
Journal of King Saud University – Science 34 (2022) 101890
Contents lists available at ScienceDirect

Journal of King Saud University – Science

journal homepage: www.sciencedirect .com
Original article
Identification and quantification of major phenolic constituents in
Juglans regia L. leaves: healthy vs. infected leaves with Xanthomonas
campestris pv. juglandis using HPLC-MS/MS
https://doi.org/10.1016/j.jksus.2022.101890
1018-3647/� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail addresses: aljaz.medic@bf.uni-lj.si (A. Medic), jerneja.jakopic@bf.uni-lj.si

(J. Jakopic), metka.hudina@bf.uni-lj.si (M. Hudina), anita.solar@bf.uni-lj.si (A. Solar),
robert.veberic@bf.uni-lj.si (R. Veberic).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Aljaz Medic ⇑, Jerneja Jakopic, Metka Hudina, Anita Solar, Robert Veberic
Department of Agronomy, Biotechnical Faculty, University of Ljubljana, Jamnikarjeva 101, SI-1000 Ljubljana, Slovenia

a r t i c l e i n f o
Article history:
Received 9 February 2021
Revised 20 December 2021
Accepted 2 February 2022
Available online 5 February 2022

Keywords:
Hydrojuglone
Juglone
Naphthoquinones
Phenolic compounds
Xanthomonas campestris pv. Juglandis
1,4-Naphthoquinone
a b s t r a c t

The present study was designed to characterise and quantify the major phenolic constituents in healthy
leaves and leaves infected with Xanthomonas campestris pv. juglandis. A comparison among six different
cultivars: ’Fernor’, ’Fernette’, ’Franquette’, ’Rubina’, ’Sava’ and ’Krka’, with the same agricultural, geo-
graphical and climatic conditions, was made. Liquid chromatography coupled with a mass spectrometer
(HPLC-MS/MS) was used to identify and quantify the compounds. A total of 52 compounds were identi-
fied based on mass spectra and literature. Among them, 15 hydroxycinnamic acids, 6 flavanols, 2 fla-
vones, 22 flavonols and 7 naphthoquinones were identified. Two flavones and three naphthoquinones
were reported for the first time in J. regia leaves. In addition, two naphthoquinones, which are reported
to play an active role in the process of juglone formation, were confirmed in all six cultivars. In the pro-
cess of MS fragmentation, compounds were fragmented up to MS6 fragments and in some cases both MS2

fragments were further fragmented, providing comprehensive data. Total analysed phenolic content
(TAPC) and total phenolic content (TPC) concentrations were higher in infected leaves, suggesting that
phenols play a major role in plant defence. In the case of walnut bacterial blight, the contents of flavanols
and total hydroxycinnamic acids were higher in infected leaves in all cultivars, suggesting that they could
play a key role in a plant’s response to this economically important disease.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Persian walnut (Juglans regia L.) is a deciduous tree, one of 64
species that belong to the genus Juglans (Juglandaceae). It is con-
sidered to be a valuable botanical source of nutrients and bioactive
molecules (Forino et al., 2016). It is native to Central Asia, Anatolia,
the northern parts of Iran and the Himalayas, and has been intro-
duced all over the world, where it is used by numerous cultures
both as food and medicine (Schwindl et al., 2017). Nowadays wal-
nut is extensively cultivated in Europe, North and South America,
Asia and, to a limited extent, in New Zealand, Australia and North
Africa. Related species include the black walnut (J. nigra, J. hindsii, J.
major), the butternut (J. cinerea), pecan and hickory (Carya spp.)
and wingnuts (Pterocarya spp.) (Leslie and McGranahan, 1992).

Phenols are secondary metabolites that occur in abundance in
all plant material. They are involved in physiological processes of
tree growth as well as the pre- and post-harvest life of fruit. They
are an important factor in a plant’s defence against various types of
stress caused by environmental conditions or pathogens. In J. regia,
naphthoquinones and flavonoids are considered to be the major
phenolic compounds (Solar et al., 2006).

Naphthoquinones occur in about 20 plant families. They are
derived from the shikimic acid and o-succinoylbenzoic acid biosyn-
thetic pathway. Among the naphthoquinones, juglone (5-hydroxy-
1,4-naphthoquinone) is of great interest due to its chemical reac-
tivity (Duroux et al., 1998). Juglone is a characteristic compound
of the Juglans genus, which is reported to occur in fresh walnut
leaves (Cosmulescu et al., 2011; Gîrzu et al., 1998), roots
(Cosmulescu et al., 2011), husks (Cosmulescu et al., 2011;
Stampar et al., 2006) and the inner root bark (Cosmulescu et al.,
2011; Hedin et al., 1979). Juglone is an important phenolic com-
pound of walnuts, known for its microbial effect and antitumor
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effect studied in rats (Sugie et al., 1998). Studies have shown that
juglone can penetrate the plasma membrane and induce depolari-
sation by blocking the K+ channels. It has therefore been proposed
that juglone and other naphthoquinones act as protective com-
pounds against microorganisms, and possibly as plant growth reg-
ulators. Metabolic studies have shown that juglone formation is
the result of 1,4,5-trihydroxynaphthalene and that it may also
occur as a glucoside: hydrojuglone b-D-glucopyranoside (HJG)
(Duroux et al., 1998). Juglone in combination with some other phe-
nols may be involved as a defence mechanism against walnut bac-
terial blight (Xanthomonas campestris pv. juglandis) (Solar et al.,
2005; Solar et al., 2012).

Walnut bacterial blight is the most important disease in wal-
nuts (Mikulic-Petkovsek et al., 2011). The symptoms of walnut
bacterial blight on leaves begin as small water-soaked spots that
can expand to form angular necrotic lesions of 2 to 4 mm diameter,
typically extending along the veins as the disease progresses. The
disease limits walnut production worldwide and can affect all suc-
culent tissues (Woeste et al., 1992).

The incidence and severity of bacterial blight in different culti-
vars during their development could be better understood by gain-
ing insights into the physiological response to infection by
Xanthomonas campestris pv. juglandis (Mikulic-Petkovsek et al.,
2011). Resistance to bacterial blight may be related to a specific
phenolic compound or group of compounds, as reported for some
economically important pests and plant diseases in general
(Mikulic-Petkovsek et al., 2008; Treutter and Feucht, 1990). In sev-
eral cases, phenolic compounds are toxic to pathogens, since many
of them, especially flavanols and hydroxycinnamic acids, act as
barriers against herbivores or microbial pathogens. In response to
the pathogen attack, both the content and the composition of
polyphenols can change and thus play an active role in inducing
resistance to pathogens (Treutter, 2005).

