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Aim. To screen the Ukrainian collection of hop breeding material for the level of field resistance to Pseudoperono-
spora humuli at the early stages of the hop plant development and growth, and to identify valuable genotypes
for further breeding. Methods. The research was conducted in years 2019-2022 in small experimental plots in
a field where natural infection of P. humuli was present (Zhytomyr district, the Polissia zone, Ukraine). Sixty-
five newly created hop genotypes and four standard Ukrainian varieties, Alta, Slovyanka, Zahrava, and Ruslan
(as controls), were evaluated for the field resistance against P. iumuli on base of disease index using a 9-point
scale during the initial growth phase of the plant at two stages: in stage I, emergence of sprouts and stage I,
shoot growth. Results. For the first time a descriptive analysis of field resistance to P. humuli of hop plants in
two stages of its development and growth was performed for 65 new genotypes from the Ukrainian collection
of genetic hop resources and the most resistant ones were selected. The disease development was less intense
in stage I than during stage II, which was possibly associated with increased humidity and temperature during
the latter stage. No genotype showed immunity (full resistance) to the disease. The four standard varieties
used showed moderate susceptibility. Eight genotypes (7667, 8156, 8195, 8367, 8382, 8388, 8604, and 8555)
demonstrated high resistance during stage I, while a slightly different set of eight genotypes (7667, 7886, 8156,
8195, 8367, 8438, 8605, and 8555) showed high resistance in stage II. The differences observed across evaluation
stages and genotypes were statistically significant (F=13.4; p < 0.001). Conclusions. Evaluation of the Ukrai-
nian collection of hop breeding material for field resistance to Pseudoperonospora humuli during early stages of
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plant development and growth showed that 25% of the genotypes were classified as resistant, 39% as moderate
resistant, 32% as moderate susceptible, and 4% as susceptible. Six genotypes (7667, 8156, 8195, 8367, 8382,
and 8555) with the highest total field resistance to P. humuli were advised for inclusion into further breeding
crossings and investigations for the presence of useful genetic resistance markers.
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INTRODUCTION

Hop (Humulus lupulus L.) is a dioecious perennial
plant of the Cannabaceae family (Neve, 1991), which
due to its content of unique biochemical compounds
in the female inflorescence (cones) is an irreplaceable
component of beer production, both traditional, and
craft beer, as well as non-alcoholic beverages. During
the entire history of cultivation, some hop products
were also used in pharmaceutical, food, perfumery,
and other industries (Neve, 1991; Bocquet et al.,
2018; Bober et al., 2020; Korpelainen & Pietildinen,
2021; Anderson, 2023; OlSovska et al., 2024).

The analysis of global meteorological models
(GMM) demonstrates that weather changes in the
key regions of hop cultivation in Europe may have
a negative impact on the future realization of the
biological potential of the performance of modern
varieties. For instance, it was determined that under
global warming and a higher number of droughts,
there is a considerable risk of reduced hop produc-
tion, which requires the implementation of urgent
adaptive measures (Potopova et al., 2020; Mozny et
al., 2023). One of the solutions to this problem may
be found in creating new genotypes of hop which
should not only meet the market demands of produc-
ers and consumers, but also be maximally adjusted
to changes in the factors of cultivation environment,
and resistance to diseases and pests (Nesvadba et al.,
2020; Paguet et al., 2022).

Modern hop breeding is mainly concentrated on
taste qualities, aroma, and bitterness, though the agro-
technical traits of varieties are becoming ever more
relevant: yield stability, adaptation to climate change,
and resistance to pests and diseases (Mongelli et al.,
2016, Paguet et al., 2022).

One of the most common and harmful diseases of
hops is downy mildew (O’Neal et al., 2015; Trefilova
et al., 2022), caused by the oomycete Pseudoperono-
spora humuli [Miyabe et Takahasi] G.W. Wilson. The
epiphytotic development of downy mildew in hop
plantations (which is annually registered in Ukraine)

led to a decrease in yield of hop cones up to 30-50%,
if no proper crop protection system was implemented
(Venger & Fedorchuk, 2021).

Hop breeding for resistance to P. humuli has a long
history: it was initiated by Salmon in 1906 within a
breeding program of Wye College in the UK, that got
an extra impulse after an epiphytotic in 1924 (Darby,
2006). Subsequent outbreaks in Germany led to the
launch of a resistance breeding program in Hiill in
1926 (Seigner et al., 2009). Similarly, a breeding
program was established at Oregon State University
in USA (Corvallis) to ensure economically viable
yields under the disease pressure in humid climate
in Oregon in 1931 (Darby P, 2000).

