Content of Protocatechuic acid (mg·g-1 FW)

Days after treatments Xiangling Xluo 2 Yuanfng Xifu 2

CK Xaj CK Xaj CK Xaj CK Xaj

0d 0.47±0.06b 0.53±0.04b 0.53±0.10c 0.62±0.01c 0.32±0.15b 0.38±0.11b    

4d 2.43±0.44a 2.87±0.21a 2.06±0.50b 3.61±0.33a 3.18±0.66a 2.85±0.30a 2.94±0.48a 3.07±0.52a

8d 0.24±0.03b 0.24±0.07b 0.60±0.01c 0.65±0.08c 0.14±0.01b 0.24±0.05b 0.19±0.03b 0.19±0.00b

16d 0.23±0.03b 0.23±0.02b 0.81±0.02c 0.47±0.12c   0.16±0.02b 0.20±0.01b 0.36±0.02b

Note. Table 4 represents the content of protocatechuic acid in the control (CK) and inoculated walnut fruits (Xaj) during 0-16 days. The blank space
indicates that the content is too weak to detect. And the values are expressed as the mean ± standard deviation of three biological replicates.

Discussion
Despite their high monetary potential in production and nutritional value, walnut trees are susceptible to the occurrence of walnut blight disease which can
restrict their economic output on a large scale. An illustration of the mechanism by which the walnut-pathogen interaction takes place can make signi�cant
contributions to basic research and breeding practice. In the current research, a series of changes were observed in the biochemical indexes of the four
cultivars after exposure to pathogenic infection.

Phenolic compounds are found primarily in the cytoplasm and are separated from phenolase by the cell membrane system, meaning that phenolase does not
come into direct contact with phenolic compounds. When plants are invaded by pathogens, the cell membrane system is destroyed and, thus, phenolic
compounds can be released. This makes them have toxic effects through their conversion to phytoalexins and free radicals that originate in lignin precursors
[24]. It has long been realized that the response of plants to pathogens is featured by the early accumulation of phenolic compounds at the infection site, and
that pathogens develop limitedly [25]. In our results, the TPC in ‘Xiangling’ and ‘Xiluo 2’ increased signi�cantly on the 4th day. This phenomenon can explain
that plant defense in walnut reacts to pathogens by an early accumulation of phenolic compounds. Phenolic accumulation is an initial response to inoculated
pathogens and may re�ect an increase in relatively nontoxic secondary metabolites, which eventually serve as precursors that bring on plant resistance [26]. In
this regard, our results showed a remarkable accumulation of protocatechuic acid on the 4th dpi in both resistant and susceptible cultivars.

Interestingly, the amount of protocatechuic acid in ‘Xiluo 2’ was signi�cantly higher than that of the control at 4 dpi. According to previous �ndings by Liu et al.
[27], protocatechuic acid effectively inhibited the growth of pathogens in the said research. Furthermore, protocatechuic acid is reportedly a precursor to gallic
acid [28]. It can be synthesized through ferulic acid and vanillic acid in the transformation pathway of lignin-derived monomers [29]. Chlorogenic acid is a
phenol molecule that has an ortho-dihydroxy group in its structure. In a previous study by Gauthier et al. [30], it was con�rmed that pathogenic infection can
lead to the degradation of chlorogenic acid into caffeic and protocatechuic acids. In the current study, however, the amount of chlorogenic acid remained high
and did not participate in disease-resistance as a response. In part, the reason is that chlorogenic acid remains as a reservoir of caffeoyl moiety and subverts
into the synthesis of other phenolic compounds. A lack cumulative resistance can emanate from interactions between biochemical compounds and direct
transformations from phenylpropane coenzyme A esters to other phenols, especially since the latter contribute more to defense-response [26]. It is evident that
the synthesis and transformation of phenols are extremely complex, and that precise synthetic pathways through molecular interactions are subjects of
ongoing research.
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The accumulation of phenols in the infection site, caused by pathogenic bacteria, not only strengthened the cell wall structure but was also accompanied by
the accumulation of reactive oxygen species, which promoted cross-linking reactions within the cell wall. A study revealed that the production of a phenolic
conjugate – feruloyltyramine – can be induced by the HRP gene in pepper to induce resistance against Xanthomonas campestris [31]. POD is not only the
primary enzyme for H2O2 decomposition, but it can also catalyze the dimerization of ferulic acid. The occurrence of free radical coupling, as a reaction that
involves ferulic acid residues, can strengthen the early structure of cell walls in association with phenolic cross-linking of hemicellulose via dicarboxylic acid.
This is followed by the synthesis of phenolic monomers or by ligni�cation which contributes to plant resistance against disease[32–33]. On the 4th dpi, POD
activity and ferulic acid content increased signi�cantly in ‘Xiluo 2’, indicating that POD catalyzes ferulic acid in an effort to act against pathogens.