To the best of our knowledge, the mechanisms of plant response
to infection are poorly understood and should be further investi-
gated, since the use of pesticides is inefficient and undesirable.
The aim of our study was to investigate the phenolic content in
both healthy and infected leaves of walnut in order to identify
the plant response of the different cultivars. A total of 6 different
walnut cultivars were investigated, 3 cultivars that are worldwide
spread: ’Fernor’, ’Fernette’, ’Franquette’, and 3 Slovenian cultivars
with great potential: ’Rubina’, ’Sava’ and ’Krka’, all with the same
agricultural, geographical and climatic conditions. Based on previ-
ous work, we expected that the infected tissue would have a higher
total phenolic content, as well as a higher content of certain pheno-
lic compounds compared to healthy tissue, 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 the infection, individual groups and individual phenols
were also studied. Individual phenols provided insight for further
understanding which individual phenols could be the most impor-
tant in the plant response to infection by walnut bacterial blight.
Our study demonstrated that an in-depth study of individual phe-
nols is needed, as well as including more different cultivars when
studying the plant response, so that correct and firm conclusions
can be drawn.
2. Materials and methods

2.1. Chemicals

The following standards were used to determine the chemical
compounds: apigenin 7-glucoside, kaempferol-3-glucoside, pro-
cyanidin B1, quercetin-3-O-glucoside, quercetin-3-rhamnoside,
ferulic acid, p-coumaric acid from Fluka Chemie GmbH (Buchs,
2

Switzerland), (+)-catechin from Roth (Karlsruhe, Germany), 4-O-
caffeoylquinic acid, chlorogenic acid (trans-5-caffeoylquinic acid),
neochlorogenic acid (3-caffeoylquinic acid), quercetin-3-O-
galactoside, quercetin-3-O-rhamnoside, juglone (5-hydroxy-1,4-
naphthoquinone), 1,4-naphthoquinone, caffeic acid, galic acid,
(�)-epicatechin from Sigma–Aldrich Chemie GmbH (Steinheim,
Germany), myricetin-3-O-rhamnoside, quercetin-3-
arabinofuranoside, quercetin-3-arabinopyranoside, quercetin-3-
O-xyloside from Apin Chemicals (Abingdon, UK).

The water used in sample preparation, solutions and analyses
was bi-distilled and purified with a Milli-Q water purification sys-
tem by Millipore (Bedford, MA, USA). The chemicals for the mobile
phases were HPLC–MS grade acetonitrile, absolute methanol and
formic acid (Sigma-Aldrich, Steinheim, Germany).

2.2. Plant material

Walnut samples of healthy leaves and leaves infected with Xan-
thomonas campestris pv. juglandis were obtained from six walnut
cultivars: ’Fernor’, ’Fernette’, ’Franquette’, ’Rubina’, ’Sava’ and
’Krka’. This study follows a study conducted on the same six culti-
vars investigating the phenolic composition of peeled walnut ker-
nels and walnut pellicles by Medic et al., 2021. All samples were
collected on 23th September 2019, the phase of a fully developed
leaf, in the same orchard in Slovenia, Maribor (46�3400100 N;
15�3705100 E; 275 m a.s.l.) on 24-year-old trees with a planting den-
sity of 10 � 10 m, with the same agronomical management, soil
and climate. Standard phytosanitary treatments were applied for
walnut husk fly (Rhagoletis completa). The visual assessment of
Xanthomonas campestris pv. juglandis was between 7.0 and 8.0
(low infection) for all varieties, on a 9 scale table (1.0–2.5 very
strongly expressed symptoms of the infection; 3.0–4.5 strongly
expressed symptoms; 5.0–6.0 medium infection; 7.0–8.0 weak
infection; 8.5–9.0 no signs of infection) (Solar, 2019; Donik-
Purgaj et al., 2020). The samples were collected from the middle
third of the branches on the east side of the tree, put in plastic bags
and immediately frozen at –20 �C. The samples were then trans-
ported to the laboratory of the Biotechnical Faculty, Department
of Agronomy in Ljubljana, Slovenia, where they were liofilised
and ground into a powder for further analysis.

2.3. Extraction of phenolic compounds

Phenolic compounds were extracted according to the protocol
described by Mikulic-Petkovsek et al. (2013) with minor modifica-
tions. Samples were ground with liquid nitrogen. Briefly, 0.25 g of
leaves were extracted with absolute methanol. The extracts ratio of
leaves was 1:30 (w/v) tissue:methanol ratio. Following 15 s stirring
in a vortex mixer, the samples were further extracted for 60 min in
an ultrasonic bath (Sonis 4, Iskra Pio, Sentjernej, Slovenia) filled
with ice. The samples were then placed in a centrifuge (Eppendorf
Centrifuge 5810 R, Hamburg, Germany) for 10 min at 10,000 rpm
at 4 �C, filtered through polyamide 0.2 mm Chromafil AO-20/25
produced by Macherey-Nagel (Düren, Germany), transferred to a
vial and stored at –20 �C until further analysis.

2.4. HPLC–MS analysis of individual phenolic compounds

The phenolic compounds were analysed on a Thermo Finnigan
Surveyor Dionex UltiMate 3000 Series UHPLC (San Jose, USA) with
a diode array detector set at 280 nm (for hydroxycinnamic acids,
flavanols and naphthoquinones) and 350 nm (for flavones and fla-
vonols). The conditions were as previously described by Medic
et al. (2021).

Identification of phenolic compounds was done using a mass
spectrometer (Thermo Scientific LCQ Deca XP MAX) with heated
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electrospray ionisation (HESI) operating in negative ion mode. The
HESI parameters were as previously described by Medic et al.
(2021). Compounds were fragmented and external standards were
used for identification and quantification of known compounds, lit-
erature data and MS fragmentation were used for identification for
unknown compounds, and quantified on a similar standard. The
content of individual phenolic compounds was expressed in mg
100 g�1 dry weight (DW). Total analysed phenolic content (TAPC)
represents the sum of all identified compounds and was expressed
in mg g�1 dry weight (DW).

Compounds for which standards were not obtained were
expressed as follows: p-coumaric acid derivatives and hexosides
in mg of p-coumaric acid equivalents 100 g�1 DW, 3-p-
coumaroylquinnic acid in mg of 4-O-caffeoylquinic acid equiva-
lents 100 g�1 DW, ferulic acid hexoside in mg of ferulic acid equiv-
alents 100 g�1 DW, caffeic acid hexoside derivative in mg of caffeic
acid equivalents 100 g�1 DW, procyanidin dimers in mg of pro-
cyanidin B1 equivalents 100 g�1 DW, santin and 5,7-dihydroxy-3,
4-dimetoxyflavone in mg of apigenin-7-glucoside equivalents
100 g�1 DW, myricetin glycosides in mg of myricetin-3-O-
rhamnoside equivalents 100 g�1 DW, the remaining quercetin gly-
cosides and quercetin in mg of quercetin-3-O-glucoside equiva-
lents 100 g�1 DW, kaempferol glycosides in mg of kaempferol-3-
glucoside equivalents 100 g�1 DW and the remaining naphtho-
quinones in mg of juglone (5-hydroxy-1,4-naphthoquinone) equiv-
alents 100 g�1 DW.

2.5. Analysis of total phenols

The extraction of walnut samples for determination of total
phenols was carried out according to the same protocol as for indi-
vidual phenols. An UV/Vis spectrometer Lambda Bio 20 produced
by Perkin Elmer (Waltham, USA) was used to determine the TPC
(total phenolic content). The TPC of extracts was assessed by the
Folin–Ciocalteau phenol reagent method (Singleton et al., 1999)
to the protocol described by Medic et al. (2021). The total phenolic
content was expressed as gallic acid equivalents (GAE) in mil-
ligrams per 100 g�1 of walnut. Absorptions were measured in four
replications.