A review of the current literature (de Arruda et al.,
2024; Purayannur et al., 2021) learns that research
on P. humuli continues in several directions. These
include investigation into the role of secondary meta-
bolites in the infection process, the identification
and characterization of resistance markers, (whole)
genome mapping, and the elucidation of genetic de-
terminants associated with tolerance, since immunity,
till now, has not been observed in hop. Despite these
advances, effective breeding strategies continue to
rely on robust and reproducible methods for evalua-
ting disease severity under controlled laboratory
conditions and in the field. This involves systematic
phenotyping and the development of comprehensive
datasets documenting disease manifestations, which
are essential for identifying resistant genotypes (Gent
etal., 2012; Nelson et al., 2015; Shtanko et al., 2018;
Cerenak et al., 2019; Feiner et al., 2021; Higgins &
Hausbeck, 2021; Trefilova et al., 2022). Henning et al.
(2015a) demonstrated that although phenotyping me-
thods vary (such as assessing leaf lesion area under
greenhouse conditions or quantifying the proportion
of infected seedlings in the field trials), utilizing mul-
tiple screening approaches can significantly improve
the accuracy and effectiveness of resistance selection
in breeding programs.

Hop cultivation is predominantly carried out in
humid, temperate regions, which are frequently asso-
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ciated with a high incidence of downy mildew (Royle
& Kremheller (1981). The disease has two peaks in
its development — in spring and in summer. Typical
symptoms in the initial stages of fungal development
after its dormant period, are the emergence of so-
called “spike-like” sprouts (Mitchell et al., 2011), also
called “thorns” (Purayannur et al., 2021). In a wet
spring, the first symptoms of the disease appear on
young leaves and sprouts, resulting in shortening of
internodes, deformation, and withering of leaves, that
become light green and eventually die. Mature leaves
show yellow-brown lesions on the upper surface, and
dark gray spots with a purplish hue, on the lower side
of the leaf blade. The infection inhibits general plant
development, which leads to a considerable decrease
in growth intensity and yield. Furthermore, there
are additional expenses for fungicide applications
(Purayannur et al., 2021; Higgins & Hausbeck, 2021),
which may end up to 8 to 10 applications during the
growing season (Johnson et al., 2009). Considering
modern ecological requirements, including the limi-
tations on the use of chemical pesticides, as applied
in the EU member states (Vostiel, 2021), breeding
for resistance to the disease became the basis for
a healthy hop production in the region (Nesvadba,
2016; Easterling et al., 2018).

Enhancing resistance of hop plants to P. humuli
requires not only the improvement of the breeding
methods, but also strategic study and utilization of
the crop’s existing genetic diversity. This diversity
serves as a foundation for identifying and incorpo-
rating resistance traits into new cultivars. Critical
steps in this process involves isolating resistant geno-
types, identifying associated phenotypic or molecular
markers, and integrating these findings into breeding
programs and genetic research (Henning et al., 2015a,
2015b).

The aim of this study was to evaluate the level
of resistance to P. humuli within the Ukrainian col-
lection of genetic hop resources specifically during
two early stages of plant development (stage I, emer-
gence of sprouts and stage 11, shoot growth). These
are stages when disease pressure is typically highest.
Fungicide application was intentionally withheld to
allow for natural infection dynamics. Such timing
should enable a more accurate evaluation of disease
manifestation to determine statistically significant
differences among tested genotypes to identify promi-
sing sources of resistance for further use in breeding
practice.

MATERIAL AND METHODS

The evaluation was conducted over a 4 years (sea-
sons) period, from 2019 to 2022, in fields of the ex-
perimental hop plantation of the Polissia Institute of
Agriculture (PIA), the NAAS, Zhytomyr, Ukraine.
The climate of the area is moderate continental with
warm, relatively wet summers, and mild winters. The
average perennial temperature of the coldest month
(January) is minus 6°C, and that of the warmest
month (July) +19°C. The sum of positive air tem-
peratures (above 10°C) is 2,400-2,500°C. The amount
of precipitation in the period of active vegetation is
300-350 mm. The plantation is in the zone of me-
dium humidification (with a hydrothermal coefficient
of 0.9-1.1), on turf-medium podzolic low-humus
soil, which was formed on glacial sandy depositions
(humus — 0.6—-1.2%, humus horizon thickness from
12 to 20 cm, soil acidity — 5.2-5.6). The evaluation
of weather indices was done using the data of the
Zhytomyr meteorological station, in particular, it in-
volved precipitation amount (mm), the average daily
air temperature (T ., °C), the average temperature
(Tmean2019-2022, °C), relative humidity (RH, %) and
average relative air humidity (RH,can2019-2022, %0)
during the initial stages of hop plant development.

Plant material. The plant material used for the
study consisted of four standard varieties and 65 geno-
types of the hop breeding collection. These genotypes
were obtained via complex crossings representing
generations F,—F4. While the collection was formed
between 2010 and 2018, it is also including breeding
forms derived from earlier experiments initiated in
1998 using various parental genetic materials, in-
cluding the Ukrainian varieties Alta, Ksanta, Ruslan,
Slov’ianka and Zahrava (UKR); the European varie-
ties Perle, Hallertau Magnum (DEU), Saaz (CZE) and
Bullion (GBR); as well as moderately resistant male
genotypes, as determined by multi-year field obser-
vation under natural infection pressure. These male
genotypes included F, progeny from the crossing of
the varieties Ksanta and Ruslan, and F; , progenies
from the crossing of the variety Bullion with a wild
form collected in the Transcarpathian region in 1984,
noted for field tolerance to P. humuli (M.Y. Zahrafova,
personal communication).

