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Abstract: This study compares the individual phenolic response of husk tissues of Juglans regia L.,
infected to different degrees of severity with walnut anthracnose, which is one of the most serious and
widespread walnut diseases worldwide. A comparison among three differently susceptible cultivars,
‘Franquette’, ‘Milotai 10’ (‘M10’), and ‘Milotai intenziv’ (‘M10-37’), is made. In our methodology, high
performance liquid chromatography coupled with mass spectrometry is used to identify and quantify
the compounds. Our results show that flavanols, flavonols, and naphthoquinones account for more
than 95% of the phenolic compounds identified in the walnut husk. The higher total analyzed
phenolic content in tissues is more affected by walnut anthracnose confirmed that phenolics play a
major role in the plant’s response against pathogens. A difference between cultivars is observed, since
French cultivar ‘Franquette’ responds differently to walnut anthracnose infection than Hungarian
cultivars ‘M10’ and ‘M10-37’. Naphthoquinones and flavanols have a very similar response to walnut
anthracnose infection. The resistance of cultivars may be due to the reaction time of the plant and the
speed with which it recognizes the pathogen and responds quickly to the infection by containing it
while it has not yet spread. Flavonols may be the most important phenolic compounds in disease
control, since they respond more rapidly to infection than flavanols and naphthoquinones. They also
play an inhibitory role in the early stages of viral and bacterial infections.

Keywords: Juglans regia; walnut anthracnose; Ophignomonia leptostyla; Marssonina juglandis; phenolic
compounds; naphthoquinones; flavonols; flavanols; HPLC-MS

1. Introduction

Juglans regia L. is a highly economically important species for wood and fruit pro-
duction that is susceptible to anthracnose [1]. Walnut anthracnose is caused by the as-
comycetous fungus Ophignomonia leptostyla (Fr.) Ces. et de Not. (anamorph Marssonina
juglandis (Lib.) Magn.), which is one of the most serious and widespread walnut diseases in
almost all walnut growing areas worldwide [2]. The disease rapidly becomes severe in wet
and rainy weather, especially in the spring. Walnut anthracnose can cause damage to the
current season’s leaves, twigs, shoots, and husk in the form of irregular necrotic patches
often surrounded by small chlorotic halos, which subsequently affect fruit yield [3]. Early
infection can lead to fruit deformation and fruit being prematurely dropped. Repeated
defoliation caused by walnut anthracnose can have a negative effect on plant growth, some-
times resulting in plant collapse [4,5]. Walnut production is limited by walnut anthracnose,
and field losses can reach up to 50% [2].

O leptostyla usually overwinters as ascocarps in fallen leaves and rarely as mycelium
on lesions of fruits and twigs. Primary infections occur in early spring, mainly by as-
cospores. Mitospores are formed in blackish, translucent, punctate acervuli, often arranged
in concentric rings on the abaxial leaf, husk, shoot, or twig surface [6]. The spots on the
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walnut husks are sunken and smaller than those on the leaves [4]. Several secondary cycles
occur during the growing season of the walnut [6].

The disease control management of walnut anthracnose is to date mainly based on
chemical pesticides. New agronomic, genetic, and biological approaches for controlling the
disease have been proposed [2], but an overall solution still needs to be found. The most
efficient and green solution, an alternative to chemical management, would be selecting
resistant plant genotypes [1]. To identify resistance to walnut anthracnose, several studies
have been conducted using nucleotide bidding site profiling approaches. One of the
studies divided 132 Juglans genotypes into three groups according to the percentage of
necrotic leaf area, depending on whether they were resistant or susceptible to walnut
anthracnose [7]. The variation in susceptibility to the disease is significant, but no specific
genotype has been found to be highly resistant or immune to the disease. Identification of
walnuts resistant to walnut anthracnose in field plantings is costly and complicated because
the trees are very large and have a long juvenility, and there is no uniform method for
evaluating the trees’ resistance [2,4]. An in vivo approach examining secondary metabolites
would be a more appropriate, accurate, and rapid approach for determining resistance
in either newly bred or established cultivars. This would result in fewer labor hours, a
lesser effect of environmental conditions on the resistance studied, and fewer years and
money saved, since trees would not need to reach maturity and take up valuable land
and resources. A molecular marker-assisted breeding and identification of walnut genes
have been proposed [8], but the method is expensive and complex. A simpler chemical
basis-assisted breeding of plants with high performance liquid chromatography (HPLC) or
HPLC coupled with mass spectrometry HPLC/MS for quantification, would be easier and
more cost-effective.