2.6. Statistical analysis

Data was arranged in Microsoft Excel 2016 and statistically
analysed with R commander. Four samples of leaves and leaves
affected with Xanthomonas campestris pv. Juglandis were assayed
and four repetitions of each methodology were performed. The
results were expressed as mean values with standard error (SE).
For the determination of statistical differences between data,
two-way variance analysis (ANOVA) was used, except when com-
paring healthy leaves and leaves infected with Xanthomonas cam-
pestris pv. juglandis within a particular cultivar, for which one-
way variance analysis (ANOVA) with the Tukey-test was per-
formed. The statistical means at 95% confidence level were calcu-
lated. Hierarchical clustering (dendrogram) was used to
determine the grouping for total phenolic content (TPC), using R
commander, using Ward’s method based on Euclidian distance.
Data in tables shows average values with standard errors and sta-
tistical differences.
3. Results

3.1. Identification of phenolic compounds

A total of 52 phenolic compounds were identified in leaves of J.
regia based on the existing literature and standards. Table 1 shows
3

the molecular and fragment ions used to confirm the chemical
structure. Of 52 compounds, 14 were identified using standards,
with both fragmentation of the standards and the addition of an
external standard to confirm the identity of the compound with
certainty. The remaining 38 compounds were tentatively identified
according to pseudomolecular ions ([M�H]�) and the specific frag-
mentation pattern (MS2, MS3, MS4, MS5 and MS6). For both healthy
and infected leaves, it was possible to identify 52 phenolic com-
pounds: 15 hydroxycinnamic acids, 6 flavanols, 2 flavones, 22 fla-
vonols and 7 naphthoquinones. The chromatograms of the
identified compounds can also be found in the supplementary
material.
3.2. Phenolic composition of healthy and infected leaves

Both total analysed phenols (TAPC) and total phenolic content
(TPC) were higher in leaves infected with bacterial blight, as shown
in Table 2. The difference is clearly demonstrated in Fig. 1, in which
a dendrogram between TPC of healthy and infected leaves was
made between cultivars. In terms of the general profile of healthy
and infected leaves, both were mainly composed of naphtho-
quinones, followed by flavanols and flavonols, as shown in Table 2.
A difference in all cultivars between phenolic groups in infected
and healthy leaves can only be seen for flavanols and hydroxycin-
namic acids. The content of flavanols in infected leaves increased
up to 7.5 times, depending on the cultivar, and the content of
hydroxycinnamic acids up to 4 times. The biggest difference
between healthy and infected leaves can be seen in ’Franquette’,
since the initial content was the lowest, as can be seen in Fig. 2
(C). Looking at Fig. 2 (A) or Table 3, it is clear that all individual fla-
vanol contents increased after infection, not only the total flavanol
content. For hydroxycinnamic acids, the total content in the leaves
increased significantly, but not all individual hydroxycinnamic
acids increased in infected leaves, as shown in Table 3. While
neochlorogenic acid, 3-p-coumaoylquinic acid, ferulic acid, deriva-
tive p-coumaric acid, p-coumaric acid hexoside 3 and p-coumaric
acid hexoside 4 are higher in infected leaves than in healthy ones
in all studied cultivars, the remaining nine compounds did not
respond evenly among cultivars.

As demonstrated in Fig. 2 (C), the content of total analysed phe-
nolics varied among different cultivars. A comparison of different
cultivars was carried out to demonstrate the difference in total
analysed phenolic content, as well as showing the representation
of different phenolic groups, for each cultivar in healthy leaves.
As can be clearly seen, ’Fernette’ and ’Fernor’ had the highest phe-
nolic content and ’Franquette’ and ’Sava’ the lowest. The largest
increase in TAPC in infected leaves was expected and therefore
confirmed, with TAPC increasing by 355% for ’Franquette’ and
231% for ’Sava’, but only 128% for ’Fernette’ and 143% for ’Fernor’.
4. Discussion

In relation to naphthoquinones identified in J. regia, dihydrox-
ytetralone hexoside was identifieded by a fragmentation ion at
m/z 159 ([M�H]� – H2O �180), as reported in J. regia leaves
(Vieira et al., 2019) and previously reported as an unknown com-
pound (Gawlik-Dziki et al., 2014) Juglone was identified with the
help of a standard at m/z 189, which yielded an MS2 fragment of
m/z 161 and an MS3 fragment of m/z 117, 133. Hydrojuglone b-
D-glucopyranoside was identified, since fragmentation yielded an
ion at m/z 175, revealing the loss of a hexosyl moiety (�162)
(Duroux et al., 1998) and, as reported by Ellendorff et al. (2015)
as hydrojuglon glucoside, the fragment of MS3 m/z corresponds
exactly to the predicted LC – MS spectrum in a negative scan from
the The Human Metabolome Database (HMDB), which yielded



Table 1
Tentative identification for the fifty-two identified phenolic compounds from the leaves of Juglans regia L.

Phenolics Rt
(min)

[M�H]�

(m/z)
MS2 (m/z) MS3 (m/z) MS4 (m/z) MS5 (m/z) MS6

(m/z)

Hydroxycinnamic acids
neochlorogenic acid (3-caffeoylquinic acid) 9,82 353 191, 179, 135
3-p-coumaoylquinic acid 12,45 337 163, 191, 173
p-coumaric acid hexoside 1 12,55 325 163, 145, 187, 119 119
chlorogenic acid (trans-5-caffeoylquinnic

acid)
13,4 353 173, 179, 191, 135

p-coumaric acid hexoside derivate 1 13,4 487 307 145, 163, 235, 217, 173
p-coumaric acid hexoside 2 13,4 325 235 163, 191, 161
ferulic acid hexoside 14,4 355 175, 193, 161
derivate p-coumaric acid 14,51 443 163, 145, 119
p-coumaric acid hexoside 3 14,51 325 235 163, 191, 161
caffeic acid hexoside derivate 24,83 517 341, 371, 281, 209, 251 251, 281, 179, 221 179, 135
p-coumaric acid hexoside derivate 2 25,31 471 307 145, 163, 187, 247, 205, 119
p-coumaric acid hexoside derivate 3 26,33 485 325 235 163, 217, 119
p-coumaric acid hexoside derivate 4 28,22 501 325 235 163, 217, 119
p-coumaric acid hexoside derivate 5 28,22 485 325 235 163, 217, 119
p-coumaric acid hexoside 4 29,58 325 235 163, 191, 119

Flavanols
procyanidin dimer 1 10,47 577 425, 407, 289
procyanidin dimer 2 11,52 557 425, 407, 289
(+) catechin 12,45 289 245, 205, 179
(-) epicatechin 14,58 289 245, 205, 179
procyanidin dimer 3 15,01 557 425, 407, 289
procyanidin dimer 4 17,15 557 425, 407, 289

Flavones
Santin 32,27 343 328 285, 312
5,7-dihydroxy-3,4-dimetoxyflavone 32,41 313 298 298

Flavonols
Myrmicetin hexoside 1 18,1 479 316
Myrmicetin pentoside 19,11 449 317 179, 151, 191
Myrmicetin-3-rhamnoside 20,25 463 316 271, 179, 151
Myrmicetin pentoside 20,25 449 317 179, 151, 191
Quercetin-3-galactoside 20,57 463 301 179, 151

300 271, 255 243, 227, 215
Quercetin-3-glucoside 20,75 463 301 179, 151
Quercetin-3-xyloside 21,61 433 301 179, 151
Kaempferol-3-galactoside 21,93 447 284 255, 227, 151

285 257, 267, 241, 229, 151, 163
Quercetin-3-arabinopyranoside 21,93 433 301 179, 151
Quercetin-3-arabinofuranoside 22,34 433 301 179, 151
Kaempferol-3-glucoside 22,34 447 284 255, 227, 151

285 257, 267, 241, 229, 151, 163
Quercetin-3-rhamnoside 22,53 447 301 179, 151
Kaempferol pentoside 1 23,15 417 284 255, 227
Kaempferol pentoside 2 23,45 417 284 255, 227

285
Kaempferol derivate 23,45 477 284 255, 227

285 257, 267, 241, 229, 151, 163
Kaempferol pentoside 3 24,01 417 285, 284 255, 227
Kaempferol rhamnoside 24,28 431 285 257, 267, 229, 163
Quercetin derivate 25,31 475 300, 415, 179, 301 271, 255 243, 227, 215