PAL is a general measure of phenolic synthesis after infection. Through a comprehensive transcriptome and metabolome analysis, Li et al. [34] con�rmed that
the involvement of metabolites in phenylpropane biosynthesis relates closely to plant resistance against Zanthoxylum bungeanum which causes stem canker.
The enzymatic step of this pathway is the conversion of L-phenylalanine to cinnamic acid by PAL, followed by p-coumaryl-CoA. When compounds have been
derived from this pathway, they originate from this branching point through the action of chalcone synthase (CHS) for the synthesis of �avonoids [35–36].
Since the VqMYB154 gene reportedly increased STS expression in wild grapes, plant interaction with pathogens caused a decrease in CHS competitiveness
and promoted stilbene accumulation, thereby assisting plant resistance [37]. In our results, there was no signi�cant difference in the TFC after inoculation
except that ‘Xiluo 2’ and ‘Xifu 2’ had signi�cantly lower levels of this value, compared to the control, when observed in different time periods. The reason for
this may be a decrease in the competitiveness of �avonoids in biosynthesis, thereby promoting the resistance caused by chemicals that are catalyzed by PAL
and, thus, act against walnut blight. In the current study, PAL activity increased in response to infection, and was signi�cantly higher than that of the control at
different stages of disease development. Previous research showed that pathogenic activity can lead to the accumulation of salicylic acid in infected tissues
and, moreover, a role exists between PAL activity and pathogen-induced salicylic acid formation in many plants [38]. The resistance caused by salicylic acid
against walnut blight can be studied further.

PPO is a nuclear-encoded and plastid copper-containing enzyme that catalyzes the oxidation of oxygen-dependent phenolic compounds to o-diquinones. Its
quinone products are highly-active molecules that can modify and crosslink nucleophilic molecules covalently against pathogens [39]. The highest expression
levels of PPO are usually recorded in young tissues such as new leaves and fruits, which are particularly vulnerable to disease [40]. According to a relevant
study, walnut blight disease induced the expression of JrPPO1 and PPO activity [41]. In the later stages of pathogenic development, however, PPO activity in
all infected plants became signi�cantly higher than that of the control, suggesting that PPO may be an indirect regulator of cell death in walnut and may result
in necrotic spots on the fruits [14]. At the same time, it can play a series of defense-related functions with ROS. At the time of pathogenic invasion, the direct
toxicity of quinone mediated covalent modi�cation in macromolecules and caused the direct antimicrobial toxicity of H2O2 which limited the progress of
disease. The cross-linking of oxidative phenols and the formation of lignin tend to produce a physical barrier against pathogens [40]. The accumulation of
ROS in resistant tissues is considered to be the main mechanism of killing or inhibiting pathogens [41]. Among the different types of ROS, superoxide (O2.−)
and H2O2 are involved functionally in plant resistance against numerous diseases [42]. CAT is one of the primary systems in plants that can enable the
enzymatic hydrolysis of H2O2 molecules. In our study, CAT and PPO activities in ‘Yuanfeng’ and ‘Xifu 2’ were signi�cantly higher than those of the control at
the later stages of pathogenic development, which demonstrated the involvement of enzymes in countering pathogenic activity and ROS toxicity. SOD is
known to function in association with ROS and, thus, can act against plant disease [42]. In all cultivars of the current study, on the 4th dpi, SOD activity had a
signi�cant increase in infected samples, compared to control samples, indicating the interaction between SOD and walnut blight at the early stage of
inoculation. It was observed that the SOD content increased by 1.58-fold in the susceptible cultivar ‘Xifu 2’, far exceeding that of the resistant cultivar, partly
because a high accumulation of SOD occurred in infected samples, compared to uninfected samples. SOD assisted in the removal of reactive oxygen species
after pathogenic invasion, thereby prompting infected tissues to show fewer symptoms.