According to previous breeding phenological de-
scriptions, based on observations recorded in hybrid
nurseries and other trial plots, the genotypes were
classified into maturity groups. The duration of the
growing season (GSD) was determined as the number
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of days from seedling emergence to full technical ma-
turity of cones and documented in the corresponding
institutional reeding reports. The classification in-
cluded: early maturity (EM), with a growing season
duration of 115-120 days, medium maturity (MM),
121-128 days and medium late maturity (MLM),
129-134 days and late maturity (LM), more than
135 days.

The most commonly grown modern Ukrainian hop
varieties Alta (early), Slov’ianka, Zahrava (medium),
Ruslan (medium late) were used as control varieties,
with their officially documented resistance levels tak-
en from the national varietal passport data (State Reg-
ister of Plant Varieties Suitable for Dissemination in
Ukraine (https://minagro.gov.ua/file-storage/reyestr-
sortiv-roslin and atlas of Ukrainian hop varieties (Pro-
tsenko et al., 2017)). Each variety and genotype in the
breeding nursery were represented by three plants.

The evaluation of plant damage caused by the fun-
gus P. humuli was performed by visual inspection of
individual plants belonging to the different genotypes
and varieties (three plants per variety or genotype).
The methodology was based on the procedure for
assessing breeding hop forms (Methodology UIPVE,
2016; Shtanko et al., 2020, and Purayannur et al.,
2021). The evaluation was carried out in two distinct
growth stages: Stage I (emergence of sprouts), from
April 15 till April 30 and Stage II (shoot growth),
from May 1 to May 15.

For Stage I (where primary infection by the fungus
takes place), the degree of infection was determined
using the 9-point scale:

1 = very weak infection, presence of 1-2 spike-like
sprouts (ss) (Fig. 1, a);

2-3 = weak infection, 3-5 ss (Fig. 1, a) ;

4-5 = medium infection, 610 ss (Fig. 1, b);

Fig. 1. Symptoms of P. humuli on hop plants during the early stages of development and growth, used in the evaluation
according to a nine-point scale for Stage I (emergence of sprouts) and Stage 11 (shoot growth). (a) Rare primary
“spike-like” sprouts (1 point, Stage I), (b) Formation of a considerable number of “spike-like” sprouts (4-5
points, Stage I); (c) Absence of leaf infection (Stage II); (d) Very weak and weak leaf infection (2—3 points,
Stage II); (e) Medium leaf infection (4—5 points, stage II). (photos 1. Shtanko)
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6—7 = strong infection, 11-15 ss;
8-9 = very strong infection, most sprouts are de-
formed.

For Stage Il (where leaf infection by the fungus
takes place), the degree of infection was determined
using another 9-point scale, based on the percentage
of infected leaf surface (Fig. I, ¢, d, e):

1 = rare brown spots;
2-3 = brown spots cover 1-5% of the surface of
leaves;

4-5 = 6-10%;
6-7 = 11-50%;
8-9 = >50%.

The evaluation of the infection was conducted un-
der natural disease pressure without any additional
inoculation. During the assessment periods, plants
in the test plots were not treated with pesticides.
Following the completion of these assessments, to
prevent further disease development and spread, the
plots were treated with Ridomil Gold MZ 68 WG
(metalaxyl-M + mancozeb) at a rate 2.5 kg/ha. Subse-
quently, other pesticides registered for use in Ukraine
were applied according to the standard crop protec-
tion schedule.

The disease index (DI, %) was calculated for each
genotype using the formula according to Chester
(1950), also see Willocquet et al (2023):

DI = [X(N, x b,) x 100]/(N, x K),
where:

DI — disease index, %;
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2(N, x b,) — the sum of the products of the number
of plants (N,) and the corresponding infection score
(b,);

N, — total number of plants evaluated;

K — maximum possible score on the assessment
scale.

The samples with DI from 0% to 20% were con-
sidered resistant (R); from 21% to 30%, moderately
resistant (MR); from 31% to 40%, moderately sus-
ceptible (MS); from 41 to 50%, susceptible (S); over
51%, very susceptible (VS).

Statistics. To evaluate differences in the expression
of the studied traits between genotypes and groups of
genotypes based on DI, the following basic statistical
parameters were used: mean DI value, standard devia-
tion (Sd), and pairwise comparisons between mean
DI values using t-test. The F-statistics from ANOVA
was used to test the null hypothesis of no significant
differences between variants. All statistical analyses
were conducted in MS Excel and/or ANOVA.

RESULTS

In the initial infection stages, variations in disease
development were found to be closely associated
with weather parameters, such as relative humidity,
precipitation amount, and air temperature. To quan-
tify the influence of these factors, mean values of
weather indices were calculated for five-day intervals
within the period from April 15 to May 15 (Fig. 2,
A and B).