300, 415, 179, 301 179, 151
Quercetin-3-rhamnosyl hexoside 26,1 609 463 301 179, 151
Quercetin dirhamnoside 28,13 593 301, 300, 271, 445, 179 179, 151
Quercetin 29,44 301 179, 151, 257
Kaempferol-3-rutinoside 30,22 593 285, 447, 284 257, 151, 241, 229, 267, 163 229, 163, 213 185, 201

285, 447, 284 255, 227, 265

Naphthoquinones
dihydroxytetralone hexoside 12,55 339 159, 177, 179, 161, 144 116
hydrojuglone b-D-glucopyranoside 16,52 337 175 131, 157, 103, 147, 115 103

131, 157, 103, 147, 115 129, 101, 147, 131
hydrojuglone derivate pentoside 21,4 435 303 285 241, 175, 161 213, 199, 197

241, 175, 161 157, 147, 129 129, 147
1,4-naphthoquinone 28,13 173 111, 155, 129, 145
hydrojuglone 28,13 175 131, 147, 157, 115, 103
hydrojuglone rutinoside 29,58 483 175 131, 157, 103, 147, 115
juglone (5-Hydroxy-1,4-naphthoquinone) 30,22 189 161 117, 133
Satin 32,27 343 328 285, 312
5,7-dihydroxy-3,4-dimetoxyflavone 32,41 313 298 298

The bolded numbers represent the fragments that were further fragmented.
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Table 2
Comparison of phenolic compound groups in healthy and leaves infected with walnut bacterial blight of Juglans regia L. (mean ± SE, in mg g�1 dry weight). TPC is in mg of gallic
acid equivalents g�1 dry weight.

Phenolics Fernor Fernor xan. Fernette Fernette xan. Franquette Franquette xan.

Total Hydroxycinnamic acids 14.7 ± 0.7 a 26.2 ± 0.6 b 21.1 ± 0.6 a 30.2 ± 0.7 b 8.9 ± 0.4 a 33.7 ± 1.1 b
Total Flavanols 53.1 ± 3.2 a 154.2 ± 3.1 b 66.4 ± 1.2 a 176.1 ± 6.6 b 22.3 ± 1.1 a 165.7 ± 4.2 b
Total Flavonols 27.2 ± 1.4 a 39.8 ± 1.1 b 32.0 ± 1.4 a 40.0 ± 1.3 b 16.7 ± 0.2 a 54.3 ± 2.2 b
Total Flavones 1.6 ± 0.2 a 2.2 ± 0.1 b 0.9 ± 0.1 a 0.8 ± 0.0 a 1.3 ± 0.1 b 0.8 ± 0.1 a
Total Naphthoquinones 173.2 ± 4.7 a 164.5 ± 2.7 a 257.4 ± 7.7 b 235.7 ± 4.0 a 86.1 ± 4.6 a 224.4 ± 5.4 b
Total Analysed Phenols (TAPC) 269.7 ± 9.4 a 386.9 ± 3.2 b 377.8 ± 7.2 a 482.7 ± 10.9 b 135.2 ± 5.5 a 479.90 ± 11.9 b
Total Phenols (TPC) 48.8 ± 2.4 a 91.7 ± 1.6 b 56.4 ± 1.0 a 95.2 ± 2.9 b 30.5 ± 0.6 a 85.8 ± 4.5 b

Sava Sava xan. Krka Krka xan. Rubina Rubina xan.
Total Hydroxycinnamic acids 9.6 ± 0.1 a 22.7 ± 0.2 b 11.8 ± 0.1 a 20.8 ± 0.1 b 26.8 ± 1.3 a 33.5 ± 0.9 b
Total Flavanols 27.3 ± 1.3 a 147.4 ± 4.6 b 39.7 ± 1.2 a 131.2 ± 0.8 b 34.4 ± 1.7 a 209.4 ± 9.8 b
Total Flavonols 26.1 ± 0.7 a 43.1 ± 1.3 b 21.7 ± 0.4 a 36.8 ± 0.4 b 39.8 ± 0.6 a 37.6 ± 1.0 a
Total Flavones 0.7 ± 0.1 a 1.1 ± 0.3 a 1.0 ± 0.2 b 0.5 ± 0.0 a 2.6 ± 0.2 a 2.3 ± 0.1 a
Total Naphthoquinones 109.8 ± 3.0 a 187.0 ± 5.0 b 147.9 ± 4.0 a 191.0 ± 4.6 b 136.1 ± 2.5 a 197.1 ± 5.1 b
Total Analysed Phenols (TAPC) 173.4 ± 4.5 a 401.3 ± 8.4 b 222.1 ± 4.5 a 380.2 ± 5.7 b 239.7 ± 4.2 a 479.9 ± 15.2 b
Total Phenols (TPC) 35.8 ± 2.2 a 72.6 ± 1.1 b 42.8 ± 1.0 a 88.8 ± 4.5 b 54.3 ± 2.2 a 108.1 ± 2.9 b

Mean values followed by the same letter within a cultivar do not differ significantly at p < 0.05.

Fig. 1. Dendrogram depiciting the grouping of healthy and infected leaves with
walnut bacterial blight of six cultivars, using Ward‘s method (squared Euclidean
distance) based on total phenolic compounds. The data is standardised (m = 0,
r = 1).
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fragment ions at m/z 131, 157, 103, 115. To the best of our knowl-
edge, hydrojuglon, hydrojuglon rutinoside and the hydrojuglon
derivative pentoside have never been detected in J. regia or any
other Juglans genus, whether in leaves or in other plant tissue. They
yielded distinct fragment ions at m/z 131, 157, 103, 147, 115, as
seen in the fragmentation of hydrojuglon b-D-glucopyranoside.
1,4-naphthoquinone was identified with the help of a standard at
m/z 173, which yielded an MS2 fragment at m/z 111, 155, 129,
145 that was previously reported as juglone in Juglans mandshurica
(Huo et al., 2018)

Flavonols included three groups of compounds: myricetin,
quercetin and kaempferol glycosides. Myricetin glycosides were
determined with the fragmentation pattern of MS2 ions m/z 316,
317 and MS3 ions m/z 179, 191. Quercetin glycosides showed a
clear fragmentation pattern of MS2 m/z 301 and MS3 m/z 179,
151 and kaempferol glycosides showed a fragmentation pattern
of MS2 m/z 284, 285 and MS3 m/z 255, 227, as reported by
Santos et al. (2013) and Vieira et al. (2019). In addition to the stan-
dard and compounds of kaempferol glycosides, the second most
abundant fragment ion MS2 (m/z 285) (Ming-Zhi et al., 2015),
was further fragmented and produced a fragment ion pattern of
5

MS3 m/z 257, 267, 241, 229, 163, 151 for further confirmation of
the compounds, as well as easier determination of kaempferol
derivatives, of which the fragment ion m/z 285 was in abundance.
The same was done with quercetin glycosides, for which, in the
majority of cases, the less abundant fragment ion MS2 (m/z 300)
(Ming-Zhi et al., 2015) produced ion fragments MS3 m/z 271, 255
and MS4 m/z 243, 227, 215 for further confirmation of the com-
pounds, as well as easier determination of quercetin derivatives,
of which the fragment ion m/z 300 was in abundance. A fragmen-
tation pattern with loss of hexosyl (�162), pentosyl (�132) and
rhamnosyl (�146) residues was observed, as reported by Vieira
et al. (2019). The majority of compounds have been previously
reported (Saldanha et al., 2013; Santos et al. 2013; Vieira et al.,
2019).