Conclusion
Taken together, a resistant walnut cultivar was identi�ed against Xanthomonas. By determining the biochemical reactions that associated with plant
responses to the pathogen, the results showed that relevant defense enzymes and phenols were involved in the interaction between walnut and Xanthomonas.
Our results provided important information on physiological aspects in walnut that induce resistance to walnut blight. Since reactions between the host and
pathogenic microorganisms are highly complicated, it is recommended that future studies consider how a series of phenolic compounds can mediate plant
resistance in the metabolic process through the phenylpropane pathway.

Methods

Experimental site and plant material
This study used four walnut cultivars: ‘Xiangling’, ‘Xiluo 2’, ‘Yuanfeng’ and ‘Xifu 2’. The Walnut Demonstration Station at Northwest A&F University in
Shanyang was the location of sampling healthy and undamaged walnut fruits (33.20 oN, 109.50 oE). The station has an altitude of 1100 meters, an annual
average precipitation of 709 mm, an average temperature of 13.1°C and an average frost-free period of 207 days. The station is located in a temperate, moist,
mountainous climate zone.

Field Investigation
We observed the occurrence of walnut blight disease among the four cultivars, i.e. ‘Xiangling’, ‘Xiluo 2’, ‘Yuanfeng’ and ‘Xifu 2’ in the �eld and, in the beginning,
a 5-point sampling method was used for evaluating 20 walnut trees at random per cultivar. The disease grade was determined by counting the number of
lesions on walnut fruits in the whole tissue and calculating the disease index. Grade 0 had no disease; grade 1 meant lesions that accounted for less than 1/4
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of the whole fruit surface; grade 2 meant lesions that accounted for 1/4-1/2 of the whole fruit surface; grade 3 accounted for 1/2-3/4 of the fruit surface; and
grade 4 accounted for more than 3/4.

Disease index (Di) = Σ (number of diseased walnut at all grades) × (Representative value at all grades) / (total number of investigated walnut × 4) × 100.

The criteria for evaluating cultivar resistance were scaled in ranges that varied. Di ≤ 25 represented resistance, 25 < Di ≤ 40 moderate resistance, 40 < Di ≤ 55
moderate susceptibility, and Di > 55 susceptibility [43].

Isolation and identi�cation of Xanthomonas
The Xaj-417 strain was isolated and identi�ed from disease-infected walnut fruits in Yangling, Shaanxi. First, 0.5×0.5 cm samples were taken from the
intersection of diseased and healthy tissue. The tissue was then disinfected in 2% NaClO for 1-2 min before being rinsed in sterile water for 2-3 times before
drying it [44]. The tissue was placed in LB solid medium at 28°C (Fig. 8a). The yellow, convex, small bacterial colonies can be observed in Figure 8b. The DNA
was extracted after a single colony was cultured in LB liquid medium. To extract bacterial DNA groups, the Ezup Column Bacteria Genomic DNA Puri�cation
Kit was used (Sangon Biotech, Shanghai). PCR ampli�cation of the bacterial genome operated according to previous research by Kim et al. [45]. The primers
27F: 5’-AGAGTTTGATCMTGGCTCAG-3’, 1492R: 5’-GGTTACCTTGTTACG ACTT -3’ were synthesized by Sangon Biotech. The results of two-way sequencing
were made on Sangon Biotech among the PCR products and were used from a published reference on the NCBI website (http://www.ncbi.nlm.nih.gov). The
reference number for NCBI was CP012251.1.