During the first stage of evaluation in the four years
studied, the relative humidity remained at a level,
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Fig. 2. The dynamics of: (4) — precipitation (mm) and relative humidity (RH, %); (B) — average daily temperature
(T, °C), average temperature (T ,can2019-2022, °C) and average relative humidity (RH,,can2019-2022, %) in the initial
stages of hop plant development (15.04-15.05), 2019-2022

AGRICULTURAL SCIENCE AND PRACTICE Vol. 12 No.2 2025 7



SHTANKO et al.

sufficient for the prevalence of P. humuli (=65%). Stage I: Emergence of sprouts. During this stage,
It is known that the most significant infections oc-  the degree of infection across all genotypes and varie-
cur when wetness is coincident with high humidity  ties ranged from 1 to 5 points. Throughout the four-
and relatively warm nights (Gent & Ocamb, 2009).  year study no genotype showed complete resistance
These conditions were especially fulfilled in Stage II.  (immunity) to the disease; but some of them (namely
A summary of the results is presented in 7able I and 7667, 8195, 8156, 8367, 8555) did not show any
detailed below. visual symptoms in some years. The average disease

Table 1. Results of resistance to Pseudoperonospora humuli evaluation of 65 newly bred hop genotypes and four
standard varieties as controls in the initial phase of plant development (Stage I — emergence of sprouts, April
15-30, and Stage II — shoot growth, May 1-15) in the years 2019-2022

Infection P. humuli, score Disease index (DI)**+ Sd), % Resistance
Genotype Jeve]***
No | mumber/ | Matri® range during (e eniire | (orthe
Vl?;izzy Stage [ | Stage II the eva'luation Stage I Stage II evalugtion evz?lz;rtfi:on

period period period)
1 | Alta E 1-4 2-5 1-5 28.54£17.1 | 41.3£13.8 | 34.9+16.0 MS
2 | 7683 E 2-4 2-5 2-5 35.8+£10.5 | 35.8+16.5 | 35.8+12.8 MS
3 | 7843 E 2-3 2-4 2-4 27.5+6.4 | 33.049.0 30.3£7.8 MS
4 | 8556 E 2-5 3-5 2-5 35.8+13.8 | 44.0£9.0 | 39.9+11.7 MS
5 | Slov’ianka MM 2-4 3-4 2-4 33.0+49.0 | 38.5+6.4 35.8+7.8 MS
6 | Zahrava MM 2-4 3-4 2-4 24.8+5.5 | 41.3£5.5 | 33.0+£10.2 MS
7 | 7667 MM 1-2 1-3 1-3 7.5£9.8 | 15.8+14.3 | 11.6£12.2 HR
8 | 7756 MM 1-3 2-3 1-3 22.0+£15.6 | 30.3+£5.5 | 26.1£11.7 MR
9 | 7886 MM 1-3 1-3 1-3 13.8416.5 | 17.5£18.0 | 15.6+16.1 HR
10 | 7987 MM 2-4 2-4 2-4 33.0+£12.7 | 35.8+10.5 | 34.4+10.9 MS
11 | 8058 MM 1-4 2-4 1-4 21.3£20.4 | 33.049.0 | 27.1£15.9 MR
12 | 8179 MM 2-3 2-4 2-4 27.5+6.4 | 35.8+10.5| 31.6+£9.2 MS
13 | 8182 MM 1-3 1-4 1-4 13.8416.5 | 28.5£17.1 | 21.1£17.5 MR
14 | 8195 MM 1-3 1-3 1-3 9.3£15.9 | 18.5£16.7 | 13.9£15.9 HR

15 | 8219 MM 2-5 3-5 2-5 41.3+£13.8 | 46.8£10.5 | 44.0+11.8 S

16 | 8230 MM 2-4 3-4 2-4 33.0+£9.0 | 41.3+£5.5 37.1+8.2 MS
17 | 8271 MM 3-4 3-4 3-4 38.5+6.4 | 41.345.5 39.9+5.7 MS
18 | 8273 MM 2-4 2-4 2-4 33.0+£9.0 | 33.0+9.0 33.0+8.3 MS
19 | 8310 MM 1-3 1-4 1-4 22.0£15.6 | 28.5£17.1 | 25.3%15.5 MR
20 | 8321 MM 2-3 3 2-3 27.5+6.4 33.0+0 30.3£5.1 MS
21 | 8323 MM 2-3 2-4 2-4 27.5¢6.4 | 33.0+£9.0 30.3£7.8 MS
22 | 8356 MM 2-4 3-4 2-4 30.3+£10.5 | 38.5+6.4 34.4+9.2 MS
23 | 8364 MM 1-3 2-3 1-3 18.5£16.7 | 27.5+6.4 | 23.0+12.7 MR
24 | 8373 MM 1-3 1-3 1-3 19.3£13.8 | 23.0+13.7 | 21.1£12.9 MR
25 | 8429 MM 2-4 1-3 1-3 33.04£9.0 | 25.8£14.5| 29.4+11.8 MR
26 | 8462 MM 1-3 2-4 1-4 14.8£15.5 | 33.0£9.0 | 23.9+15.2 MR
27 | 8489 MM 1-3 2-4 1-4 14.8€15.5 | 33.049.0 | 23.9+15.2 MR
28 | 8599 MM 1-3 1-3 1-3 19.3+13.8 | 23.0+13.7 | 21.1£12.9 MR
29 | Ruslan ML 2-4 3-4 2-4 33.049.0 | 38.5+6.4 35.8+7.8 MS
30 | 7734a ML 2-3 3-4 2-4 27.5+6.4 | 35.845.5 31.6+7.0 MS
31 | 7858 ML 1-3 1-3 1-3 20.3+£21.6 | 22.0£15.6 | 21.1£17.5 MR
32 | 7879 ML 1-3 1-3 1-3 22.0+15.6 | 24.8+16.5 | 23.4£14.9 MR
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End of the Table 1