Flavones included two compounds, santin and 5,7-dihydroxy-
3,4-dimetoxyflavone, which were determined with the fragmenta-
tion pattern according to Yan et al. (2019). Both compounds have
been reported in flowers (Yan et al., 2019) of J. regia, and now for
the first time also in leaves of J. regia.

Flavanols included four different procyanidin dimers, with a
characteristic fragmentation of MS m/z 577, MS2 m/z 425, 407,
289 (Li et al., 2012; Ortega et al., 2010; Vu et al., 2018; Yan et al.,
2019), as well as (+)-catechin and (�)-epicatechin. (+)-Catechin
and (�)-epicatechin were determined by fragmentation, in addi-
tion to an external standard that produced fragment ions m/z
245, 205, 179 for both (+)-catechin and (�)-epicatechin, suggesting
that standards are required in the determination of either of these
compounds because they do not discriminate between their frag-
mentation patterns.

Hydroxycinnamic acids included fifteen compounds.
Neochlorogenic acid (3-caffeoylquinic acid) and chlorogenic acid
(trans-5-caffeoylquinic acid) were determined with the help of
the fragmentation, in addition to an external standard. 3-p-
cumaroylquinic acid was determined with the help of fragmenta-
tion MS m/z 337, MS2 m/z 163, 191, 173, as reported by Liu et al.
(2019), Senica et al. (2016) and Vieira et al. (2019). P-coumaric acid
derivatives and hexosides were determined using the p-coumaric
acid fragmentation pattern since, after being broken down, the
compounds produced the ions m/z 163, 119, as reported by Liu
et al. (2019), Vieira et al. (2019) and Vu et al. (2018). [M�H]� at
m/z 355 and [M�H]� at m/z 517 were tentatively identified as fer-
ulic acid hexoside and caffeic acid hexoside derivative, based on
the MS2 m/z at 193 (ferulic acid - H) and MS3 m/z at 179 (caffeic
acid - H), as reported by Vieira et al. (2019).

As predicted, the TAPC and TPC contents were higher in infected
leaves as presented in Fig. 1. In Fig. 1 two clusters have formed, the



Fig. 2. Comparison between the phenolic content of healthy and leaves infected with Xanthomonas campestris pv. Juglandis. A: Comparison of individual and total flavanols of
healthy and infected leaves between cultivars (in mg g�1 dry weight). B: Comparison of individual and total flavonols of healthy and infected leaves between cultivars (in mg
g�1 dry weight). C: Comparison of phenolic groups of healthy leaves between varieties (in mg g�1 dry weight).
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first containing all the infected leaves (Xanthomonas campestris pv.
juglandis) and the second all the healthy leaves. This shows us that
there is a difference between healthy and infected leaves and that
phenolic compounds vary between infected and healthy leaves,
suggesting that they play a key role in plant defence and also show-
ing that phenols play a major role in the plant’s response against
pathogens (Solar et al., 2005; Treutter, 2005). Fig. 1 clearly shows
that the total phenolic content in the infected leaves increased in
all cultivars, irrespective of the cultivar. The difference in total phe-
nolic compounds between infected and healthy cultivars was
attributed to the high phenolic response of the plant to the patho-
gen attack. For some economically important pests and diseases
6

of plants in general, it is reported that a specific phenolic group of
compounds is responsible for the plant’s response (Mikulic-
Petkovsek et al., 2008; Treutter and Feucht, 1990). In our case, the
contents of flavanols and total hydroxycinnamic acids were higher
in infected than in healthy leaves, as predicted and in agreement
with Treutter (2005). Flavanols and hydroxycinnamic acids may
therefore play a key role in induced resistance to walnut bacterial
blight and in the biochemical process of the walnut’s response to
this economically important disease. Fig. 2 (A) shows both the over-
all and individual reactions of flavanols to walnut bacterial blight in
all cultivars, thus supporting the previous statement. Further inves-
tigation of individual flavanols revealed that all analysed individual



Table 3
Comparison of individual phenolic compounds in healthy and infected leaves with walnut bacterial blight of Juglans regia L. (mean ± SE, in mg 100 g�1 dry weight).

Phenolics Fernor Fernor xan. Fernette Fernette xan. Franquette Franquette xan. Sava Sava xan. Krka Krka xan. Rubina Rubina xan. CV INF CV � INF

Hydroxycinnamic acids
neochlorogenic acid (3-caffeoylquinic acid) 492.1 ± 20.5 700.8 ± 6.5 392.3 ± 11.4 617.1 ± 31.8 317.0 ± 6.9 941.3 ± 31.7 329.9 ± 11.0 671.0 ± 11.4 417.1 ± 15.0 683.7 ± 12.0 606.9 ± 25.0 682.8 ± 24.1 *** *** ***
chlorogenic acid (trans-5-caffeoylquinnic acid) 97.6 ± 8.9 133.4 ± 1.1 107.2 ± 8.5 162.8 ± 2.6 72.5 ± 5.4 109.5 ± 7.7 62.4 ± 4.5 132.6 ± 3.7 80.7 ± 6.1 51.8 ± 1.9 6.9 ± 0.4 52.7 ± 1.8 *** *** ***
3-p-coumaoylquinic acid 491.4 ± 48.1 1311.5 ± 51.6 1048.2 ± 37.1 1566.2 ± 28.2 282.0 ± 12.1 1522.4 ± 36.5 279.2 ± 8.8 865.9 ± 33.0 364.4 ± 7.3 902.8 ± 21.8 1661.8 ± 89.4 1923.6 ± 62.9 *** *** ***
ferulic acid hexoside 47.0 ± 6.6 112.8 ± 4.2 62.4 ± 3.4 141.5 ± 5.0 25.0 ± 3.4 158.8 ± 9.8 30.9 ± 3.2 125.0 ± 6.5 49.5 ± 1.8 120.6 ± 8.0 50.5 ± 5.4 178.2 ± 7.8 *** *** ***
caffeic acid hexoside derivative 71.3 ± 5.3 70.4 ± 3.5 83.1 ± 4.2 87.3 ± 6.9 46.3 ± 4.8 68.8 ± 7.0 66.0 ± 6.4 65.9 ± 1.7 80.0 ± 1.8 67.2 ± 9.1 21.9 ± 2.6 56.1 ± 5.4 *** *** ***
p-coumaric acid derivative 17.5 ± 1.6 22.4 ± 0.8 15.5 ± 1.0 30.4 ± 1.6 3.2 ± 0.3 23.3 ± 2.2 14.2 ± 1.6 25.7 ± 1.5 12.4 ± 0.9 16.9 ± 1.0 15.4 ± 1.2 23.7 ± 0.9 *** *** ***
p-coumaric acid hexoside derivative 1 traces traces 2.9 ± 0.2 6.1 ± 0.1 1.7 ± 0.1 6.8 ± 0.5 3.1 ± 0.2 4.2 ± 0.1 2.6 ± 0.2 5.3 ± 0.2 18.6 ± 1.2 16.9 ± 0.6 *** *** ***
p-coumaric acid hexoside derivative 2 27.5 ± 3.0 50.4 ± 2.3 35.8 ± 4.1 46.2 ± 3.0 6.6 ± 0.4 57.9 ± 4.6 35.2 ± 2.3 58.8 ± 3.0 26.1 ± 1.5 23.5 ± 2.0 9.5 ± 0.9 78.8 ± 2.6 *** *** ***
p-coumaric acid hexoside derivative 3 142.7 ± 9.9 106.3 ± 3.1 235.6 ± 20.6 188.4 ± 5.7 83.4 ± 8.3 284.4 ± 26.9 88.0 ± 10.1 173.2 ± 8.7 82.3 ± 8.4 92.3 ± 4.0 155.8 ± 8.0 207.3 ± 12.7 *** *** ***
p-coumaric acid hexoside derivative 4 29.7 ± 1.0 24.8 ± 0.6 39.1 ± 2.7 44.9 ± 3.2 17.2 ± 1.6 72.2 ± 3.1 17.3 ± 0.7 50.1 ± 2.5 29.3 ± 3.0 28.0 ± 1.1 49.4 ± 2.4 26.4 ± 1.0 *** *** ***
p-coumaric acid hexoside derivative 5 22.0 ± 1.6 13.9 ± 0.4 32.1 ± 2.2 22.9 ± 1.6 13.1 ± 1.2 23.1 ± 1.0 14.5 ± 0.6 25.0 ± 1.2 11.1 ± 1.1 15.4 ± 0.6 15.3 ± 0.7 18.5 ± 0.7 *** *** ***
p-coumaric acid hexoside 1 2.0 ± 0.1 2.0 ± 0.1 1.4 ± 0.1 4.9 ± 0.4 1.0 ± 0.1 7.1 ± 0.1 1.2 ± 0.0 2.7 ± 0.2 1.7 ± 0.1 3.4 ± 0.1 36.0 ± 0.7 6.7 ± 0.6 *** *** ***
p-coumaric acid hexoside 2 12.0 ± 1.1 35.7 ± 0.3 23.0 ± 1.8 55.9 ± 0.9 3.9 ± 0.3 52.3 ± 3.7 8.8 ± 0.6 35.5 ± 1.0 7.3 ± 0.6 37.5 ± 1.4 9.3 ± 0.6 28.2 ± 1.0 *** *** ***
p-coumaric acid hexoside 3 5.3 ± 0.5 22.4 ± 0.8 15.5 ± 1.0 30.4 ± 1.6 6.1 ± 0.5 24.5 ± 2.3 2.4 ± 0.3 25.7 ± 1.5 7.7 ± 0.6 16.9 ± 1.0 15.4 ± 1.2 23.7 ± 0.9 *** *** ***
p-coumaric acid hexoside 4 14.1 ± 0.8 17.6 ± 0.7 14.1 ± 1.1 14.6 ± 1.0 10.9 ± 0.7 22.4 ± 0.7 8.4 ± 0.5 11.4 ± 0.3 11.3 ± 0.9 12.3 ± 0.1 9.2 ± 0.5 22.2 ± 1.3 *** *** ***
Total p-coumaric acid hexosides and derivatives 272.9 ± 13.0 295.7 ± 4.7 414.8 ± 31.8 444.7 ± 14.2 147.0 ± 11.1 574.1 ± 39.2 193.3 ± 13.3 412.4 ± 10.4 191.9 ± 7.4 251.3 ± 2.0 333.9 ± 15.1 452.3 ± 18.1 *** *** ***