Resistance to walnut anthracnose may be related to a specific phenolic compound
or group of compounds, as reported for some economically important pests and plant
diseases in general [9]. A chemical basis for the resistance to scab has been previously
reported in pecan (Carya illinoinensis (Wangenh.) K. Koch) [10] and in apple (Malus do-
mestica Borkh.) [11], and chemical response to the infection with bacteria Xanthomonas
arboricola pv. juglandis was observed in walnut (Juglans regia L.) [12,13]. In C. illinoinensis,
the toxic principles were identified as juglone (5-hydroxy-1,4-naphthoquinone) and hydro-
juglone glucoside (4,8-dihydroxy-1-naphthalenyl-β-D-glucopyranoside or hydrojuglone-
β-D-glucopyranoside), since higher levels of juglone in certain cultivars correlated with
reduced scab disease in nature. Juglone and hydrojuglone glucoside were also shown to
inhibit fungal growth in in vitro conditions in concentrations lower than found in the plant
itself [14]. In J. regia, in a comparison between healthy husk tissue and husks infected with
Xanthomonas arboricola pv. juglandis, the infected tissue contained more hydroxycinnamic
acids, gallic acid, quercetin glycosides, and catechin [12]. The reaction of naphthoquinones
in response to infection with Xanthomonas arboricola pv. juglandis has unfortunately not
been studied in J. regia [12,13], showing no clear picture of the response of all individual
phenolic compounds present in the walnut husk.

To the best of our knowledge, the mechanisms of plant response to walnut anthracnose
infection are poorly understood and should be further investigated, since the use of
pesticides is inefficient and undesirable [7]. The objective of our study was to investigate
the phenolic content in different parts of infected husks to better understand the response
of the individual phenolics to the disease. The husk was divided into four categories
(infected tissue, outer margin of infected tissue, healthy tissue surrounding the infection,
and healthy tissue) using three different susceptible cultivars, ‘Franquette’, ‘Milotai 10’
(‘M10’), and ‘M10-37’. Based on previous work, we expected that the infected tissue would
have a higher total phenolic content and higher content of certain phenolic compounds
compared to other tissues, contributing to the plant response mechanisms. Since total
phenolic content does not show a clear picture of a plant’s response and mechanisms
in relation to infection, individual groups and individual phenolics were also examined.
Individual phenolics provided insights for further understanding which ones may be
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most important in the plant’s response to walnut anthracnose infection, as well as provide
interesting data for simpler chemical-based breeding of plants using HPLC or HPLC/MS
for quantification, which is easier and more cost-effective than molecular marker-assisted
breeding and identification of walnut genes.

2. Materials and Methods
2.1. Plant Materials

Three walnut cultivars were used for the experiment, ‘M10-37’, ‘M10’ and ‘Franquette’.
Samples of walnut husk with different disease severity were collected on 10 September
2020 at the Experimental Field for Nut Crops in Maribor, operating under University of
Ljubljana, Slovenia (46◦34′01” N; 15◦37′51” E; 275 m a.s.l.). They were obtained from
25-year-old trees growing at a planting density of 10 m × 10 m, all under the same
agronomical management, soil, and climatic conditions. Disease severity was assessed
based on previous work describing disease severity in walnut husk caused by Xanthomonas
arboricola pv. Juglandis [13]. ‘Franquette’ husk displayed weak infection (separated small
spots, with a necrotic surface of the husk between 4 and 10%), ‘M10’ husk displayed
medium infection (separated larger spots, with a necrotic surface of the husk between
11 and 25%), and ‘M10-37’ husk displayed severe infection (confluent large spots, with
a necrotic surface of the husk between 26 and 50%). Samples were collected from three
trees for each cultivar, for a total of three biological repetitions per analysis. Samples of
fruit were collected from the middle third of the branches on the eastern side of the trees
and transported in a cool box to the laboratory of the Department of Agronomy of the
Biotechnical Faculty, University of Ljubljana, where they were divided into four categories.
The categories were sampled as follows and shown in Figure 1: Inner spot of infected
tissue, outer margin of infected tissue, healthy tissue surrounding the infection, and healthy
tissue.
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All samples were collected from the same husk, except for the healthy tissue, which
was collected from a completely healthy husk, from the same tree, but not infected with
walnut anthracnose or affected by any other disease or pathogen. Samples were carefully
taken with a scalpel, removing all but approximately 0.5 mm of tissue. Samples were
immediately frozen with liquid nitrogen, then lyophilized, ground to a powder using
liquid nitrogen and a mortar, and stored at −20 ◦C before further analysis.