Infection P. humuli, score Disease index (DI)**+ Sd), % Resistance
Genotype level***
o | S s
range durin e entire i
V;;igzy Stage I | Stage I1 the gva}uati(;gn Stage 1 Stage II evalugtion eVZﬁ;rgon
period period period)
33 | 8156 ML 1-2 1-3 1-3 6.5+10.5 | 15.8+14.3 | 11.1£12.6 HR
34 | 8157 ML 1-3 1-3 1-3 10.3£15.3 | 22.0+15.6 | 16.1£15.6 HR
35 | 8168 ML 1-3 2-3 1-3 23.0+£13.7 | 30.3£5.5 | 26.6£10.4 MR
36 | 8223 ML 3-4 3-5 3-5 38.5+6.4 | 44.0£9.0 | 41.3+7.8 S
37 | 8244 ML 1-3 2-3 1-3 22.0£15.6 | 30.3£5.5 | 26.1£11.7 MR
38 | 8258 ML 1-3 2-3 1-3 11.3£14.5 | 24.8£5.5 | 18.0£12.5 HR
39 | 8351 ML 1-3 1-3 1-3 11.3£14.5 | 20.3£12.0 | 15.8+13.2 HR
40 | 8352 ML 2-3 3-4 2-4 24.8+5.5 | 35.845.5 30.3£7.8 MS
41 | 8367 ML 1-2 1-3 1-3 7.5£9.8 | 14.8+15.5| 11.1%£12.6 HR
42 | 8368 ML 1-3 1-3 1-3 16.5+19.1 | 22.0+15.6 | 19.3£16.4 HR
43 | 8375 ML 1-2 2-3 1-3 12.0£11.7 | 27.5¢6.4 | 19.8£12.0 HR
44 | 8376 ML 2-4 1-4 1-4 33.0+£12.7 | 23.0+£24.3 | 28.0+18.7 MR
45 | 8382 ML 1-2 1-3 1-3 7.5£9.8 |20.3x12.0 | 13.9+12.2 HR
46 | 8388 ML 1-3 1-3 1-3 9.3+15.9 |23.0+¢13.7 | 16.1£15.6 HR
47 | 8424 ML 2-3 1-3 1-3 30.3£5.5 | 25.8+14.5 | 28.0+10.4 MR
48 | 8438 ML 1-2 1-3 1-3 11.0£12.7 | 19.3£13.8 | 15.1+13.1 HR
49 | 8442 ML 1-4 1-4 1-4 28.5£19.3 | 31.3£18.9 | 29.9£17.8 MR
50 | 8452 ML 1-4 2-4 1-4 28.5+17.1 | 35.84¢10.5 | 32.1£13.7 MS
51 | 8485 ML 1-3 2-3 1-3 23.0+£13.7 | 30.3£5.5 | 26.6£10.4 MR
52 | 8501 ML 1-3 1-3 1-3 19.3+£13.8 | 23.0+£13.7 | 21.1+12.9 MR
53 | 8503 ML 1-2 1-3 1-3 12.0£11.7 | 24.8£10.5 | 18.4£12.3 HR
54 | 8537 ML 1-2 2-3 1-3 13.0+£10.4 | 27.5+6.4 | 20.3+11.1 MR
55 | 8539 ML 2-3 2-3 2-3 27.5+6.4 | 27.5+6.4 | 27.5£5.9 MR
56 | 8549 ML 2-5 1-3 1-5 41.3+£13.8 | 25.8+14.5 | 33.5£15.5 MS
57 | 8557 ML 2-5 4-6 2-6 41.3£13.8 | 52.5£11.0 | 46.9£13.0 S
58 | 8577 ML 1-3 4-6 1-6 19.3+13.8 | 55.3£9.4 | 37.3+£22.1 MS
59 | 8594 ML 2-3 2-4 2-4 27.546.4 | 33.0£9.0 30.3£7.8 MS
60 | 8601 ML 1-4 2-3 1-4 28.5+17.1 | 30.3£5.5 | 29.4+11.8 MR
61 | 8603 ML 2-3 2-4 2-4 24.8+5.5 | 35.8+10.5| 30.3£9.8 MS
62 | 8604 ML 1-2 2-4 1-4 6.5+£10.5 | 33.0£9.0 | 19.8+16.8 HR
63 | 8605 ML 1-3 1-3 1-3 18.5+16.7 | 15.8+14.3 | 17.1£14.5 HR
64 | 8606 ML 1-3 2-3 1-3 18.5£16.7 | 27.5+6.4 | 23.0+12.7 MR
65 | 8161 LM 1-3 2-4 1-4 17.5+£18.0 | 30.3+10.5 | 23.9+15.2 MR
66 | 8167 LM 1-3 1-4 1-4 17.5+18.0 | 25.8+17.1 | 21.6£16.8 MR
67 | 8451 LM 1-3 2-4 1-4 17.5+18.0 | 35.8+10.5 | 26.6£16.8 MR
68 | 8528 LM 1-3 2-4 1-4 23.0+13.7 | 35.8+10.5 | 29.4£13.2 MR
69 | 8555 LM 1-2 1-3 1-3 6.5+10.5 | 19.3+13.8 | 12.9+13.3 HR
Xn £+ SE 22.44+12.6 | 30.2+10.8 | 26.3£12.5