Flavanols
(+)catechin 2243.8 ± 120.7 4990.9 ± 201.6 2537.7 ± 207.4 6534.8 ± 120.9 806.3 ± 88.7 6120.9 ± 231.1 1148.8 ± 81.3 4976.6 ± 83.6 1683.9 ± 73.2 4378.1 ± 194.1 2217.5 ± 118.6 7803.7 ± 339.4 *** *** ***
(-)epicatechin 298.8 ± 23.8 612.7 ± 19.8 486.7 ± 32.3 840.8 ± 48.3 109.6 ± 6.5 953.5 ± 87.4 180.4 ± 28.1 781.8 ± 53.3 245.8 ± 22.9 668.1 ± 36.8 398.5 ± 36.7 864.4 ± 55.2 *** ** ***
procyanidin dimer 1 1123.7 ± 91.9 2430.3 ± 126.8 1308.7 ± 98.9 3057.4 ± 241.9 444.6 ± 40.4 2581.5 ± 103.9 538.6 ± 21.7 2031.6 ± 78.3 852.8 ± 31.9 1857.2 ± 25.0 823.7 ± 47.9 3273.2 ± 134.3 *** *** ***
procyanidin dimer 2 1639.8 ± 113.3 5184.0 ± 293.9 2302.4 ± 33.2 4283.6 ± 138.8 873.8 ± 109.2 4710.4 ± 133.3 860.4 ± 28.5 3881.2 ± 87.6 1186.9 ± 36.4 3944.4 ± 87.0 traces 6919.4 ± 445.5 *** *** ***
procyanidin dimer 3 traces 1447.3 ± 71.1 traces 2162.7 ± 83.9 traces 1648.9 ± 89.5 traces 2159.3 ± 127.3 traces 1487.0 ± 101.9 traces 1587.0 ± 86.2 NS *** ***
procyanidin dimer 4 traces 752.9 ± 49.9 traces 730.6 ± 118.4 traces 556.2 ± 37.8 traces 908.2 ± 97.3 traces 781.2 ± 74.8 traces 494.0 ± 30.8 NS * ***

Flavones
Santin 66.0 ± 6.7 111.3 ± 3.7 32.8 ± 4.3 42.5 ± 2.5 46.7 ± 1.9 41.6 ± 6.6 34.6 ± 3.4 49.2 ± 10.1 53.4 ± 11.3 31.9 ± 3.1 139.6 ± 8.5 72.6 ± 1.1 *** *** ***
5,7-dihydroxy-3,4-dimetoxyflavone 94.2 ± 10.8 108.9 ± 8.1 56.9 ± 5.7 34.1 ± 2.3 78.9 ± 8.8 36.6 ± 4.9 35.0 ± 5.6 57.0 ± 15.2 45.4 ± 8.2 14.1 ± 0.8 125.0 ± 9.2 153.9 ± 6.4 *** *** ***