2.2. Extraction of the Individual Phenolic Compounds

Briefly, 200 mg of sample was extracted using 80% methanol with 3% formic acid
and bi-distillate water at a 1:100 (w/v) tissue:solution ratio. The protocol followed that
described by Medic et al. [15].

2.3. HPLC–Mass Spectrometry Analysis of Individual Phenolic Compounds

The phenolics were analyzed on a UHPLC system (Vanquish; Thermo Scientific,
Waltham, MA, USA) with a diode array detector at 280 nm to detect hydroxycinnamic
acids, hydroxybenzoic acids, flavanols, and naphthoquinones, and at 350 nm to detect
flavonols. The recorded spectra were between 200 and 600 nm, and a C18 column (Gemini
150× 4.60 mm; 3 µm; Phenomenex, Torrance, CA, USA) was used to separate the phenolics,
as previously described by Medic et al. [15].

Phenolics were identified using tandem mass spectrometry (MS/MS; LTQ XL; Thermo
Scientific, Waltham, MA, USA) with heated electrospray ionization (HESI) operating in
negative ion mode, using the parameters as described by Medic et al. [15]. Data was
acquired using Xcalibur 2.2 software (Thermo Fischer Scientific Institute, Waltham, MA,
USA). Phenolics were fragmented using external standards to identify and quantify known
compounds. For identification of the unknown compounds, MS fragmentation and litera-
ture data were used. Unknown compounds were quantified using similar standards. The
contents of the individual phenolics are given in mg/g dry weight, and their quantification
was done according to the most relevant standard.

2.4. Chemicals

The following standards were used to identify and quantify the phenolics: procyanidin
B1, quercetin-3-glucoside produced by Fluka Chemie GmbH (Buchs, Switzerland); (+)cat-
echin produced by Roth (Karlsruhe, Germany); 4-O-caffeoylquinic acid, neochlorogenic
acid (3-caffeoylquinic acid), quercetin-3-galactoside, quercetin-3-rhamnoside, juglone (5-
hydroxy-1,4-naphthoquinone), 1,4-naphthoquinone, gallic acid, (−)epicatechin produced
by Sigma-Aldrich Chemie GmbH (Steinheim, Germany); and quercetin-3-arabinofuranoside,
quercetin-3-arabinopyranoside, quercetin-3-xyloside produced by Apin Chemicals (Abing-
don, UK).

The acetonitrile and formic acid for the mobile phases were HPLC-MS grade produced
by Fluka Chemie GmbH (Buchs, Switzerland). The water used for all sample preparation,
solutions, and analyses was bi-distilled and purified using a Milli-Q water purification
system produced by (Millipore, Bedford, MA, USA).

2.5. Statistical Analysis

The data were collated using Microsoft Excel 2016, and analyzed using R commander.
Three repetitions of each methodology were performed, for each cultivar. The data are
expressed as means ± standard error (SE). One-way analysis of variance (ANOVA), with
Tukey’s tests, was used to determine significant differences between the data. To deter-
mine the significance of the differences, statistical means at a 95% confidence level were
calculated. The R commander hierarchical clustering (dendrogram) was used to determine
the grouping for flavanols and naphthoquinones, using Ward’s method based on Euclidian
distance.
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3. Results and Discussion
3.1. Identification of Individual Phenolics

Based on the existing literature and the use of standard compounds, a total of 26
phenolic compounds were tentatively identified. Of these 26 phenolics, 10 were identified
using standards. Fragmentation of both the standards and the addition of external stan-
dards were used to confirm their identities. The remaining 16 phenolics were tentatively
identified according to their pseudo molecular ions ([M-H]-) and their specific fragmenta-
tion patterns. The 26 phenolic compounds identified and the standards they are expressed,
as shown in Table 1.

Table 1. Tentative identification of 26 phenolic compounds from the husk of Juglans regia L., and the standard compounds
they are expressed as.