Pathogenicity Determination
Pathogenicity determination
The Xaj-417 strain was stored at -80°C and cultured in liquid LB medium at 28°C. The bacterial concentration was adjusted to 108 CFU mL−1 in sterile water
before being applied on healthy walnut fruits for their inoculation. Stab inoculation was carried out as a method, according to Kim et al. [45], with some
modi�cations. The 60 days walnut fruits after pollination were selected for studies on pathogenic infection. First, we performed a 0.5×0.5 cm stab on the
surface of fruits to cause infection by bacteria in the syringe. The same fruits were treated with sterile water as the control. The �lter paper was then
moistened with 1 mL sterile water in the transparent valve bag. After the treatments, the fruits were sampled on days 0, 4, 8, and 16 after the treatment for
further analysis. There were 48 fruits per cultivar and three biological replicates were performed for each treatment. The number of infected sites was
calculated using the infection incidence (%) on the 16th day. The average blight area was used in calculating the size of the fruit lesion.

Antioxidant Enzyme Extraction And Activity Determination
A precooled mortar containing 4 mL phosphate buffer (100 mM, pH = 7.8), 0.5 percent Triton-100, and 0.1 g PVPP was used for grinding 60-day-old fresh
walnut fruits (0.5 g). Then, the samples were ground and homogenized, while the temperature was maintained at 4°C overnight. The solution was centrifuged
for 15 minutes at 10000 rpm at 4°C [46]. The enzyme extract remained constant at 4°C to determine the amounts of SOD, CAT and POD. Speci�cally, the SOD
activity was determined by the NBT photoreduction method, using an amount of enzyme that could inhibit 50% of the NBT photoreduction reaction as one
unit of enzyme activity. The reaction mixture consisted of phosphate buffer (50 mM pH=7.8), 0.1 mM EDTA, 130 mM methionine, 0.75 mM NBT, 0.02 mM
ribo�avin [47]. CAT activity was determined according to a method by Gao [48]. Phosphate buffer (50 mM, pH = 7.0) was used in association with 200 mM
H2O2. The absorbance decreased at 240 nm by 0.1 at a rate of 1 minute per unit of enzyme activity. The Guaiacol method, which included phosphate buffer
(200 mM, pH = 7.0), 50 mM Guaiacol solution and 0.03% H2O2 was used for determining POD activity. The reaction solution was mixed with the enzyme
extract and allowed to react at 37°C for 5 minutes. The absorbance at 470nm was measured immediately after the reaction [48].

Pal Extraction And Activity Determination
In the PAL extraction solution, 3 mL boric acid buffer (50 mM, pH = 8.8) was used in association with 5 mM β-Mercaptoethanol, 1 mM EDTA and 2% PVP. With
the enzyme solution (0.5 mL), 1 mL of L-phenylalanine (10 mM) and 1.5 mL of boric acid buffer (100 mM, PH=8.8) were used for rendering the reaction
operative at 37°C for 1h. Then, the reaction was terminated by adding 0.2 mL of HCl (6 mol·L−1) and the amount of enzyme required for changing the
absorbance by 0.01 (at 290 nm per hour) was de�ned as one unit of enzyme activity [48].

Ppo Extraction And Activity
The PPO solution for extraction contained 3 mL Tris buffer (50 mmol·L−1, pH = 8.3), 1% (W/V) PEG 8000, 11% (V/V) glycerol, 0.015% (W/V) citric acid
monohydrate and 0.010% (W/V) cysteine monohydrate, 0.01% (W/V) ascorbic acid [49]. The assay solution comprised 5 mg/mL L-Dopa in 1.4 mL, which
consisted of Na2HPO4 (100 mM, pH=7.0), 0.015% (w/v) sodium dodecyl sulfate and 280 U mL−1 catalase. The absorbance was measured at 490 nm [50].

Chemical Extraction And Determination
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Phenolic compounds were extracted from walnut fruits using an ultrasonic method and a solvent of 50% methanol (V/V) by Shi et al. [51]. Accordingly, 0.5 g
fresh fruit was mixed with 2 mL methanol and was ground to a homogenate texture. The supernatant was centrifuged at 10,000 rpm for 30 minutes before
being placed in a 0.5 h ultrasonic bath at 40°C. The residue was then treated with 2 mL of methanol, and the procedure was repeated. The extracting solution
was kept at 4°C until further analysis.