Flavonols
myricetin hexoside 1 43.3 ± 0.5 112.5 ± 5.3 33.8 ± 2.8 59.5 ± 1.8 28.6 ± 3.4 153.3 ± 2.3 31.9 ± 1.6 92.2 ± 12.4 21.8 ± 0.9 109.0 ± 10.8 144.3 ± 4.1 84.8 ± 5.1 *** *** ***
myricetin pentoside 1 19.8 ± 1.4 45.2 ± 3.5 24.6 ± 1.7 50.9 ± 1.5 13.9 ± 0.8 60.8 ± 2.0 18.7 ± 1.5 56.1 ± 3.0 17.8 ± 1.4 51.4 ± 3.1 58.1 ± 3.6 31.3 ± 1.0 *** *** ***
myricetin pentoside 2 5.6 ± 0.3 16.6 ± 0.6 5.8 ± 0.4 12.4 ± 0.5 3.8 ± 0.2 22.0 ± 0.8 5.4 ± 0.2 16.0 ± 1.2 6.7 ± 0.4 17.4 ± 0.8 18.9 ± 0.9 13.6 ± 1.0 *** *** ***
myricetin-3-rhamnoside 22.6 ± 1.4 42.5 ± 1.6 27.4 ± 1.7 42.7 ± 1.7 12.7 ± 0.6 64.7 ± 2.3 18.2 ± 0.6 38.1 ± 2.9 19.0 ± 1.0 49.6 ± 2.3 62.9 ± 2.9 36.7 ± 2.8 *** *** ***
quercetin-3-galactoside 464.5 ± 17.9 810.0 ± 13.8 624.0 ± 20.4 918.0 ± 18.7 186.2 ± 5.1 1381.8 ± 42.5 414.7 ± 3.9 767.8 ± 12.6 482.7 ± 13.1 953.4 ± 19.9 1430.9 ± 26.0 957.0 ± 14.3 *** *** ***
quercetin-3-glucoside 66.9 ± 1.6 95.0 ± 4.1 83.4 ± 3.0 106.8 ± 2.8 39.4 ± 1.9 151.9 ± 5.2 68.8 ± 2.4 107.6 ± 3.2 90.3 ± 4.0 137.1 ± 4.1 131.4 ± 3.8 117.2 ± 3.0 *** *** ***
quercetin-3-xyloside 167.9 ± 18.1 276.6 ± 18.7 249.8 ± 30.7 308.6 ± 16.3 90.7 ± 10.8 432.6 ± 26.9 187.7 ± 7.9 299.2 ± 14.4 245.7 ± 31.0 419.8 ± 23.3 518.5 ± 30.3 341.4 ± 13.8 *** *** ***
quercetin-3-arabinopyranoside 164.2 ± 2.1 218.7 ± 3.5 219.7 ± 5.5 214.0 ± 2.0 101.1 ± 4.4 355.0 ± 6.0 248.8 ± 4.7 293.7 ± 5.5 314.0 ± 4.1 530.4 ± 6.8 501.8 ± 4.6 293.0 ± 7.8 *** *** ***
quercetin-3-arabinofuranoside 92.9 ± 6.7 135.5 ± 4.8 140.0 ± 4.3 143.6 ± 3.6 66.5 ± 2.2 202.0 ± 5.7 97.9 ± 1.7 134.3 ± 7.2 173.4 ± 3.9 244.7 ± 4.8 244.1 ± 3.7 110.7 ± 3.5 *** *** ***
quercetin-3-rhamnoside 73.7 ± 0.9 92.1 ± 5.2 92.3 ± 2.8 96.6 ± 2.3 69.4 ± 1.7 102.7 ± 2.1 74.8 ± 3.3 100.1 ± 4.0 102.2 ± 3.4 125.8 ± 9.3 114.4 ± 2.4 89.3 ± 4.3 *** ** ***
quercetin-3-rhamnosyl hexoside 24.5 ± 1.7 41.6 ± 1.7 23.8 ± 1.1 37.4 ± 1.3 36.2 ± 1.1 11.2 ± 0.4 18.0 ± 1.0 51.1 ± 2.5 traces traces traces 33.0 ± 2.0 *** *** ***
quercetin dirhamnoside 70.8 ± 4.4 79.2 ± 7.0 161.9 ± 9.7 160.5 ± 7.5 27.3 ± 1.8 277.6 ± 11.8 32.9 ± 1.8 110.1 ± 6.8 87.8 ± 8.4 108.7 ± 9.5 119.1 ± 5.6 160.4 ± 15.7 *** *** ***
quercetin derivative 993.4 ± 112.2 1444.4 ± 63.6 1025.0 ± 119.1 1317.3 ± 87.8 623.5 ± 38.5 1645.7 ± 136.9 1007.7 ± 65.5 1673.5 ± 95.1 89.2 ± 5.5 341.2 ± 29.3 79.1 ± 7.6 896.2 ± 33.9 *** *** ***
quercetin 65.9 ± 2.9 88.7 ± 2.2 75.6 ± 4.0 79.1 ± 4.7 26.5 ± 3.1 80.9 ± 6.7 36.3 ± 6.7 67.2 ± 2.4 59.8 ± 5.7 70.3 ± 4.2 56.9 ± 4.3 95.8 ± 7.8 *** ** ***
kaempferol-3-galactoside 61.1 ± 0.8 86.3 ± 1.4 81.8 ± 2.0 87.7 ± 0.8 45.2 ± 2.0 124.3 ± 2.1 55.6 ± 1.0 94.1 ± 1.8 98.2 ± 1.3 106.6 ± 1.4 149.5 ± 1.4 93.8 ± 2.5 *** *** ***
kaempferol-3-glucoside 7.1 ± 0.5 8.3 ± 0.3 11.7 ± 0.4 8.8 ± 0.2 5.1 ± 0.2 7.7 ± 0.2 6.0 ± 0.1 6.1 ± 0.3 9.3 ± 0.2 7.5 ± 0.1 7.5 ± 0.1 3.4 ± 0.1 *** *** ***
kaempferol pentoside 1 28.7 ± 1.8 32.8 ± 1.4 30.2 ± 0.7 36.9 ± 2.0 34.5 ± 1.3 39.4 ± 2.1 21.6 ± 1.0 33.1 ± 1.4 18.5 ± 0.9 22.6 ± 0.6 21.3 ± 0.5 27.1 ± 1.1 *** *** ***
kaempferol pentoside 2 62.8 ± 1.3 14.9 ± 0.4 29.8 ± 0.8 20.2 ± 0.7 37.2 ± 1.4 22.7 ± 0.8 36.7 ± 1.1 28.9 ± 1.2 132.6 ± 4.2 150.2 ± 6.0 118.8 ± 2.1 22.8 ± 1.0 *** *** ***
kaempferol pentoside 3 52.6 ± 2.5 42.1 ± 2.5 53.2 ± 2.6 48.5 ± 2.4 52.8 ± 2.5 52.6 ± 1.5 44.9 ± 0.9 50.0 ± 0.6 60.2 ± 1.2 56.7 ± 1.0 52.5 ± 2.4 26.5 ± 0.5 ** *** ***
kaempferol rhamnoside 41.2 ± 1.4 75.4 ± 1.4 47.9 ± 2.0 55.4 ± 1.1 27.3 ± 0.7 86.1 ± 1.4 53.0 ± 2.0 107.5 ± 5.3 54.8 ± 3.0 74.3 ± 1.1 45.0 ± 1.8 76.8 ± 2.0 *** *** ***
kaempferol-3-rutinoside 133.3 ± 4.5 135.2 ± 6.6 74.0 ± 3.3 106.8 ± 7.6 76.0 ± 4.1 80.9 ± 5.1 65.5 ± 3.0 95.0 ± 3.5 83.4 ± 3.5 102.4 ± 4.4 102.2 ± 6.3 185.6 ± 4.4 *** *** ***
kaempferol derivative 52.4 ± 1.1 82.9 ± 2.0 82.8 ± 2.3 84.0 ± 2.8 62.0 ± 2.3 73.1 ± 2.5 65.5 ± 1.9 90.4 ± 3.7 trace 2.8 ± 0.1 1.4 ± 0.0 61.7 ± 2.6 *** *** ***

Naphthoquinones
dihydroxytetralone hexoside 871.5 ± 39.4 730.1 ± 26.1 1462.7 ± 72.0 1756.2 ± 101.6 412.6 ± 44.0 1708.3 ± 40.9 541.9 ± 18.1 1149.1 ± 67.7 741.9 ± 42.9 1203.7 ± 45.8 2380.1 ± 48.7 802.9 ± 68.1 *** *** ***
hydrojuglone b-D-glucopyranoside 7881.6 ± 415.7 7211.7 ± 156.6 15482.9 ± 579.3 12960.2 ± 352.5 3442.2 ± 369.0 12488.9 ± 366.3 4376.6 ± 320.7 10187.3 ± 342.3 4208.6 ± 261.1 5600.9 ± 372.0 3896.0 ± 189.1 9190.0 ± 366.9 *** *** ***
hydrojuglone 159.4 ± 16.1 85.1 ± 7.6 162.9 ± 13.8 41.4 ± 1.9 63.1 ± 8.0 143.3 ± 6.1 66.0 ± 3.7 72.8 ± 4.5 150.9 ± 16.1 65.4 ± 5.7 113.8 ± 5.3 103.5 ± 10.1 *** *** ***
hydrojuglone derivative pentoside 5014.6 ± 234.0 5423.9 ± 119.2 5300.5 ± 238.8 6182.6 ± 134.1 2936.0 ± 76.4 5197.3 ± 223.5 4212.5 ± 218.4 4726.0 ± 160.2 6666.1 ± 202.5 9496.0 ± 261.1 5181.7 ± 272.9 6764.4 ± 381.5 *** *** ***
hydrojuglone rutinoside 2528.2 ± 149.4 2906.4 ± 116.1 2751.8 ± 113.5 2407.7 ± 169.0 1060.0 ± 64.1 2689.8 ± 80.4 1065.8 ± 59.5 2445.7 ± 66.4 2014.7 ± 164.7 2635.3 ± 11.8 1790.8 ± 103.7 2644.7 ± 153.9 *** *** ***
juglone (5-hydroxy-1,4-naphthoquinone) 800.4 ± 27.0 73.5 ± 3.6 533.1 ± 23.9 205.1 ± 14.7 657.1 ± 35.9 174.8 ± 10.1 673.9 ± 31.0 94.4 ± 3.5 901.0 ± 38.2 73.8 ± 3.2 169.9 ± 10.5 178.3 ± 4.3 *** *** ***
1,4-naphthoquinone 63.9 ± 6.5 14.8 ± 1.3 50.1 ± 4.2 13.3 ± 0.6 37.9 ± 4.8 42.1 ± 1.8 42.2 ± 2.4 21.4 ± 1.3 111.0 ± 10.7 24.0 ± 2.1 76.7 ± 3.6 30.4 ± 3.0 *** *** ***