Phenolics Rt
(min)

[M − H]−
(m/z)

MS2
(m/z) Expressed as

neochlorogenic acid (3-caffeoylquinic acid) 9.36 353 191, 179, 135 neochlorogenic acid
procyanidin dimer 1 10.38 577 425, 407, 289 procyanidin B1
procyanidin dimer 2 11.47 577 425, 407, 289 procyanidin B1

3-p-coumaoylquinic acid 12.01 337 163, 191, 173 4-O-caffeoylquinic acid
(+) catechin 12.22 289 245, 205, 179 (+) catechin

dihydroxytetralone hexoside 13.04 339 159, 177 juglone
(−) epicatechin 14.53 289 245, 205, 179 (−) epicatechin

procyanidin dimer 3 15.53 577 425, 407, 289 procyanidin B1
hydrojuglone β-D-glucopyranoside 16.26 337 175 juglone

procyanidin dimer 4 16.89 577 425, 407, 289 procyanidin B1
hydrojuglone derivative pentoside 1 17.98 435 303, 285 juglone
hydrojuglone derivative pentoside 2 18.26 435 303, 285 juglone
dihydroxytetralone galloyl hexoside 19.06 491 271, 331 juglone

(epi)catechin derivative 20.17 441 289 (+) catechin
quercetin-3-galactoside 20.53 463 301 quercetin-3-galactoside

trihydroxytetralone galloyl hexoside 20.76 507 331, 271 juglone
hydrojuglone derivative pentoside 3 21.27 435 303, 285 juglone

quercetin-3-xyloside 21.56 433 301 quercetin-3-xyloside
quercetin-3-arabinopyranoside 21.73 433 301 quercetin-3-arabinopyranoside

gallic acid derivative 21.99 489 271, 313 gallic acid
quercetin-3-arabinofuranoside 22.21 433 301 quercetin-3-arabinofuranoside

quercetin-3-rhamnoside 22.43 447 301 quercetin-3-rhamnoside
1,4-naphthoquinone 28.21 173 111, 155, 129, 145 1,4-naphthoquinone

hydrojuglone 28.21 175 131, 147, 157, 115, 103 juglone
juglone (5-hydroxy-1,4-naphthoquinone) 29.99 189 161 juglone

juglanin B 31.37 327 312, 253 juglone

Rt, retention time; [M − H]–, pseudo-molecular ion identified in negative ion mode.

Most of the phenolic compounds were already identified in J. regia husk by Medic
et al. [16], except for juglanin B, which was previously identified in Juglans mandshurica by
Huo et al. [17], and tryhidroxytertalone galloyl hexoside and dihydroxytetralone galloyl
hexoside previously reported in J. mandshurica by Wang et al. [18]. These compounds are
reported here for the first time in the walnut J. regia. They were also quantified for the first
time in J. regia or any other Juglans genus.

3.2. Phenolic Groups in Response to Walnut Anthracnose Infection

Contrary to prediction and previous reports on scab in M. domestica [11], total analyzed
phenolic content (TAPC) was the highest in the outer margin of infected tissue (AI) and not
in the inner spot of infected tissue (S) in semi-susceptible cultivar ‘M10’ and the susceptible
cultivar ‘M10-37’, as can also be seen in the supplementary material (Table S1).

The resistant cultivar ‘Franquette’ showed little difference in TAPC content between S,
AI, and healthy tissue surrounding the infection (AH), but the content in these tissues was
greater than the TAPC content in healthy tissue (H), confirming the results of a previous
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study comparing healthy and infected husks in J. regia [12]. The lower TAPC content in
S compared to AI could be explained by the severe infection of cultivars ‘M10-37’ and
‘M10’, since the tissue had already started to die away, the phenolic compounds are thus
deteriorating with the rest of the tissue. The higher TAPC content in the tissues more
affected by walnut anthracnose confirmed that phenolics play a major role in the plant’s
response against pathogens, as mentioned earlier [9,19].

For some economically important pests and diseases of plants in general, it is reported
that a specific phenolic group of compounds is responsible for the plant’s response [9,11,12].
Flavanols, flavonols, and naphthoquinones represent more than 95% of the phenolic
compounds identified and quantified. The phenolic response of flavanols, flavonols, and
naphthoquinones can be seen in Figure 2.
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Figure 2. Contents of three major groups of phenolics identified in different severity of walnut anthracnose-affected tissues
of J. regia husk, between three cultivars: Susceptible ‘M10-37’, semi-susceptible ‘M10’ and least susceptible ‘Franquette’ (in
mg/g dry weight). S: inner spot of infected tissue; AI: outer margin of infected tissue; AH: healthy tissue surrounding the
infection; H: healthy tissue.