Where: * Maturity: early maturity (EM), medium maturity (MM), medium-late maturity (MLM), late maturity (LM); ** disease
index (DI), % =+ standard deviation (Sd); *** Resistance/susceptibility level: highly resistant (HR), moderately resistant
(MR), moderately susceptible (MS), susceptible (S).
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index for P. humuli (DI£Sd) among 65 new geno-
types and 4 varieties was 22.4+12.6% at this stage.
The distribution of the resistance frequency based
on DI (Fig. 3) showed that 28 of the genotypes were
highly resistant (or 41%), 20 moderately resistant
(29%), 18 moderately susceptible (26%), and 3 were
susceptible (4%).

Eight genotypes, namely no. 7667, 8195, 8156,
8367, 8382, 8388, 8604 and 8555 exhibited the lowest
DI in the first stage, not exceeding 10%. Genotypes
8219, 8549, and 8557 were determined as susceptible
(DI>40%). The standard varieties Alta and Zahrava
were moderately resistant (DI 20-30%), whereas
Slov’ianka and Ruslan were moderately susceptible
(DI 30-40%).

357 Evaluation Stage |
304 30 == Evaluation Stage IT
- 28 27 = Average in 2019-2022
& 257 222
5 204 20
5 17 18
on
T 151
z
g 10 8 7
Z
5 3 I 3 2
0 . 0
0 T T T T
0-20 21-30 31-40 41-50 51-100

Disease index (DI), %

Fig. 3. The distribution of the resistance levels to P. humuli
based on the disease index (DI) in hop genotypes
during the initial growth stages

Disease index (DI), %

Stage I

Stage I1 Average

in 2019-2022

Early maturity
. Medium maturity

Medium-late maturity
B | ate maturity

Fig. 4. Results of evaluation of resistance of 65 hop geno-
types to P. humuli in the initial stages of plant
development and growth by the average disecase
indices (DI, %) for different groups of maturity

Stage 11: Shoot growth. During this period, the
disease impact intensified, as reflected by higher in-
fection scores and an increased disease index. The
average DI in this stage was 30.2+10.8%, which is
1.3 times higher in Stage I. The distribution of re-
sistance/susceptibility also shifted (Fig. 3): 8 geno-
types were highly resistant (12%), 30 moderately
resistant (43%), 22 moderately susceptible (32%),
7 susceptible (10%), and 2 very susceptible (3%). The
genotypes 7667, 7886, 8156, 8195, 8367, 8438, 8605,
and 8555 were classified as highly resistant, whereas
genotypes 8557 and 8577 were very susceptible. In
this stage the standard varieties Alta and Zahrava
were moderately susceptible, while Slov’ianka and
Ruslan demonstrated moderate resistance, which con-
tradicted the results from Stage 1.

Across 2019-2022 and the two stages of evalu-
ation, the overall mean disease index (DI£Sd) was
26.3+£12.5%. Based on DI, 25% of genotypes were
highly resistant, 39% moderately resistant, 32%
moderately susceptible, and 4% susceptible (Fig. 3).
All standard varieties were classified as moderate
susceptible. The lowest DI value was registered for
the genotypes 7667, 8156, 8195, 8367, 8382, and
8555, which are bitter hop forms, whose pedigree
include the high-resin varieties Hallertau Magnum
(7667), Ruslan (8156 and 8195), or Ksanta (8367,
8382, and 8555).

ANOVA analysis indicated significant differences
in DI values between the evaluation stages I and II
and across years 2019-2022 (F = 13.4, p < 0.001).
A paired-samples t-test confirmed a higher DI in
Stage II (M2+ Sd = 30.2+8.7) compared with Stage
I (M1£ Sd = 22.4+9.6), t (68) = 8.7, p < 0.001.