Total Kaempferol derivatives 439.2 ± 8.2 478.0 ± 10.1 411.3 ± 2.7 448.1 ± 14.1 340.0 ± 6.1 486.7 ± 7.5 348.7 ± 4.2 505.1 ± 8.2 457.0 ± 1.6 523.0 ± 8.8 498.1 ± 10.2 497.8 ± 4.6 *** *** ***
Total Quercetin derivatives 2184.1 ± 124.7 3281.9 ± 97.2 2695.5 ± 141.5 3382.1 ± 124.7 1266.7 ± 22.2 4641.3 ± 213.9 2187.9 ± 76.2 3604.6 ± 122.4 1645.1 ± 37.4 2931.4 ± 40.6 3196.4 ± 56.0 3094.0 ± 93.9 *** *** ***
Total Myricetin derivatives 91.3 ± 3.2 216.8 ± 7.4 91.6 ± 5.6 165.6 ± 1.7 59.1 ± 4.3 300.8 ± 5.5 74.2 ± 2.4 202.4 ± 11.3 65.3 ± 1.8 227.4 ± 16.0 284.2 ± 9.9 166.4 ± 6.8 *** *** ***

Asterisks represents statistically significant differences between cultivars of healthy leaves (CV), infected leaves (INF) and both infected and healty leaves together (CV � INF) at P = <0.05 (*), <0.01 (**), <0.001 (***) or NS
(notsignificant).
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flavanols respond to walnut bacterial blight in the sameway, there-
fore further suggesting that flavanols play a key role in the response
against walnut bacterial blight. Interestingly, two procyanidin
dimers (3,4) were found only in traces in healthy leaves of all culti-
vars, whereas they were easily detectable in all cultivars in infected
leaves. Further investigation into individual hydroxycinnamic acids
did not show a clear picture, since not all hydroxycinnamic acids
responded the same to the infection. Only a few specific hydrox-
ycinnamic acid compounds showed a uniform response to walnut
bacterial blight in all cultivars, but for better understanding, more
work will have to be done on this topic in the future.

In relation to other phenolic groups, no clear picture was given
because the reaction of each cultivar was different, thus suggesting
that different walnut cultivars react differently to infection. The
thesis that juglone and other naphthoquinones act as protective
compounds against microorganisms or as a defence mechanism
against walnut bacterial blight (Duroux et al., 1998; Solar et al.,
2005) should be further investigated, since naphthoquinones
reacted differently but uniformly between cultivars, questioning
their role in the plant’s response to walnut bacterial blight. Juglone
content in the leaves was higher, with 170–900 mg 100 g�1 dry
weight, depending on the cultivar, whilst a lower content was
reported by Cosmulescu et al. (2011) and Nour et al. (2013). How-
ever, they addressed the content in fresh weight. The difference in
juglone content is probably the result of expressing the results in
dry weight rather than fresh weight by the other two authors, but
for a better comparison, expressing the results in dry weight seems
to be more appropriate to allow better comparison. To the best of
our knowledge, 1,4 - naphthoquinone has never been quantified
in walnut leaves, so a comparison is not possible. However, the con-
centration was similar to that measured by Solar et al. (2006) in
annual shoots. As reported by Solar et al. (2006), naphthoquinones
represent the largest proportion of phenols. Without MS, only two
naphthoquinones were determined (Solar et al., 2006). With the
help of MS, another five have been determined, with Vieira et al.
(2019) reporting the presence of dihydroxytetralone hexoside for
the first time and our research confirming his findings, and
Duroux et al. (1998) reporting hydrojuglone b-D-glucopyranoside,
which was also positively identified in our research. Three, to our
knowledge unknown, new naphthouquinones were determined:
hydrojuglone derivative pentoside, hydrojuglone and hydrojuglone
rutinoside. Together, hydrojuglone derivative pentoside, hydroju-
glone and hydrojuglone rutinoside accounted for about 20% of the
total naphthoquinones in the leaves, providing an interesting new
insight into walnut leaf composition. Neither dihydroxytetralone
hexoside nor hydrojuglone b-D-glucopyranoside have so far been
quantified. Interestingly, hydrojuglone b-D-glucopyranoside,
hydrojuglone and juglon were found in the leaves of J. regia. If sug-
gestions are correct that juglone forms from hydrojuglone, and
hydrojuglone from hydrojuglone b-D-glucopyranoside (Duroux
et al., 1998), both precursors that form juglon were found in both
healthy and infected leaves of all our studied cultivars.

Total naphthoquinone content varied among cultivars, thus
suggesting that walnut bacterial blight probably does not affect
the naphthoquinone content. Since naphthoquinones accounted
for about 60–70% of phenols in healthy leaves and only about
40–50% in leaves infected with bacterial blight, we can assume that
their role in the leaves is not defensive but different, e.g. as allelo-
pathic compound (Cosmulescu et al., 2011; Topal et al., 2007). The
concentration of flavonols tended to increase in 5 out of 6 cultivars,
as shown in Fig. 2 (B), but no difference was found in ’Rubina’, sug-
gesting that different cultivars may have different response mech-
anisms to walnut bacterial blight. Further studies on myricetin,
kaempferol and quercetin glycosides should be carried out to
determine which, if any, play a role as an active defence mecha-
nism against walnut bacterial blight.
8

5. Conclusions

No clear picture on how the other individual phenolics play a
part in a plant’s response to walnut bacterial blight was given,
since different cultivars responded differently to the same infec-
tion, showing that more cultivars are needed when studying a
plant’s response.

The lack of research on J. regia leaves composition was challeng-
ing, so pioneering work in compound determination was done. We
quantified several never before quantified compounds, as well as
confirming two new flavone compounds in leaves of J. regia and
three naphthoquinone compounds that, to the best of our knowl-
edge, have never previously been reported in J. regia. Furthermore,
two naphthoquinones that allegedly play an active role in the pro-
cess of juglone formation were confirmed in all six cultivars. In the
process of MS fragmentation, compounds were fragmented up to
MS6 fragments and, in some cases, both MS2 fragments were fur-
ther fragmented, providing comprehensive data for future studies,
and confirmation of selected compounds. The present study pre-
sents both interesting work on aspects of compound identification,
as well as interesting results in comparing the bioactive response
to leaf infection with Xanthomonas campestris pv. juglandis.
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