The difference between the cultivars can be clearly seen since the French cultivar
‘Franquette’ reacted differently to infection with walnut anthracnose than the Hungarian
cultivars ‘M10’ and ‘M10-37’. This could be due to the country of origin of the cultivars,
since it has previously been found that cultivars of the same origin produced similar levels
of phenolic compounds compared to cultivars of different origins [15], or due to the fact
that some cultivars react faster than others to the infection and contain the infection more
quickly before it spreads, while others react more slowly, so that the infection has already
spread and the infection is more difficult to control. This could also explain the higher
content of TAPC and naphthoquinones in AH compared to AI in ‘Franquette’, while the
highest content of TAPC and naphthoquinones in ‘M10’ and ‘M10-37’ is present in AI. Some
authors have linked the higher phenolic content, individual phenolic content, or an increase
of guaiacol peroxidase, L-phenylalanine ammonia-lyase, dihydroflavanol-4-reductase, and
flavanone 3-hydroxylase activity [9,11], to higher pathogen resistance. The resistance of
the cultivars may be due to the reaction time of the plant and the speed with which it
recognizes the pathogen and responds quickly to the infection by containing it while it has
not yet spread [9].
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Compared to the TAPC, flavanols, and naphthoquinones with which a difference was
spotted between the cultivars’ origin, the content of flavonols did not vary among the
cultivars. It can be seen from Figure 3 that naphthoquinones and flavanols have a very
similar response to walnut anthracnose infection, and that the response could be related to
the cultivar’s origin.
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Looking at flavonols, the highest content was observed in AH, and the lowest in S,
suggesting that flavonols could be involved in various defense mechanisms, and in earlier
stages compared to naphthoquinones and flavanols. Furthermore, flavonols may be the
key phenolic compounds in disease control, since they respond faster than flavanols, and
naphthoquinones to the infection, previously seen in scab in M. domestica [11]. Flavonols
may be the first defense mechanism of the plant for containing the disease, and naphtho-
quinones and flavanols only the second defense mechanism. We think that future studies
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on the speed of the plant’s response to infection with the pathogen are necessary, and if
the hypothesis proves to be correct, could be useful in the breeding of plants because it
would make the breeding process cheaper and faster, since the mechanisms of the plant’s
response could be observed in a very juvenile plant. In addition, flavonols have in recent
years been associated with many health-promoting properties, with antioxidant properties
in human health. However, recently, studies have focused on the flavonols antimicrobial,
antifungal, and antiviral potentials, producing interesting results in the control of viral
infections [20]. Particular attention was paid to flavanols since they displayed the ability
to inhibit SARS-CoV-2 3CLpro, a protease involved in the viral replication cycle [21,22].
Natural plant extracts containing polyphenols have proved to have antifungal and bacterial
activity and appear promising natural active substances to control plant diseases [23–25].
Similar inhibition of walnut anthracnose is observed in our study in AH tissues, suggesting
that flavonols may play an inhibitory role in the early stages of viral and bacterial infections.
Since microbial resistance to antibiotics is a major global public health problem [20], new
drugs derived from flavonols that exhibit inhibition against viral and bacterial infections
could be a much-needed innovation.

