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Abstract: (1) Background: Verticillium wilt (VW) of hop is a devastating disease caused by the
soil-borne fungi Verticillium nonalfalfae and Verticillium dahliae. As suggested by quantitative trait locus
(QTL) mapping and RNA-Seq analyses, the underlying molecular mechanisms of resistance in hop are
complex, consisting of preformed and induced defense responses, including the synthesis of various
phenolic compounds. (2) Methods: We determined the total polyphenolic content at two phenological
stages in roots and stems of 14 hop varieties differing in VW resistance, examined the changes in the
total polyphenols of VW resistant variety Wye Target (WT) and susceptible Celeia (CE) on infection
with V. nonalfalfae, and assessed the antifungal activity of six commercial phenolic compounds and
total polyphenolic extracts from roots and stems of VW resistant WT and susceptible CE on the
growth of two different V. nonalfalfae hop pathotypes. (3) Results: Generally, total polyphenols were
higher in roots than stems and increased with maturation of the hop. Before flowering, the majority of
VW resistant varieties had a significantly higher content of total polyphenols in stems than susceptible
varieties. At the symptomatic stage of VW disease, total polyphenols decreased in VW resistant
WT and susceptible CE plants in both roots and stems. The antifungal activity of total polyphenolic
extracts against V. nonalfalfae was higher in hop extracts from stems than those from roots. Among the
tested phenolic compounds, only p-coumaric acid and tyrosol markedly restricted fungal growth.
(4) Conclusions: Although the correlation between VW resistance and total polyphenols content is not
straightforward, higher levels of total polyphenols in the stems of the majority of VW resistant hop
varieties at early phenological stages probably contribute to fast and efficient activation of signaling
pathways, leading to successful defense against V. nonalfalfae infection.

Keywords: Humulus lupulus; hop extract; plant disease resistance; antifungal; p-coumaric acid; tyrosol

1. Introduction

Verticillium wilt (VW), caused by plant pathogenic fungi from the Verticillium sensu stricto
genus, is one of the most serious soil-borne diseases, estimated to affect nearly 400 plant species,
ranging from herbaceous annuals to woody perennials [1]. The colonization of host plants occurs
through the root epidermis and, if successful, the fungus spreads to the vascular tissues, leading to
systemic infection of the plant [2]. Although the disease symptoms vary among hosts, they typically
include wilting, chlorosis, necrosis, and vascular discoloration [1–3]. The vascular plant pathogen
Verticillium nonalfalfae [4] causes VW and plant death in several important crops [5]. VW of hop
was first reported in 1924 in England [6], where mild and lethal (progressive) disease forms were
described [7] and attributed to the pathogen virulence, the sensitivity of the hop cultivars, and ecological
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factors [8,9]. Genetic analysis and pathogenicity assays also confirmed mild and lethal groups among V.
nonalfalfae hop isolates from Slovenia, United Kingdom, and Germany [10], and specific markers were
developed to distinguish these two pathotypes [11]. The pathogenicity and the colonization studies
revealed that the first foliar wilt symptoms appear approximately 20 days post inoculation (dpi) and
rapidly progress in susceptible varieties, whereas resistant varieties (e.g., Wye Target) show no or mild
symptoms [10,12]. Corresponding to the symptoms, the fungal biomass gradually increases in roots
and stems of susceptible varieties, while in resistant plants, the colonization in roots is significantly
less extensive, and fungal DNA in stems is barely detected [13,14]. As the diseased plant undergoes
senescence, the fungus produces resting structures that are released in the soil, where they remain
dormant for several years in the absence of a host [15]. In the past, soil fumigation was used to
control VW effectively, but due to the toxicity and the detrimental effects on the environment, usage
of these chemicals has been restricted or even banned [2]. Currently, disease management relies
primarily on crop rotation and planting pathogen-free resistant cultivars, while other strategies, such as
biofumigation, soil solarization, and soil amendments with biological control agents have had variable
field-level efficacy and performed inconsistently [16].

On pathogen invasion, plants produce reactive oxygen species (ROS) [17] and mount a variety
of defense responses [18], which can result in directly killing or inhibiting the pathogen, reinforcing
local immune responses or priming cells in distal tissues [19]. In these processes, phenolics, chemically
characterized as compounds with one or more benzene rings and at least one directly bonded hydroxyl
group, which can be further methylated, methoxylated, aminated, or glycosylated, play significant
roles [20]. Plant phenolics arise from the shikimate pathway (phenylpropanoids) or the acetate/malonate
pathway (polyketides), or their combination (flavonoids), producing various monomeric (simple
phenols) or polymeric structures (polyphenols) [21]. While constitutive phenolics are required for
normal plant growth and development and can serve as signaling molecules and modulators of auxin
IAA action, induced phenolics are secreted in response to physical injury, pathogen infection, or other
stresses [20,22].

Xylem vessels, due to their structural design and transport function, provide a convenient avenue
for rapid colonization of plants by vascular fungal pathogens. To fight off VW pathogens after their
recognition by extracellular or intracellular receptors, plants mount various physical and chemical
defense responses [23,24]. Among physical defenses, cell wall lignification is a particularly important
early response, in which phenolics, released from the vacuoles of specialized phenolic-storing cells,
are oxidized and polymerized with each other or cellular proteins and cell wall carbohydrates to
produce lignified walls and/or suberized structures (with infusion of lipids into these complexes) [20].
Another common defense response to VW pathogens is the formation of tyloses, lateral outgrowths
of paravascular parenchyma cells, following the Indole-3-Acetic Acid (IAA) build-up induced by
oxidized phenolics [3,13,25]. Pectin-rich gels and gums are often accumulated around tyloses to
prevent longitudinal spread of infection, while lateral colonization is inhibited by vascular coating
and secondary cell wall and callose depositions [23]. Since complete sealing off of the vessels can
result in drought stress, plants have adapted by activating a tissue-specific developmental program
(vein clearing) that leads to the formation of new xylem elements [26]. In addition to physical
defense responses, considerable metabolic changes occur in the parenchyma cells surrounding VW
infected vessels. These include production of pathogenesis-related (PR) proteins, peroxidases and
proteases in the apoplast and the xylem sap [27–32], as well as accumulation of various phenolic
compounds [28,33–38].

Transcriptome studies of V. dahliae interactions with cotton [39,40] and tomato [30,41] have
highlighted genes involved in the phenylpropanoid pathway and synthesis of lignin as upregulated
and contributing to defense response in resistant plants. In contrast, our dynamic transcriptome
profiling of V. nonalfalfae interactions with hop (Humulus lupulus) demonstrated biosynthesis of
secondary metabolites and phenylpropanoid biosynthesis as the two processes enriched in the roots
of susceptible plants [42]. The main objectives of this study were, therefore: (i) to assess the total
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polyphenols in roots and stems of VW resistant, moderately-resistant, and susceptible hop varieties
sampled at two phenological stages, representing vegetative (before flowering, BF) and generative
(mature cones, M) development phases; (ii) to explore the relationship between total polyphenols
content and resistance response to V. nonalfalfae infection in susceptible variety Celeia (CE) and
resistant Wye Target (WT); (iii) to study whether a single commercial phenolic compound can restrict
V. nonalfalfae growth in vitro; and (iv) to investigate the potential antifungal activity of hop phenolic
extracts on the growth of two different V. nonalfalfae hop pathotypes.

2. Results

2.1. Total Polyphenols Are Higher in Roots Than Stems and Increase With Phenological Stage in Different Hop
Varieties

Total polyphenols were extracted from dry samples of hop roots and stems, collected at
phenological (BBCH) stages 51–55 (before flowering, BF) and 87–89 (mature cones, M), and their
concentration was determined spectrophotometrically [43]. Before flowering, the average total
polyphenols in roots of all varieties were up to ten times higher than in stems. The highest values were
determined in roots of VW resistant Wye Target, moderately resistant Magnum, and susceptible Wye
Northdown (Figure 1). Among other varieties, there were no obvious differences that could link to VW
resistance. At the mature cones stage, the content of total polyphenols in stems greatly increased in
certain varieties reaching or even exceeding those in roots. In some varieties, the total polyphenols
content in roots was comparable between the two phenological stages, while in others, it increased up
to three times with maturation of the hops. Although no direct association between total polyphenols
content and hop VW resistance groups could be confirmed, one of the most VW resistant varieties,
Wye Target, had the highest level of polyphenols.