The assessment of resistance by plant maturity
group (Fig. 4) showed that early-maturing genotypes
were the most affected by P. humuli. For this group,
DI values averaged 31.9% in Stage I, 38.5% in Stage
II, and 35.2% across the entire evaluation period.
Medium- and medium-late-maturity groups were
generally more resistant, with DI values of 24.1%
and 21.0% in Stage I, 31.5% and 28.6% in Stage II,
and 27.8% and 24.8% respectively, over the entire
period. The lowest infection levels were recorded in
late-maturing genotypes. Notably, this group exhi-
bited the highest increase in DI values between Stages
I and II (+79.3%), whereas early maturity genotypes
showed only a 20.7% increase.

Medium-maturing genotypes 7667, 8195, 8555,
as well as medium-late genotypes 8156, 8382, and
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8367, demonstrated the highest resistance to P. hu-
muli, making them promising candidates for use in
further breeding programs.

DISCUSSION

Pseudoperonospora humuli is known to overwinter
as mycelium in the hop perennial root system and
crown (Kitner et al., 2021). High relative humidity,
elevated soil moisture, and rising spring temperatures
favor the early infection of buds and young shoots
(Gent et al., 2012; Venger et al., 2021, Trefilova et
al., 2022; Olatoye et al., 2023). We confirmed these
findings and observed that especially in the initial in-
fection stage, variations in disease development were
closely associated with these parameters. Profuse
sporulation occurs on infected tissues and sporangia,
which are subsequently dispersed by air currents. Un-
der favourable conditions, these sporangia germinate
to release biflagellate zoospores that infect healthy
tissue, thereby continuing the infection cycle. Though
oospores are produced in infected tissues, their role
in the infection cycle is not yet defined (Royle &
Thomas, 1971; Johnson et al., 2009; Purayannur
et al., 2021).

Severe outbreaks of downy mildew may result in
total yield loss, which highlights the importance of
implementing preventive and control measures against
the pathogen. These can include sanitary pruning
of the primary shoots (called “primary spikes” when
infected, owing their resemblance to wheat spikes),
conducting systematic disease monitoring (Richard-
son & Gent, 2023) as well as timely fungicide appli-
cations (Purayannur et al., 2021). The other cultural
practices that can reduce inoculum and modify the
microclimate of yards include removal of excess foli-
age, and grubbing of heavily diseased plants (Pura-
yannur et al., 2021). Thus, breeding for resistance
to P. humuli remains a key priority in modern hop
breeding programs, although known sources of resis-
tance are rare, genetically narrow, and quantitatively
inherited. Thus, varieties for which a very low level
of infection registered are considered as moderately
resistant (Henning et al., 2015a). Breeding progress
is hampered by hop perennial growth, inbreeding
depression, and the need to maintain brewing quality
traits, which are often associated with susceptibility
(Woods & Gent, 2016). An important achievement
in this direction is the development and registration
of the resistant male hop germplasm USDA 21087M,
which opens up new opportunities for obtaining re-

sistant hop varieties (Henning et al., 2018). Further
progress in this area requires more precise identifi-
cation of resistance sources, developing robust mo-
lecular markers, and application of genomic selection
tools (Henning et al., 2015a and b; Cerenak et al.
2019; Feiner et al., 2021).

Breeding efforts in hop-producing countries lead to
a number of cultivars with a reasonable level of resis-
tance. Assessment of 110 commercial hop cultivars in
the USA demonstrated that the highest level of vigor
and resistance to shoot infection are associated with
cultivars originating from Europe, rather than with
the cultivars from the United States, Japan, and Aust-
ralia/New Zealand (Woods & Gent, 2016). A number
of European cultivars are involved in the Ukrainian
hop breeding program, such as moderately resistant
varieties Perle, Hall. Magnum (DEU), moderately
susceptible variety Saaz (CZE), as well as the sus-
ceptible variety Bullion (GBR) (O’Neal et al., 2015).
Together with the moderately resistant Ukrainian va-
rieties Alta, Ksanta, Ruslan, Slov’ianka, and Zahrava
(UKR), they were used by us in a complex crossing
to obtain new genotypes with the desired traits and
better adaptation to local cultivation conditions.

The aim of our research was to evaluate the level
of resistance to P. humuli of new genotypes within the
Ukrainian collection of genetic hop resources under
characteristic weather conditions in the Polissia zone
during the second half of April till half of May. Over
the four years of observation, the highest disease se-
verity in this period was recorded in early-maturing
genotypes. This trend may be related to the earlier
bud break and more rapid shoot growth in these
plants, which potentially exposes them to infection
during periods favorable for pathogen development.
In medium-Ilate and late-maturity genotypes, lower
infection levels coincided with periods of reduced
humidity and increasing air temperature, conditions
which are less conducive to pathogen spread and de-
velopement. However, it remains difficult to fully dis-
tinguish whether the observed differences in disease
severity were driven predominantly by weather fac-
tors, intrinsic genetic resistance or susceptibility, or
(an interaction of) both. Further controlled studies
are required to clarify the relative contribution of
these factors.