3.3. Individual Phenolic Compounds in Response to Walnut Anthracnose Infection

The reactions of the individual phenolic compounds are presented in the supplemen-
tary material and in Figure 4.
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It can be seen that the highest contents of individual phenolic compounds are found
in cultivars ‘M10’ and ‘M10-37’, with the exception of quercetin-3-galactoside, and try-
hidroxytetralone galloyl hexoside, which have the highest content in ‘Franquette’. The
content of individual flavonols was higher than previously reported in walnut husk in-
fected with Xanthomonas arboricola pv. juglandis bacteria [12], but similar to the content
of individual flavonols in a study of apples with varying severity of fruit infected with
apple scab [11]. Interestingly, the highest content of quercetin-3-galactoside was observed
in ‘Franquette’, suggesting that this could be a key flavonol in cultivar resistance, while
quercetin-3-xyloside, quercetin-3-arabinopyranoside, quercetin-3-arabinofuranoside, and
quercetin-3-rhamnoside had a higher content in cultivar ‘M10’. When comparing the resis-
tance of cultivars of the same origin, quercetin-3-xyloside, quercetin-3-arabinopyranoside,
quercetin-3-arabinofuranoside, and quercetin-3-rhamnoside were present in higher levels
in semi-susceptible cultivar ‘M10’ than in susceptible cultivar ‘M10-37’ against walnut
anthracnose, indicating that all quercetin glucosides play a major role in plant defense and
its resistance. However, the content of flavonols in healthy tissue does not indicate the
resistance of the cultivars, but rather the rapid and strong response of the cultivars in the
synthesis of flavonols, as shown in Figure 5.
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Juglone content was similar to that previously reported in walnut husk [13]. The
hydrojuglone β-D-glucopyranoside content was lower, and the juglone content was similar
to that reported in walnut leaves affected by walnut anthracnose [14]. In contrast to
individual flavonols, in which the highest content was observed in AH tissue, the highest
contents of individual naphthoquinones were observed in either infected tissue (S or AI) as
previously reported in walnut leaves infected with walnut anthracnose [14]. The same can
be observed when looking at flavanols, as seen in Figure 6.
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(in mg/g dry weight). S: inner spot of infected tissue; AI: outer margin of infected tissue; AH: healthy tissue surrounding
the infection; H: healthy tissue.

Once again, the content of naphthoquinones or flavanols in healthy tissue was shown
to have no effect on the resistance of cultivars. Interestingly, the newly quantified naph-
thoquinone juglanin B showed the highest response to infection, with the highest content
in the more infected tissues, which was observed in all cultivars. The reaction of individ-
ual flavanols was similar to that previously reported in walnut husk after infection with
Xanthomonas arboricola pv. juglandis bacteria [12]. The highest content of individual naph-
thoquinones and flavanols in S and AI may indicate that individual naphthoquinones and
flavanols take more time to be synthesized or that they are the second defense mechanism
when flavonols do not stop the infection. The reaction is probably the result of higher
enzymatic activity, since it induces additional production and accumulation of phenolic
compounds that may prevent the bacteria from spreading from infected cells into healthy
cells, thus limiting infection [11,12].

4. Conclusions

A total of 26 phenolic compounds were tentatively identified and quantified, with
flavanols, flavonols, and naphthoquinones accounting for more than 95% of the phenolic
compounds. Juglanin B, tryhidroxytertalone galloyl hexoside, and dihydroxytetralone
galloyl hexoside, previously reported in J. mandshurica, are reported here for the first
time in the husk of J. regia. They were also quantified for the first time in J. regia or
any other Juglans genus. The higher TAPC content in tissues more affected by walnut
anthracnose confirmed that phenolics play a major role in the plant’s response against
pathogens. A difference between cultivars was observed, since French cultivar ‘Franquette’
responded differently to walnut anthracnose infection than Hungarian cultivars ‘M10’
and ‘M10-37’. Naphthoquinones and flavanols have very similar responses to walnut
anthracnose infection. Compared to TAPC, flavanols, and naphthoquinones, with which a
difference was found between the cultivars of different origin, the content of flavonols did
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not vary between cultivars. Flavonols may be the most important phenolic compounds
in disease control because they respond more rapidly to infection than flavanols and
naphthoquinones, which has been previously observed with apple scab [11]. Flavonols may
play an inhibitory role in the early stages of viral and bacterial infections. Since microbial
resistance to antibiotics is a major global public health problem [20], new flavonol-derived
drugs that exhibit inhibition against viral and bacterial infections could be a much-needed
innovation. The highest content of quercetin-3-galactoside was observed in ‘Franquette’,
suggesting that this may be a key flavonol in cultivar resistance. All quercetin glucosides
play a major role in plant defense and its resistance. However, the content of flavonols
in healthy tissues does not indicate cultivar resistance, but rather the reaction time of the
plant and the speed with which it recognizes the pathogen and responds quickly to the
infection by containing it while it has not yet spread. Among the naphthoquinones, the
newly quantified juglanin B showed the highest response to walnut infection. Overall, it
may be that naphthoquinones and flavanols either require more time to be synthesized
or are the second defense mechanism when flavonols fail to stop the infection. These
results not only enrich our understanding of phenolic response and resistance to walnut
anthracnose, but also lay the foundation for future breeding of resistant walnut cultivars.
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.3390/agriculture11070659/s1. Table S1: Comparison of individual phenolic compounds in the husk
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mg/g dry weight).
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