Analysis of variance revealed statistically significant triple interaction Variety: Organ: BBCH
stage. Comparisons between average total polyphenols were therefore made for each individual hop
variety, between roots and stems, at each BBCH stage separately (BF: roots-stems, M: roots-stems), and
between the two BBCH stages, separately for roots and stems (roots: M-BF, stems: M-BF) (Table S1).
Before flowering, the average total polyphenols in roots were statistically significantly higher than
in stems in all hop varieties. At the mature phenological stage, the differences between average
polyphenols in roots and stems were smaller and statistically significant only for Fuggle, Keyworth
Midseason, Magnum, Savinjski Golding, and Yeoman. When comparing the two phenological stages,
no statistically significant differences were found in the roots of Celeia, Cerera, Magnum, Savinjski
Golding, Wye Northdown, and Wye Target. The average total polyphenols in the stems of all varieties
were statistically significant higher at the mature stage than before flowering.

At the pre-flowering stage, the average total polyphenols in the roots of VW resistant variety Wye
Target were statistically significantly higher than in other hop varieties, apart from Magnum and Wye
Northdown (Table 1). In opposition, in the roots of VW resistant variety Yeoman, the average total
polyphenols before flowering were statistically significantly lower than those of the VW susceptible
varieties. In addition, the average total polyphenols in the roots of VW resistant Styrian Gold, Keyworth
Midseason, and moderately resistant Wye Challenger were statistically significantly lower than in the
VW susceptible Wye Northdown, Savinjski Golding, and Fuggle. At the mature stage, the average total
polyphenols in the roots of VW susceptible varieties Cerera and Celeia were statistically significantly
lower than those of the VW resistant and moderately resistant hop varieties. On the other hand,
VW resistant Herald had statistically significantly lower average total polyphenols in the roots than
the majority of VW susceptible varieties.
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Figure 1. Average total polyphenols increase with phenological stage in different organs and
hop varieties. Before flowering, hop roots have statistically significant higher average polyphenol
content than stems, which is also statistically significant at the phenological stage of mature cones.
Total polyphenols were determined spectrophotometrically according to the method adopted by the
European Brewery Convention for determination of total polyphenols in beer [43]. Data are means
± SE (n = 3). BF, before flowering (BBCH stage 51–55); M, mature cones (BBCH stage 87–89), VW,
Verticillium wilt resistance groups 1—susceptible, 2—moderately resistant, 3—resistant.

Table 1. Comparison of average total polyphenols in hop roots before flowering (BBCH stage
51–55; table—top triangle above grey-boxed area) and at the mature cones stage (BBCH stage 87–89;
table—bottom triangle below grey-boxed area).

VW Variety WT StG KM Y H WC A M WN Cer SG B F Cel
1 WT *** *** *** *** *** *** *** *** *** *** ***
1 StG *** *** * **
1 KM *** *** *
1 Y *** *** *** *** ** *** *** *** ***
1 H *
2 WC * ** * *** *** * **
2 A *
2 M *** ** *
3 WN * ** * *** * **
3 Cer *** *** *** * *** *** **
3 SG *
3 B *
3 F ***
3 Cel *** *** *** * *** *** ** ***

VW resistance group: 1, resistant; 2, moderately resistant; 3, susceptible; hop varieties: WT, Wye Target; StG,
Styrian Gold; KM, Keyworth Midseason; Y, Yeoman; H, Herald; WC, Wye Challenger; A, Atlas; M, Magnum;
Wye Northdown; Cer, Cerera; SG, Savinjski Golding; B, Buket; F, Fuggle; Cel, Celeia. Statistical significance based
on contrast analysis for a linear model considering simultaneous multiple null hypothesis testing: *, p < 0.05;
**, p < 0.01; ***, p < 0.001; blue squares, significantly lower average total polyphenols in the variety specified in row
compared to the variety specified in column; orange squares, significantly higher average total polyphenols in the
variety specified in row compared to the variety specified in column.
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Before flowering, the stems of VW resistant varieties, apart from Herald and in certain cases
Styrian Gold, had statistically significantly higher content of average polyphenols than the stems
of VW moderately resistant and susceptible hop (Table 2). At the mature cones stage, the average
total polyphenols in the stems of VW resistant and moderately resistant varieties, with the exception
of Yeoman and Keyworth Midseason, were statistically significantly higher than in VW susceptible
hop varieties.

Table 2. Comparisons of average total polyphenols in hop stems before flowering (BBCH stage
51–55; table—top triangle above grey-boxed area) and at the mature cones stage (BBCH stage 87–89;
table—bottom triangle below grey—boxed area).

VW Variety WT StG KM Y H WC A M WN Cer SG B F Cel
1 WT *** *** *** *** *** *** *** *** *** *** *** ***
1 StG *** * * ***
1 KM ** *** ** *** * *** * ***
1 Y *** *** *** *** *** *** ** *** ** *** ***
1 H *** * * ***
2 WC *** *** ***
2 A ** *** ** ** ***
2 M *** *** ** *** *** ** ***
3 WN *** *** * *** ** ***
3 Cer *** *** *** *** *** *** ** ***
3 SG *** *** *** *** *** ***
3 B *** ** *** * ** ***
3 F *** * ** ** ***
3 Cel * * * ***

VW resistance: 1, resistant; 2, moderately resistant; 3, susceptible; WT, Wye Target; StG, Styrian Gold; KM, Keyworth
Midseason; Y, Yeoman; H, Herald; WC, Wye Challenger; A, Atlas; M, Magnum; Wye Northdown; Cer, Cerera; SG,
Savinjski Golding; B, Buket; F, Fuggle; Cel, Celeia. Statistical significance based on contrast analysis for a linear
model considering simultaneous multiple null hypothesis testing: *, p < 0.05; **, p < 0.01; ***, p < 0.001; blue squares,
significantly lower average total polyphenols in the variety specified in row compared to the variety specified in
column; orange squares, significantly higher average total polyphenols in the variety specified in row compared to
the variety specified in column.

The analysis of average total polyphenols in roots and stems of different hop varieties indicated
that there is not a straightforward correlation between VW resistance and total polyphenol content.
It is evident that total polyphenols increase in roots and stems with hop phenological stage and that
before flowering hop roots have higher average total polyphenols than stems.

2.2. Total Polyphenols in Hop Decrease on VW Infection

The relationship between total polyphenols content and resistance response to V. nonalfalfae infection
was tested in susceptible hop Celeia (CE) and resistant Wye Target (WT), selected due to the largest
measured differences in the total polyphenols content. The plants were sampled 5 weeks after inoculation
at the symptomatic stage of disease. The severe wilting symptoms only developed in susceptible
variety CE, while plants of resistant WT appeared asymptomatic. Among Verticillium-inoculated plants,
only those plants with confirmed pathogen re-isolation [44] were sampled for polyphenols analysis.

The average concentration of total polyphenols in healthy CE roots was 1.1–3.7 times higher than
in infected plants at 95% confidence, while in stems, there were no statistically significant differences
(Figure 2). On the other hand, the average total polyphenols in stems of healthy WT were 3.9–13 times
higher than in those of infected plants, while no statistically significant differences were observed
in roots.
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Figure 2. On VW infection, the average total polyphenols content decreases in susceptible hop Celeia
and resistant hop Wye Target. Sampling of VW-infected (4 weeks after inoculation) and healthy
plants was performed in triplicate at the leaf developmental stage (BBCH 17–19). Total polyphenols
were determined spectrophotometrically as described in [43]. Verticillium nonalfalfae (isolate T2; lethal
pathotype PV1) was used as the inoculum for root dipping [44]. Data are means ± SE (n = 3).

2.3. p-Coumaric Acid and Tyrosol Inhibit V. nonalfalfae Growth In Vitro

Six commercial phenolic compounds were selected for evaluation of antifungal activity based
on their inhibitory effects and accumulation in resistance response to V. dahliae infection of olive,
tomato, and potato [30,37,38,45,46]. Two hop isolates of V. nonalfalfae, differing in their virulence [11],
were tested: isolate—Rec (mild pathotype M) and highly virulent isolate T2 (lethal pathotype PV1)
(Figure 3).