Determining the TPC and TFC followed a method previously described by Skerget et al. [52] The monomer phenol was determined by passing 1 mL of the
extracting solution through a 0.22 µM �lter membrane and into a chromatographic �ask. The HPLC analysis was performed on an Agilent In�nity Lab HPLC
System with a thermostat con�gured at 25°C. The mobile phase was ultrapure water, with 0.1% (v/v) formic acid (eluent A) and 0.1% (v/v) formic acid
acetonitrile (eluent B) [53]. All samples received an injection volume of 5 µL. The �ow rate was 0.5 mL/min, and the gradient programs ran on a pattern of
10%~25% B (0-10 min), 25%~60%B (10-25 min), 60% B (25-35 min), and 60%~10% B (35-40 min). At 280 nm, Catechin, p-coumaric acid and gallic acid were
detected. At 250 nm, however, protocatechuic acid, myricetin, juglone and quercetin were detected. Meanwhile, chlorogenic acid and ferulic acid were detected
at 320 nm.

Statistical analysis
For statistical analysis, the SAS (Institute, Cary, NC; 1996) statistical software package was used. The data were calculated and displayed as mean values ±
SD. The data were analyzed by LSD (p < 0.05).

Abbreviations
Catalase
CAT
Day after inoculation
Dpi
Dibasic sodium phosphate
Na2HPO4

Ethylene diamine tetraacetic
EDTA
High performance liquid chromatography
HPLC
Hydrochloride
HCl
L-3,4 dihydroxyphenylalanine
L-Dopa
Nitrotetrazolium blue chloride
NBT
Nicotinamide adenine dinucleotide phosphate
NADPH
Hydrogen peroxide
H2O2

Polyethylene glycol
PEG
Peroxidase
POD
Phenylalanine ammonia lyase
PAL
Polyphenol oxidase
PPO
Polyvinyl pyrrolidone
PVP
Crosslinked polyvinyl pyrrolidone
PVPP
Reactive oxygen species
ROS
Respiratory burst oxygenase homologs
RBOHs
Sodium hypochlorite solution
NaClO
Superoxide dismutase SOD
Total phenol content
TPC
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Total �avonoid content
TFC
Xanthomonas arboricola pv. Juglandis
Xaj.
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Figures

Figure 1

Infection incidence of four cultivars on the 16th day postinoculation (dpi). The values are expressed as the mean ± standard deviation of three biological
replicates. Letters indicated signi�cant differences at a level of p < 0.05.

Figure 2

Average lesion caused by Xaj in fruits on the 16th day. The values are expressed as the mean ± standard deviation of three biological replicates. Letters
indicated signi�cant differences at a level of p < 0.05.

Figure 3

Effects of infection with Xaj and control (CK) on CAT activity in four cultivars during 0-16 day. The values are expressed as the mean ± standard deviation of
three biological replicates. Letters indicated signi�cant differences at a level of p < 0.05.

Figure 4

Changes in POD activity in the control (CK) and inoculated walnut fruits (Xaj) from 0 to 16 days. And the values are expressed as the mean ± standard
deviation of three biological replicates. Letters indicated signi�cant differences at a level of p < 0.05.

Figure 5



Page 12/13

Changes in PAL activity in the control (CK) and inoculated walnut fruits (Xaj) from 0 to 16 days. And the values are expressed as the mean ± standard
deviation of three biological replicates. Letters indicated signi�cant differences at a level of p < 0.05.

Figure 6

Changes in PPO activity in the control (CK) and inoculated walnut fruits (Xaj) from 0 to 16 days. And the values are expressed as the mean ± standard
deviation of three biological replicates. Letters indicated signi�cant differences at a level of p < 0.05.

Figure 7

Effect of ferulic acid in the control (CK) and inoculated walnut fruits (Xaj) during 0-16 days. The blank histogram indicates that the content is too weak to
detect. And the values are expressed as the mean ± standard deviation of three biological replicates.
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Figure 8

(a) Isolation of walnut blight diseased fruit; (b) Growth of bacteria on LB solid medium after 2 days of culture.
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