Figure 3. V. nonalfalfae growth inhibition on PDA supplemented with different concentrations of
p-coumaric acid. Two isolates of V. nonalfalfae were selected for comparison: (a) Rec, mild pathotype
M in the left panel and (b) T2, lethal pathotype PV1 in the right panel. Images were taken 14 days
after mycelial disc inoculation on PDA plates supplemented with p-coumaric acid, dissolved in 20%
methanol at six different concentrations (1, 10, 100, 1000, 1500, and 2000 ppm; depicted from top in
a clockwise direction) or with solvent control (middle plate). All experiments were performed in
six replicates.
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For compound comparison, the percentage inhibition of fungal growth for the highest tested
concentration of individual phenolic compounds was calculated according to Equation (4), and results
are listed in Table 3.

Table 3. Percentage inhibition of fungal growth two weeks after V. nonalfalfae inoculation on PDA
plates supplemented with phenolic compound.

Fungal Strain Catechin Luteolin p-Coumaric Acid Quercetin Rutin Tyrosol

Rec 18.9 ± 0.8 13.7 ± 7.3 100 ± 0 15.3 ± 2.1 34.2 ± 3.1 44.8 ± 1.6
T2 28.2 ± 2.3 14.0 ± 7.3 100 ± 0 12.9 ± 3.2 18.4 ± 5.3 51.7 ± 1.7

Data represent means ± SE (n = 6) of colony diameters at the highest compound concentration of 2000 mg/L. Rec,
mild pathotype of V. nonalfalfae, T2, lethal pathotype of V. nonalfalfae [11]. C, average colony diameter in control;
T, average colony diameter in treatment.

Catechin slightly inhibited fungal growth at concentrations higher than 100 mg/L and was more
effective against lethal strain T2 (28% inhibition) than mild strain Rec (19% inhibition) at 2000 mg/L.
Similar fungal growth inhibition (around 15%) was observed for luteolin and quercetin, with no
differences between the fungal strains and rutin, which was more effective against Rec (34% inhibition)
than T2 (18% inhibition) at 2000 mg/L. Tyrosol equally inhibited both strains, reaching around 50%
fungal growth inhibition at 2000 mg/L. p-coumaric acid had the highest antifungal activity against
V. nonalfalfae (Figure 4). No growth was observed at concentrations above 1000 mg/L for T2 and
2000 mg/L for Rec, respectively.

Figure 4. p-Coumaric acid shows the highest inhibitory activity against V. nonalfalfae. The efficacies of
six commercial phenolic compounds were expressed as the relative average diameter of fungal colonies
(Equation (3) against the log10 of compound concentration). Rec, mild pathotype of V. nonalfalfae,
T2, lethal pathotype of V. nonalfalfae. Data present the means ± SE (n = 6).
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2.4. Total Phenolic Extracts from Hop Show Antifungal Activity against V. nonalfalfae

Extracts of the total polyphenols from roots and stems of VW resistant WT and susceptible
hop CE were screened against lethal (T2) and mild (Rec) pathotypes of V. nonalfalfae in order to
correlate potential VW resistance with antifungal activity of hop polyphenols. Dose response curves
(Figure 5) showed all hop extracts inhibited V. nonalfalfae growth. No fungal growth was observed at
concentrations above 1000 mg/L of polyphenols extracted from hop stems. Lethal pathotype T2 was
more susceptible to polyphenolic extracts from hop roots than mild pathotype Rec, since the latter
continued growing even at 2000 mg/L of total polyphenols.

Figure 5. Polyphenolic extracts from hop roots and stems display antifungal activity against V. nonalfalfae.
Using a nonlinear regression model, the relative average colony diameter (in % of solvent control)
was analyzed depending on the logarithmic phenolic extract concentration. Rec, mild pathotype
of V. nonalfalfae; T2, lethal pathotype of V. nonalfalfae; Celeia, VW susceptible hop; Wye Target, VW
resistant hop.
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Estimated IC50 (concentration at which 50% inhibition of fungal growth was observed) values of
polyphenolic hop extracts (Table 4) revealed that extracts from hop stems were around ten times more
effective against V. nonalfalfae than extracts from roots, with minimal differences observed between the
two hop varieties.

Table 4. Estimated IC50 values of polyphenolic extracts with 95% confidence intervals (CI) from hop
roots and stems against V. nonalfalfae in vitro growth.

Extract Strain φ1, asymptote IC50 (mg/L)

CE stems Rec 87 (CI 79−95) 148 (CI 121−246)
T2 96 (CI 88−103) 183 (CI 137−530)

WT stems Rec 84 (CI 76−91) 212 (CI 141−604)
T2 106 (CI 98−113) 130 (CI 113−163)

CE roots Rec 84 (CI 77−90) 1683 (CI 1485−1911)
T2 86 (CI 80−92) 1172 (CI 1041−1308)

WT roots Rec 89 (CI 83−95) 1804 (CI 1617−2032)
T2 82 (CI 76−88) 1223 (CI 1088−1365)

Dose response sigmoid curves were defined by three parameters: φ1, upper asymptote; φ2, log 10 of concentration at
which a bend is achieved at φ1/2; and φ3, the rate of decrease of the relative diameter after the bend. Analysis showed
that the same value (−0.12, CI −0.15 to −0.09) can be attributed to φ3, while parameters φ1 and φ2 varied between
treatments. For φ2, antilog values are listed and represent estimated IC50 with corresponding 95% confidence
intervals (CI). Rec, mild V. nonalfalfae strain Rečica, T2, lethal V. nonalfalfae strain [11].

3. Discussion

3.1. Total Polyphenols in Roots and Stems of Different Hop Varieties

Phenolics from the lupulin glands of hop cones (hops) are well characterized, especially alpha
and beta acids. They are traditionally used as a preservative and flavoring agent, adding bitterness
and aroma to beer [47]. Pharmaceutical, cosmetic, and nutraceutical companies are attracted to the
health-promoting properties of hops phenolics, particularly due to their antioxidant, anti-inflammatory,
anticancer, anti-obesity, sedative, estrogenic, and anti-osteoporosis-related activities [48–50]. In addition,
numerous antimicrobial activities of hops essential oils and crude leaf extracts are described (reviewed
in [48,51]), including antibacterial effects towards Gram-positive and Gram-negative bacteria, inhibition
of replication and proliferation of certain viruses, and potent activity of some prenylated chalcone
derivatives against malaria-causing Plasmodium falciparum. Hops phenolics also display antifungal
activity against Trichophyton mentagrophytes and T. rubrum, weak inhibition of Fusarium oxysporum and
Zymoseptoria tritici, and very low activity against Candida albicans, C. glabarta, and some Pencillium and
Aspergillus species [48,51,52].

On the other hand, only a few studies have reported on phenolics from hop leaves, stems,
and roots [52–55], especially in relation to their antifungal activity [52]. Here, we quantified the
total polyphenols in roots and stems of 14 hop varieties before flowering and at the mature hops
stage. We show that total polyphenols vary between different hop varieties (Figure 1) but are,
in general, significantly higher in roots than stems in the pre-flowering stage, while the content of total
polyphenols with hop maturation increases, especially in stems, reaching levels comparable to those in
roots. Observed variation among hop varieties corroborates studies of hops phenolics, which report
that the chemical composition of hops is specific to an individual hop variety and influenced by
seasonal, climatic, and edaphic variation, the maturation stage of hop cones, and exposure to biotic
stresses [53,55–58]. Comparison of hop phenolics, however, is difficult due to different approaches
used for their determination, including sample pre-treatment, use of different solvents, extraction
protocols, and analytical techniques, as well as expression of a compound’s abundance in different
units [59].

We report that, before flowering, the total polyphenols in the roots of VW resistant variety Wye
Target are significantly higher than in other hop varieties, while the rest of VW resistant and moderately
resistant varieties at this stage have comparable or often even lower total polyphenols content in
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roots than VW susceptible varieties (Table 1, top triangle). In contrast, the total polyphenols in the
stems of VW resistant varieties, except Herald, are significantly higher relative to VW moderately
resistant and susceptible hop (Table 2, top triangle). At the mature cones stage, the total polyphenols
in the roots of VW resistant and moderately resistant hop varieties are higher than in VW susceptible
varieties Cerera and Celeia (Table 1, bottom triangle). In addition, total polyphenols in the stems of
the majority of VW resistant and moderately resistant hop varieties, except Yeoman and Keyworth
Midseason, are higher than in VW susceptible varieties (Table 2, bottom triangle). Our findings thus
suggest that the relationship between total polyphenols and VW resistance is not explicit, although
higher levels of phenolics, particularly in the stems of the majority of resistant and moderately resistant
hop varieties at early and mature phenological stages, may contribute to observed differences in the
resistance responses to V. nonalfalfae. It has been determined that many VW infections stay in the
pre-vascular phase of the disease [60,61], with phenolic compounds accumulating in roots and stems
of resistant as well as susceptible plants, but the rate and the level of their production is higher in
resistant plants [3]. Our recent study monitoring the changes in hop phenolic compounds induced on
V. nonalfalfae infection corroborates these findings [14].

3.2. Phenolic Compounds Are Involved in the Plant Defense against VW Infection, but the Responses Vary
among Host Species and with Disease Progression

Breeding and growing disease resistant lineages is essential in confronting VW pathogens.
In tomato, a single major gene, the Ve1 gene [62], confers resistance to V. dahliae race 1 strains,
expressing Ave1 effector [63]. Similar resistance responses have been observed within and outside
the Solanaceae family for various Ve1 homologs [64]. However, several studies have reported that
VW resistance is controlled by additive quantitative genetic components located in multiple small
effect genomic loci (quantitative trait locus, QTLs) [65–71]. Among these, the QTL for V. longisporum
resistance in oilseed rape co-localized with QTLs for a number of phenylpropanoids [72]. In addition,
phenolic acids and soluble phenylpropanoid metabolites have been implicated in Arabidopsis resistance
response to V. longisporum [33,34] and in potato response to V. dahliae [46]. Accumulation in phenolic
and lignin content has also been described in broccoli and cauliflower as a result of V. dahliae infection,
but with decisive differences in the speed of lignification and phenolics accumulation [73]. In a
susceptible olive cultivar, the total phenolics increased on V. dahliae infection [38,74] and as a defense
reaction to secreted fungal phytotoxins [75]. Following V. nonalfalfae infection, the genes involved in
the biosynthesis of phenylpropanoids were induced in VW susceptible hop [42]. However, in the
V. dahliae interaction with cotton [40] and tomato [30], upregulation of genes in the phenylpropanoid
metabolism and synthesis of lignin contributed to effective defense response in resistant plants. In the
pre-vascular stage of infection, accumulation of flavanols in the roots of resistant cotton on inoculation
with V. dahliae was detected [76]. A consistent response was observed at the asymptomatic stage of VW
disease in the roots and the stems of resistant hop after exposure to V. nonalfalfae, although a significant
increase in total flavanols was also found in the stems of susceptible hop 3 days after inoculation [14].

In this study, we assessed total polyphenols at the symptomatic stage of VW disease, 5 weeks after
V. nonalfalfae inoculation, when susceptible plants exhibited severe symptoms. We deliberately chose
VW susceptible Celeia, which had the lowest measured content of total polyphenols, and resistant
Wye Target, which had the highest total polyphenols among all the tested varieties. A statistically
significant decrease in total polyphenols was observed in the roots of susceptible hop, as was an even
more prominent drop in the stems of resistant hop relative to healthy plants. Our results confirm
recent findings by Kunej et al. [14], who reported that, at the late stages of infection, flavanols and
hydroxycinnamic acids decreased at 15 and 6 days after inoculation in susceptible and resistant
hop, respectively. A similar decrease in total phenol content has also been reported in resistant and
susceptible olive cultivars on infection with V. dahliae [37].

There are several possible explanations for the noted decrease in total polyphenols. First, the fungus
can actively suppress plant defense by secreting various hydrolytic enzymes and effector proteins,
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interfering with the host metabolism [77]. For example, a secreted lignin-modifying peroxidase from
V. nonalfalfae, VnaPRX1.1277, has been implicated in protection against plant-derived oxidative stress
and/or degradation of lignin [78]. It is highly expressed in the stems of VW susceptible hop, particularly
at the later stages of infection, and may contribute towards the observed drop in total polyphenols.
In addition, some strains of V. dahliae are able to degrade and utilize ortho-phenolic compounds as a
source of carbon [61].

Another reason for the decline in total polyphenols may be due to their diversion to other products,
as suggested for the V. dahliae–olive interaction [37]. There is strong evidence that the lignin metabolism
is central to the VW resistance response, as has been shown in V. dahliae infection of cotton [40], broccoli,
cauliflower [73], tomato [30], and pepper [79], in Brassica napus [80] and Arabidopsis thaliana [34] as a
defense response to V. longisporum, and in the V. nonalflafae interaction with hop [13]. Notably, there are
clear differences in the rate and the extent of lignin synthesis and deposition among resistant and
susceptible cultivars, with earlier onset of the lignification process and a stronger reaction in the resistant
cultivar, indicating the importance of pathway activation in a timely and efficient manner [30,40,81].
In respect to esterification and crosslinking of polyphenols to the plant cell wall components during
the lignification process, we cannot exclude the possibility that the decrease in total polyphenols could
partially result from a technical flaw, since bound phenolics are more difficult to extract and usually
remain in the plant residues [82].

3.3. V. nonalfalfae Growth In Vitro Is Inhibited by p-Coumaric Acid and Tyrosol

Hop polyphenols are a complex mixture of phenolic acids and non-prenylated flavonoids,
including proanthocyanidins and flavonol glycosides [47]. Some of these compounds have been shown
to accumulate in the defense response of host plants after infection with Verticillium [14,28,37,46,83–85],
and for certain compounds, antifungal activity has been tested in vitro [38].

Flavanol catechin is known to have antifungal activity against root-colonizing fungi [86] and inhibit
sporulation [61], but its activity against V. dahliae (IC50 = 2100 mg/L) is low. Similarly, we observed
very weak inhibition of V. nonalfalfae; at a catechin concentration of 2000 mg/L, the fungal growth was
82% and 72% that of the control for mild strain Rec and lethal strain T2, respectively.

Flavonol quercetin and its glycoside form rutin, which, at 2000 mg/L, inhibited around 15% of T2
fungal growth, while rutin was more effective against mild strain Rec, inhibiting 34% of fungal growth.
In contrast to these findings, in the V. dahliae–olive interaction, quercetin displayed high antifungal
activity against V. dahliae with IC50 of 6 mg/L, while rutin was 13 times less active [38]. In potato,
V. dahliae induced accumulation of antifungal rutin [45]; however, the fungus was able to metabolize
this flavonol glycoside, using glucosidases and rhamnosidases, into aglycone quercetin, which was
further detoxified by quercetinases to release phloroglucinol and a by-product, protocatechuic acid [87].
In a proposed hypothetical model, the latter may be converted to salicylic acid (SA) to elicit the SA
signaling pathway and counter the jasmonate signaling, ultimately resulting in plants more susceptible
to this disease [87].

A plant flavone luteolin, another compound that accumulates in olive after V. dahliae infection,
had high antifungal activity against V. dahliae with IC50 of 7 mg/L [38]. In addition to inhibiting
fungal growth, luteolin and quercetin caused ultrastructural and morphological changes in the fungus,
including increased thickness of the fungal cell wall, increased number of vesicles with cell wall
deposition material, and a higher number of mitochondria, which also doubled their size. Furthermore,
sporulation was reduced, and conidia that were produced did not germinate [38]. In contrast to
relatively good inhibition of V. dahliae, luteolin exhibited poor antifungal activity against V. nonalfalfae
strains (fungal growth was 85% that of the control).

Phenyletanoid tyrosol, a potent antioxidant [88] and one of the main phenolic compounds found
in virgin olive oil, decreased in response to V. dahliae infection [89] and had medium antifungal activity
(IC50 = 660 mg/L) [38]. Its antifungal activity against V. nonalfalfae was good, achieving 50% growth
inhibition of both lethal and mild strains.
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p-Coumaric acid possesses broad and strong antibacterial activity [90]. Together with ferulic
acids, it is found in xylan and is responsible for esterification of lignin and strengthening the plant cell
wall [91]. Although p-coumaric acid increased on V. dahliae infection in potato [45] and tomato [30],
it had low inhibitory activity (IC50 = 1470 mg/L) [38]. Quite the opposite was found for V. nonalfalfae,
whose growth was completely inhibited by p-coumaric acid at concentrations above 1000 mg/L for T2
and 2000 mg/L for Rec.

In the present study, we did not measure the concentrations of individual phenolic compounds in
hop samples, and we could not find studies reporting the concentrations of p-coumaric acid in stems
and roots of hop. However, several research groups conducted HPLC analysis of p-coumaric acid in
methanol, water, or ethanol extracts from hop cones and leaves [92–94]. The values for hop cones
ranged from 6 µg/g dry matter to 256 µg/g dry matter, depending on the hop variety and the extraction
solvent used, while the concentration of p-coumaric acid in leaves was 45 µg/g dry matter. We conclude
that, in physiological conditions, p-coumaric acid does not reach high enough concentrations to inhibit
V. nonalfalfae growth, the effect observed in the antifungal experiments in vitro.

3.4. Antifungal Activity of Total Polyphenol Extracts from Hop

Although hops phenolic compounds have high and broad antibacterial activity [48], their antifungal
activity is reportedly weak. A water extract from hop cones exhibited discrete (>20%) antifungal
activity against certain Aspergillus and Penicillium species that were considered responsible for spoilage
of bakery goods [95]. Crude ethyl acetate, acetone, and methanol extracts from the spent hops displayed
antifungal activity against Fusarium oxysporum, F. culmorum, and F. semitectum, with the lowest MIC50
of 0.5 mg/mL, while methylene chloride extract exerted antifungal activity against Botrytis cinerea with
an MIC50 of 1 mg/mL [96]. Column chromatography purified hops methanol extracts were effective
against the human pathogenic fungi of Trychophyton spp., with isopentyl derivatives of humulone
showing MIC between 12.5 and 50 µg/mL, while 3-isopentenylphlorisovalerophenone was also active
against Mucor rouxianus, Candida albicans, and Fusarium oxysporum, exhibiting MICs similar to those of
griseofulvin [97].

Compared to hops essential oil (IC50 = 0.36 g/L; 100% inhibition) or crude hops extracts
(IC50 = 0.73 g/L; 85% inhibition), the inhibitory activity of methanol extracts from hop leaves,
stems, and roots was relatively low (25–35% inhibition) when assessed against the wheat pathogen
Zymoseptoria tritici [52]. In our study, dose response curves of methanol extracts from hop roots and
stems revealed that the total polyphenols from stems (IC50 of 130–211 mg/L) were ten times more
active against V. nonalfalfae than those from roots (IC50 of 1171–1804 mg/L). Furthermore, extracts from
VW susceptible CE stems were more effective against mild strain Rec than lethal strain T2, while VW
resistant WT stem extracts had the opposite effect on the fungal strains, with T2 being more sensitive.

In summary, the results of the present study indicate that total polyphenols content exhibits great
variability among different hop varieties but is generally higher in roots than stems and increases with
hop maturation. Although the correlation between VW resistance and total polyphenol content is not
straightforward, it is likely that phenolic compounds are involved in hop defense against V. nonalfalfae
infection. The higher levels of total polyphenols, particularly in the stems of the majority of VW
resistant hop varieties, probably contribute to fast and efficient activation of signaling pathways and
defense responses, while these processes may be delayed in susceptible plants. Total polyphenols
extracted from hop roots and stems are able to inhibit V. nonalfalfae growth, with clear differences in the
sensitivity of fungal strains that may be attributed to a different composition of phenolic compounds
in Celeia and Wye Target. Even though p-coumaric acid completely abolishes V. nonalfalfae growth
in vitro, the concentrations necessary for such inhibition are not physiologically relevant.
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4. Materials and Methods

4.1. Plant Material

All plant material was collected in variety collection field SN5 at the Slovenian Institute of Hop
Research and Brewing. Sampling of 14 varieties of hop (Humulus lupulus L.) differing in resistance to
VW [98–100] (Table 5) was performed at two BBCH phenological growth stages of hop [101]: first before
flowering (39–51) and second at maturation of hop cones (86–88). Nine plants of each variety were
divided into triplicates containing three samples, separately for the bottom 1.5 m part of the bines
without leaves and for the roots.

Table 5. List of hop varieties differing in resistance to Verticillium wilt (VW).

Hop Variety VW Resistance

Wye Target resistant
Styrian Gold resistant

Keyworth Midseason resistant
Yeoman resistant
Herald resistant

Wye Challenger moderately resistant
Atlas moderately resistant

Magnum moderately resistant
Wye Northdown susceptible

Cerera susceptible
Savinjski Golding susceptible

Buket susceptible
Fuggle susceptible
Celeia susceptible

4.2. Artificial Inoculation of Hop with Verticillium nonalfalfae

Verticillium isolates designated T2 (lethal pathotype PV1) and Rec (mild pathotype M) were
obtained from the culture collection of the Slovenian Institute of Hop Research and Brewing fungal
collection. Fungi were maintained at 24 ◦C in the dark on potato dextrose agar (PDA) plates (Fluka
Analytical, Buchs, Switzerland).

Artificial inoculation of hop was performed with root dipping in a V. nonalfalfae conidia
suspension [44]. Sampling of VW-inoculated and mock-inoculated plants of VW susceptible Celeia and
resistant Wye Target was performed 5 weeks after inoculation, when plants of Celeia had developed
severe wilt symptoms. Root and stem samples from Verticillium inoculated plants were taken only
from plants with confirmed pathogen re-isolation [44].

4.3. Extraction of Total Polyphenols from Dry Plant Material

Plant material was dried at 45 ◦C for 3 days, milled in a laboratory blender and weighed.
The moisture content was then determined as:

W =
(m1 −m2)

(m1 −m0)
× 100 (1)

where W is the percent of moisture, m0 is the mass of a dish, m1 is the mass of a dish with sample
prior to drying, and m2 is the mass of a dish with sample after drying. For all hop varieties, a moisture
content was determined between 68 and 72%.

The extraction of total polyphenols was performed in two steps. First, 1 g of dry plant material was
extracted for 30 min on a rotary shaker with 50 mL of 25% N,N-dimethylformamide (v/v, Sigma Aldrich
Chemie GmbH, Germany) and filtered. Filtrate (25 mL) was then extracted with 25 mL of chloroform
(Sigma Aldrich, Chemie GmbH, Germany) in a funnel separator. The top aqueous phase was transferred
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to a distillation flask, and chloroform was removed with a Büchi rotavapor R-200 (Flawil, Switzerland)
at 45 ◦C. The remaining solution was transferred to a measuring flask and filled up to 50 mL with
distilled water to obtain solution A.

4.4. Spectrophotometric Determination of Hop Total Polyphenols

Total polyphenols were analyzed according to the method adopted by the European Brewery
Convention for determination of total polyphenols in beer [43]. Solution A (10 mL) was mixed with 8 mL
of carboxymethyl celullose (CMC)/ ethylenediaminetetraacetic acid (EDTA) solution (Fluka Analytical,
Buchs, Switzerland, 1% CMC (m/v)/0.2% EDTA (m/v)), 0.5 mL of 3.5% ammonium iron(III) citrate
solution (Fluka Analytical, Buchs, Switzerland), and 0.5 mL of ammonia solution (Sigma Aldrich
Chemie GmbH, Germany, concentrated ammonia diluted with two volumes of distilled water) and
filled up to 25 mL with distilled water. After mixing and 10 min incubation at room temperature,
the absorbance of total polyphe6nols was measured on an HP 8453 spectrophotometer (Hewlett Packard,
California, USA) at 600 nm. For a blank, solution A was mixed with CMC/EDTA and ammonia
solutions without the ferric reagent. The content of total polyphenols was calculated according to the
European Brewery Convention (Analytica EBC, Method 7.14, [102]):

P =
(A × 820)
(W × 20)

(2)

where P is the polyphenol content in %, A is the absorbance measured at 600 nm (sample—blank
sample), 820 is the standard coefficient [102], and W is the sample weight in g.

4.5. Inhibition of Fungal Growth by Commercial Phenolic Compounds

Based on results from the Verticillium dahliae–olive pathosystem, six commercial phenolic
compounds were selected for assessment of antifungal activity against V. nonalfalfae strains T2
and Rečica. Mycelial discs (5 mm) taken from a 12–20-day old fungal culture were centrally inoculated
on potato dextrose agar (PDA) plates supplemented with phenolic compound (quercetin, p-coumaric
acid, catechin, rutin, tyrosol, and luteolin; all from Sigma Aldrich, Chemie GmbH, Germany) dissolved
in 20% methanol at six different concentrations (1, 10, 100, 1000, 1500, and 2000 ppm) or with solvent
control. Each compound was tested at each concentration in six replicates. Fungi were grown for
21 days in the dark at 20 ◦C and 60% humidity. Every seven days, fungal growth was measured as
the diameter of the fungal colony minus the size of the mycelial disc along two perpendicular lines
drawn across the middle of the mycelial disc. Relative average diameters (RAD) of fungal colonies
were calculated as:

RAD (%) =
T
C
× 100 (3)

in which C is the average colony diameter in the control, and T is the average colony diameter in the
treatment. For the highest tested compound concentration, percentage inhibition was also calculated as:

Inhibition (%) =
C− T

C
× 100 (4)

4.6. Determination of Antifungal Activity of Hop Polyphenolic Extracts

Hop extracts were prepared from combined samples of roots and combined samples of stems.
The average content of polyphenols determined spectrophotometrically for these combined samples
was 9.93 g/kg for Celeia roots, 11.63 g/kg for Celeia stems, 18.61 g/kg for Wye Target roots, and 20.61 g/kg
for Wye Target stems. These values are a bit lower than the values reported for the total polyphenols
in hop cones [93], where the total polyphenols comprise up to 4% of the total weight of dried hop
cones [103].
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Dried hop samples were extracted with 75% acetone (Fluka Analytical, Buchs, Switzerland; 50 mL
per 1 g of plant material) for 30 min on a shaker at 150 rpm. Samples were filtered, and 50 mL of
filtrate was extracted with 20 mL of chloroform (Sigma Aldrich Chemie GmbH, Germany) by vigorous
shaking for 1 min followed by 20 min centrifugation at 3000 rpm in a Heraeus centrifuge Biofuge primo.
The supernatant was transferred in a funnel separator, and the top aqueous phase was collected in a
distillation flask. Chloroform was removed on a Büchi rotavapor R-200 (Flawil, Switzerland) at 45 ◦C.
Remaining dark brown resin was dissolved in methanol at 200 mg/mL and diluted with distilled water
to 20 mg/mL. The mass of extracted polyphenols was calculated from the concentration of polyphenols
determined spectrophotometrically and the mass of the dry hop sample. From this mass, 10% was
subtracted based on the assumption that there was such a loss during the extraction procedure.

The antifungal activity of hop polyphenolic extracts against V. nonalfalfae strains T2 and Rečica
was determined on PDA plates supplemented with 1, 10, 100, 1000, 1500, and 2000 ppm of extracted
polyphenolic compounds. Mycelial discs (5 mm), taken from a 12–20-day old fungal culture,
were centrally inoculated and incubated in the dark at 20 ◦C and 60% humidity for three weeks.
Fungal growth was measured at weekly intervals as the diameter of the fungal colony minus the size
of the mycelial disc along two perpendicular lines drawn across the middle of the mycelial disc.

4.7. Statistical Analysis

All statistical analyses were performed with the R program [104]. In the first experiment, the data of
total polyphenols were analyzed on the basis of a linear model that considered fixed effects of the variety
(14 different varieties, Table 4), the BBCH stage (PB, M), the organ (stems, roots), three double interactions
(variety:BBCH stage, variety:organ, BBCH stage:organ), and one triple interaction (variety:BBCH
stage:organ). The dependent variable total polyphenols were log-transformed based on variance
homogeneity assumptions. The mean values of log (total polyphenols) between the selected treatments
were compared based on a simultaneous null hypothesis test using the “glht” function from the
multcomp package in R. A similar statistical analysis was performed for the second experiment,
in which the fixed effects were determined with variety, organ, and Verticillium infection. In the
fourth experiment, the relative diameter was modeled with a nonlinear model using the “nls” function
from the nlme package in R. The sigmoid curve of the dose–response relationship was determined
according to:

RAD = φ1

(
1 + e(

φ2−log10x
φ3

)
)−1

(5)

where RAD is the relative colony diameter; φ1 is the upper asymptote; φ2, is log 10 of the concentration
(x) at which a bend is reached at φ1/2; and φ3 is the rate of decrease of the relative diameter after the
bend. All three parameters were compared between treatments based on their asymptotic confidence
intervals. For hop extracts comparison, IC50, the concentration at which 50% inhibition of fungal
growth is observed, was calculated from:

IC50 = 10φ2 (6)

Supplementary Materials: The following table is available online at http://www.mdpi.com/2223-7747/9/10/1318/s1,
Table S1: Comparisons between average total polyphenols for each individual hop variety between roots and
stems at each BBCH stage separately.
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14. Kunej, U.; Mikulič-Petkovšek, M.; Radišek, S.; Štajner, N. Changes in the phenolic compounds of hop
(Humulus lupulus L.) Induced by infection with Verticillium nonalfalfae, the causal agent of hop Verticillium
wilt. Plants 2020, 9, 841. [CrossRef]

15. Wilhelm, S. Longevity of the Verticillium wilt fungus in the laboratory and field. Phytopathology 1955,
45, 180–181.

16. Deketelaere, S.; Tyvaert, L.; França, S.C.; Höfte, M. Desirable Traits of a good biocontrol agent against
Verticillium wilt. Front. Microbiol. 2017, 8. [CrossRef]

17. O’Brien, J.A.; Daudi, A.; Butt, V.S.; Bolwell, G.P. Reactive oxygen species and their role in plant defence and
cell wall metabolism. Planta 2012, 236, 765–779. [CrossRef]

18. Kissoudis, C.; van de Wiel, C.; Visser, R.G.F.; van der Linden, G. Enhancing crop resilience to combined
abiotic and biotic stress through the dissection of physiological and molecular crosstalk. Front. Plant Sci.
2014, 5, 207. [CrossRef]

19. Mott, G.A.; Middleton, M.A.; Desveaux, D.; Guttman, D.S. Peptides and small molecules of the plant-pathogen
apoplastic arena. Front. Plant Sci. 2014, 5, 677. [CrossRef]

20. Beckman, C.H. Phenolic-storing cells: Keys to programmed cell death and periderm formation in wilt
disease resistance and in general defence responses in plants? Physiol. Mol. Plant Pathol. 2000, 57, 101–110.
[CrossRef]

21. Cheynier, V.; Comte, G.; Davies, K.M.; Lattanzio, V.; Martens, S. Plant phenolics: Recent advances on their
biosynthesis, genetics, andecophysiology. Plant Physiol. Biochem. 2013, 72, 1–20. [CrossRef] [PubMed]

http://dx.doi.org/10.1094/PHI-I-2000-0801-01
http://dx.doi.org/10.1146/annurev-phyto-080508-081748
http://www.ncbi.nlm.nih.gov/pubmed/19385730
http://dx.doi.org/10.1111/j.1364-3703.2006.00323.x
http://www.ncbi.nlm.nih.gov/pubmed/20507429
http://dx.doi.org/10.1371/journal.pone.0028341
http://dx.doi.org/10.1094/PHYTO-11-13-0315-IA
http://dx.doi.org/10.1111/j.1744-7348.1942.tb06138.x
http://dx.doi.org/10.1111/j.1744-7348.1948.tb07365.x
http://dx.doi.org/10.1111/j.1365-3059.1984.tb00585.x
http://dx.doi.org/10.1007/s10658-006-9061-0
http://dx.doi.org/10.1094/PDIS.2004.88.10.1115
http://www.ncbi.nlm.nih.gov/pubmed/30795253
http://dx.doi.org/10.1111/j.1365-3059.1985.tb02768.x
http://dx.doi.org/10.1007/s11105-014-0767-4
http://www.ncbi.nlm.nih.gov/pubmed/25999664
http://dx.doi.org/10.3390/plants9070841
http://dx.doi.org/10.3389/fmicb.2017.01186
http://dx.doi.org/10.1007/s00425-012-1696-9
http://dx.doi.org/10.3389/fpls.2014.00207
http://dx.doi.org/10.3389/fpls.2014.00677
http://dx.doi.org/10.1006/pmpp.2000.0287
http://dx.doi.org/10.1016/j.plaphy.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23774057


Plants 2020, 9, 1318 17 of 21

22. Shalaby, S.; Horwitz, B.A. Plant phenolic compounds and oxidative stress: Integrated signals in fungal–plant
interactions. Curr. Genet. 2015, 61, 347–357. [CrossRef] [PubMed]

23. Yadeta, K.A.J.; Thomma, B.P.H. The xylem as battleground for plant hosts and vascular wilt pathogens.
Front. Plant Sci. 2013, 4, 97. [CrossRef] [PubMed]

24. De Coninck, B.; Timmermans, P.; Vos, C.; Cammue, B.P.A.; Kazan, K. What lies beneath: Belowground
defense strategies in plants. Trends Plant Sci. 2015, 20, 91–101. [CrossRef]

25. Talboys, P.W. Association of tylosis and hyperplasia of the xylem with vascular invasion of the hop by
Verticillium albo-atrum. Trans. Br. Mycol. Soc.; 1958, 41, 249–260. [CrossRef]

26. Reusche, M.; Thole, K.; Janz, D.; Truskina, J.; Rindfleisch, S.; Drübert, C.; Polle, A.; Lipka, V.; Teichmann, T.
Verticillium infection triggers VASCULAR-RELATED NAC DOMAIN7-dependent de novo xylem formation
and enhances drought tolerance in Arabidopsis. Plant Cell 2012, 24, 3823–3837. [CrossRef]

27. Mandelc, S.; Timperman, I.; Radišek, S.; Devreese, B.; Samyn, B.; Javornik, B. Comparative proteomic
profiling in compatible and incompatible interactions between hop roots and Verticillium albo-atrum.
Plant Physiol Biochem. 2013, 68, 23–31. [CrossRef]

28. Hu, X.; Puri, K.D.; Gurung, S.; Klosterman, S.J.; Wallis, C.M.; Britton, M.; Durbin-Johnson, B.; Phinney, B.;
Salemi, M.; Short, D.P.G.; et al. Proteome and metabolome analyses reveal differential responses in tomato
—Verticillium dahliae—interactions. J. Proteom. 2019, 207, 103449. [CrossRef]

29. Wang, F.X.; Ma, Y.P.; Yang, C.L.; Zhao, P.M.; Yao, Y.; Jian, G.L.; Luo, Y.M.; Xia, G.X. Proteomic analysis of
the sea-island cotton roots infected by wilt pathogen Verticillium dahliae. Proteomics 2011, 11, 4296–4309.
[CrossRef]

30. Gayoso, C.; Pomar, F.; Novo-Uzal, E.; Merino, F.; de Ilárduya, O.M. The Ve-mediated resistance response
of the tomato to Verticillium dahliae involves H2O2, peroxidase and lignins and drives PALgene expression.
BMC Plant Biol. 2010, 10, 232. [CrossRef]

31. Floerl, S.; Druebert, C.; Majcherczyk, A.; Karlovsky, P.; Kües, U.; Polle, A. Defence reactions in the apoplastic
proteome of oilseed rape (Brassica napus var. napus) attenuate Verticillium longisporum growth but not disease
symptoms. BMC Plant Biol. 2008, 8, 129. [CrossRef]

32. Robb, J.; Shittu, H.; Soman, K.V.; Kurosky, A.; Nazar, R.N. Arsenal of elevated defense proteins fails to protect
tomato against Verticillium dahliae. Planta 2012, 236, 623–633. [CrossRef] [PubMed]

33. König, S.; Feussner, K.; Kaever, A.; Landesfeind, M.; Thurow, C.; Karlovsky, P.; Gatz, C.; Polle, A.; Feussner, I.
Soluble phenylpropanoids are involved in the defense response of Arabidopsis against Verticillium longisporum.
New Phytol. 2014, 202, 823–837. [CrossRef] [PubMed]

34. Floerl, S.; Majcherczyk, A.; Possienke, M.; Feussner, K.; Tappe, H. Verticillium longisporum infection affects
the leaf apoplastic proteome, metabolome, and cell wall properties in Arabidopsis thaliana. PLoS ONE 2012,
7, e31435. [CrossRef] [PubMed]

35. Su, X.; Lu, G.; Guo, H.; Zhang, K.; Li, X.; Cheng, H. The dynamic transcriptome and metabolomics profiling
in Verticillium dahliae inoculated Arabidopsis thaliana. Sci. Rep. 2018, 8, 15404. [CrossRef]

36. Iven, T.; König, S.; Singh, S.; Braus-Stromeyer, S.A.; Bischoff, M.; Tietze, L.F.; Braus, G.H.; Lipka, V.; Feussner, I.;
Dröge-Laser, W. Transcriptional activation and production of tryptophan-derived secondary metabolites in
Arabidopsis roots contributes to the defense against the fungal vascular pathogen Verticillium longisporum.
Mol. Plant 2012, 5, 1389–1402. [CrossRef]

37. Markakis, E.A.; Tjamos, S.E.; Antoniou, P.P.; Roussos, P.A.; Paplomatas, E.J.; Tjamos, E.C. Phenolic responses
of resistant and susceptible olive cultivars induced by defoliating and nondefoliating Verticillium dahliae
pathotypes. Plant Dis. 2010, 94, 1156–1162. [CrossRef]

38. Báidez, A.G.; Gómez, P.; Del Río, J.A.; Ortuño, A. Dysfunctionality of the xylem in Olea europaea L. plants
associated with the infection process by Verticillium dahliae Kleb. role of phenolic compounds in plant defense
mechanism. J. Agric. Food Chem. 2007, 55, 3373–3377. [CrossRef]

39. Sun, Q.; Jiang, H.; Zhu, X.; Wang, W.; He, X.; Shi, Y.; Yuan, Y.; Du, X.; Cai, Y. Analysis of sea-island cotton and
upland cotton in response to Verticillium dahliae infection by RNA sequencing. BMC Genom. 2013, 14, 852.
[CrossRef]

40. Xu, L.; Zhu, L.; Tu, L.; Liu, L.; Yuan, D.; Jin, L.; Long, L.; Zhang, X. Lignin metabolism has a central role in the
resistance of cotton to the wilt fungus Verticillium dahliae as revealed by RNA-Seq-dependent transcriptional
analysis and histochemistry. J. Exp. Bot. 2011, 62, 5607–5621. [CrossRef]

http://dx.doi.org/10.1007/s00294-014-0458-6
http://www.ncbi.nlm.nih.gov/pubmed/25407462
http://dx.doi.org/10.3389/fpls.2013.00097
http://www.ncbi.nlm.nih.gov/pubmed/23630534
http://dx.doi.org/10.1016/j.tplants.2014.09.007
http://dx.doi.org/10.1016/s0007-1536(58)80037-6
http://dx.doi.org/10.1105/tpc.112.103374
http://dx.doi.org/10.1016/j.plaphy.2013.03.017
http://dx.doi.org/10.1016/j.jprot.2019.103449
http://dx.doi.org/10.1002/pmic.201100062
http://dx.doi.org/10.1186/1471-2229-10-232
http://dx.doi.org/10.1186/1471-2229-8-129
http://dx.doi.org/10.1007/s00425-012-1637-7
http://www.ncbi.nlm.nih.gov/pubmed/22481138
http://dx.doi.org/10.1111/nph.12709
http://www.ncbi.nlm.nih.gov/pubmed/24483326
http://dx.doi.org/10.1371/journal.pone.0031435
http://www.ncbi.nlm.nih.gov/pubmed/22363647
http://dx.doi.org/10.1038/s41598-018-33743-x
http://dx.doi.org/10.1093/mp/sss044
http://dx.doi.org/10.1094/PDIS-94-9-1156
http://dx.doi.org/10.1021/jf063166d
http://dx.doi.org/10.1186/1471-2164-14-852
http://dx.doi.org/10.1093/jxb/err245


Plants 2020, 9, 1318 18 of 21

41. Tan, G.; Liu, K.; Kang, J.; Xu, K.; Zhang, Y.; Hu, L.; Zhang, J.; Li, C. Transcriptome analysis of the compatible
interaction of tomato with Verticillium dahliae using RNA-sequencing. Front. Plant Sci. 2015, 6, 428. [CrossRef]

42. Progar, V.; Jakše, J.; Štajner, N.; Radišek, S.; Javornik, B.; Berne, S. Comparative transcriptional analysis of hop
responses to infection with Verticillium nonalfalfae. Plant Cell Rep. 2017, 36, 1599–1613. [CrossRef] [PubMed]

43. Beer-35. In Total Polyphenols (International Method), 8th ed.; The Society: St. Paul, MN, USA, 2011.
44. Flajšman, M.; Radišek, S.; Javornik, B. Pathogenicity assay of Verticillium nonalfalfae on hop plants. Bio Protoc.

2017, 7, e2171. [CrossRef]
45. El Hadrami, A.; Adam, L.R.; Daayf, F. Biocontrol treatments confer protection against Verticillium dahliae

infection of potato by inducing antimicrobial metabolites. Mol. Plant Microbe Interact. 2011, 24, 328–335.
[CrossRef] [PubMed]

46. El-Bebany, A.F.; Adam, L.R.; Daayf, F. Differential accumulation of phenolic compounds in potato in response
to weakly and highly aggressive isolates of Verticillium dahliae. Can. J. Plant Pathol. 2013, 35, 232–240.
[CrossRef]

47. Steenackers, B.; De Cooman, L.; De Vos, D. Chemical transformations of characteristic hop secondary
metabolites in relation to beer properties and the brewing process: A review. Food Chem. 2015, 172, 742–756.
[CrossRef] [PubMed]

48. Karabín, M.; Hudcová, T.; Jelínek, L.; Dostálek, P. Biologically active compounds from hops and prospects
for their use. Compr. Rev. Food Sci. Food Saf. 2016, 15, 542–567. [CrossRef]

49. Bertelli, D.; Brighenti, V.; Marchetti, L.; Reik, A.; Pellati, F. Nuclear magnetic resonance and high-performance
liquid chromatography techniques for the characterization of bioactive compounds from Humulus lupulus L.
(hop). Anal. Bioanal. Chem. 2018, 410, 3521–3531. [CrossRef] [PubMed]

50. Van Cleemput, M.; Cattoor, K.; De Bosscher, K.; Haegeman, G.; De Keukeleire, D.; Heyerick, A. Hop
(Humulus lupulus)-derived bitter acids as multipotent bioactive compounds. J. Nat. Prod. 2009, 72, 1220–1230.
[CrossRef]

51. Bocquet, L.; Sahpaz, S.; Rivière, C. An Overview of the antimicrobial properties of hop. In Natural
Antimicrobial Agents; Sustainable Development and Biodiversity, 19; Mérillon, J.M., Rivière, C., Eds.; Springer:
Cham, Switzerland, 2018; pp. 31–54.

52. Bocquet, L.; Rivière, C.; Dermont, C.; Samaillie, J.; Hilbert, J.L.; Halama, P.; Siah, A.; Sahpaz, S. Antifungal
activity of hop extracts and compounds against the wheat pathogen Zymoseptoria tritici. Ind. Crop. Prod.
2018, 122, 290–297. [CrossRef]
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55. Vidmar, M.; Abram, V.; Čeh, B.; Demšar, L.; Ulrih, N.P. White hop shoot production in Slovenia: Total
phenolic, microelement and pesticide residue content in five commercial cultivars. Food Technol. Biotechnol.
2019, 57, 525–534. [CrossRef] [PubMed]

56. De Keukeleire, J.; Janssens, I.; Heyerick, A.; Ghekiere, G.; Cambie, J.; Roldán-Ruiz, I.; Van Bockstaele, E.;
De Keukeleire, D. Relevance of organic farming and effect of climatological conditions on the formation of
α-acids, β-acids, desmethylxanthohumol, and xanthohumol in hop (Humulus lupulus L.). J. Agric. Food Chem.
2007, 55, 61–66. [CrossRef] [PubMed]

57. Kavalier, A.R.; Litt, A.; Ma, C.; Pitra, N.J.; Coles, M.C.; Kennelly, E.J.; Matthews, P.D. Phytochemical and
morphological characterization of hop (Humulus lupulus L.) cones over five developmental stages using high
performance liquid chromatography coupled to time-of-flight mass spectrometry, ultrahigh performance
liquid chromatography photodiode array detection, and light microscopy techniques. J. Agric. Food Chem.
2011, 59, 4783–4793. [CrossRef] [PubMed]

58. McAdam, E.L.; Freeman, J.S.; Whittock, S.P.; Buck, E.J.; Jakse, J.; Cerenak, A.; Javornik, B.; Kilian, A.;
Wang, C.H.; Andersen, D.; et al. Quantitative trait loci in hop (Humulus lupulus L.) reveal complex genetic
architecture underlying variation in sex, yield and cone chemistry. BMC Genom. 2013, 14, 360. [CrossRef]

http://dx.doi.org/10.3389/fpls.2015.00428
http://dx.doi.org/10.1007/s00299-017-2177-1
http://www.ncbi.nlm.nih.gov/pubmed/28698905
http://dx.doi.org/10.21769/BioProtoc.2171
http://dx.doi.org/10.1094/MPMI-04-10-0098
http://www.ncbi.nlm.nih.gov/pubmed/21117866
http://dx.doi.org/10.1080/07060661.2013.773943
http://dx.doi.org/10.1016/j.foodchem.2014.09.139
http://www.ncbi.nlm.nih.gov/pubmed/25442616
http://dx.doi.org/10.1111/1541-4337.12201
http://dx.doi.org/10.1007/s00216-018-0851-y
http://www.ncbi.nlm.nih.gov/pubmed/29350255
http://dx.doi.org/10.1021/np800740m
http://dx.doi.org/10.1016/j.indcrop.2018.05.061
http://dx.doi.org/10.3390/i8090989
http://dx.doi.org/10.1016/j.indcrop.2014.11.008
http://dx.doi.org/10.17113/ftb.57.04.19.6269
http://www.ncbi.nlm.nih.gov/pubmed/32123514
http://dx.doi.org/10.1021/jf061647r
http://www.ncbi.nlm.nih.gov/pubmed/17199314
http://dx.doi.org/10.1021/jf1049084
http://www.ncbi.nlm.nih.gov/pubmed/21456557
http://dx.doi.org/10.1186/1471-2164-14-360


Plants 2020, 9, 1318 19 of 21

59. Prencipe, F.P.; Brighenti, V.; Rodolfi, M.; Mongelli, A.; Dall’Asta, C.; Ganino, T.; Bruni, R.; Pellati, F.
Development of a new high-performance liquid chromatography method with diode array and electrospray
ionization-mass spectrometry detection for the metabolite fingerprinting of bioactive compounds in Humulus
lupulus L. J. Chromatogr. A 2014, 1349, 50–59. [CrossRef]

60. Talboys, P.W. Resistance to vascular wilt fungi. Proc. Royal Soc. Lond. Ser. B. Biol. Sci. 1972, 181, 319–332.
61. Pegg, G.F.; Brady, B.L. Verticillium Wilts; CABI Publishing Series; CABI Pub.: Wallingford, UK, 2002;

ISBN 9780851995298.
62. Kawchuk, L.M.; Hachey, J.; Lynch, D.R.; Kulcsar, F.; van Rooijen, G.; Waterer, D.R.; Robertson, A.; Kokko, E.;

Byers, R.; Howard, R.J.; et al. Tomato Ve disease resistance genes encode cell surface-like receptors. Proc.
Natl. Acad. Sci. USA 2001, 98, 6511–6515. [CrossRef]

63. De Jonge, R.; van Esse, H.P.; Maruthachalam, K.; Bolton, M.D.; Santhanam, P.; Saber, M.K.; Zhang, Z.; Usami, T.;
Lievens, B.; Subbarao, K.V.; et al. Tomato immune receptor Ve1 recognizes effector of multiple fungal
pathogens uncovered by genome and RNA sequencing. Proc. Natl. Acad. Sci. USA 2012, 109, 5110–5115.
[CrossRef]

64. Song, Y.; Zhang, Z.; Seidl, M.F.; Majer, A.; Jakse, J.; Javornik, B.; Thomma, B.P.H.J. Broad taxonomic
characterization of Verticillium wilt resistance genes reveals an ancient origin of the tomato Ve1 immune
receptor. Mol. Plant Pathol. 2017, 18, 195–209. [CrossRef]
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