An earlier study demonstrated that leaf infection
by P. humuli can occur at temperatures as low as 5°C,
if wetness is maintained for 24 hr or more, leading
to localized leaf spots (Royle, 1973). Systemic shoot
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infection develops under similar conditions, but re-
quires a 3—6 hr period of wetness within a temperature
range of 8-23°C (Royle, 1970). Rain-induced wetness
is particularly important for severe infection (Royle,
1973), with the highest disease severity observed
when prolonged wetness coincides with high humidity
and relatively warm night temperatures (Johnson &
Skotland, 1985; Gent & Ocamb, 2009). Our observa-
tion during Stage I demonstrated clear differences in
susceptibility of early emerging shoots of hop plants to
P. humuli infection. While at the onset of Stage I —
with temperatures of approximately 10-15°C and
relative humidity of 60—-67%, environmental condi-
tions coincided with a pronounced increase in in-
fection severity. Across all genotypes, the disease
index rose on average by 47% compared to Stage 1.
This increase is likely associated with both favorable
weather conditions for pathogen development and
the progressive expansion of infected leaf area as the
canopy developed. However, the specific contribution
of leaf area enlargement to the observed increase in
disease severity was not quantified in this study.

Overall evaluation of genotypes based on ave-
rage DI values enabled the identification of 17 new
genotypes (25%) as highly resistant. Among these,
medium-maturity genotypes 7667, 8195, 8555, as
well as medium-late maturity genotypes 8156, 8382,
and 8367, representing bitter hop forms with highly
resinous varieties in their pedigree, showed the most
stable resistance to P. humuli. These genotypes can
therefore be considered promising sources of resis-
tance and are of significant interest for future hop
breeding programs.

Our follow up investigations will focus on clari-
fying the genetic basis of resistance through de-
tailed pedigree analysis, the identification of spe-
cific morphological traits associated with reduced
susceptibility, and the use and/or development of
markers (Driskill M et al., 2022, Havill J et al.,
2023) to facilitate resistance evaluation at different
stage of plant development. Such work will contribute
to more efficient breeding strategies aimed at com-
bining durable resistance to downy mildew with high
brewing quality.

CONCLUSIONS

In 2019-2022, our hop breeding collection was
screened, and the level of field resistance to Pseudo-
peronospora humuli was determined in the initial
stages of plant development and growth for 65 new

genotypes, created using moderately resistant Ukrai-
nian and foreign varieties, as compared to standard
moderately susceptible varieties Alta, Zahrava, Slo-
v’ianka, and Ruslan. A visual two-stage evaluation
of symptom development in the initial phases of hop
plant growth and development, which occur in late
April and early May, respectively, was performed
under the prevalent weather conditions in the Polis-
sia province.

According to average values of the disease index
(DI), 17 genotypes (25%) were found to be highly
resistant, but not immune.

Medium maturity, highly resinous genotypes 7667,
8156, 8195, 8367, 8382, and 8555, created using va-
rieties Hallertau Magnum (DE), Ruslan, and Ksanta
(UKR) were found to be highly resistant, with a DI
index not higher than 15% and low variability of
this index.

The genotypes of the early maturity group were
generally less resistant/more susceptible than the
medium and late ones. The medium maturity and
late genotypes had a lower DI, probably also due
to weather changes. In the phase of emergence of
sprouts, the disease development was less severe
than during the shoot growth phase for genotypes of
all the maturity groups.

The following highly resistant hybrid genotypes
7667, 8156, 8195, 8555, 8382 and 8367 are recom-
mended for further use in hop breeding, and the
investigation of their genetic, hereditary traits and
morphological specificities, including those of re-
sistance to downy mildew, will be the purpose of
further studies.
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CKPUHIHI CEJEKIIMHOT'O MATEPIAJTY
XMEJIO HA TOJIBOBY CTIMKICTD 10
HECHPABKHbOI BOPOINHUCTOI POCH
(PSEUDOPERONOSPORA HUMULI WILSON)
HA PAHHIX CTAIISIX PO3BUTKY POCJIMH
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TuacTHTyT cinbebkoro rocmomapersa [Momices
HamionanbHoi akajemii arpapHux Hayk YKpaiHH,
131, moce Kuiscrke, M. XKutomup, Ykpaina, 10007
2HamionansHa akajeMist arpapHux Hayk YKpaiHwu,
9, Byn. Muxaitna OmensnoBuya-IlaBnenka, M. Kuis,
VYkpaina, 010110

3IHCTUTYT arpoeKoIoTii Ta MPUPOTOKOPHCTYBAHHSI
HAAH
12, Byn. Merposnoriuna, M. KuiB, Ykpaina, 03143
4 NepxaBuuii yuiBepcuter “JKUTOMUpPCHKA MOJITEXHIKA”,
103, Byn. Uynniscwka, M. XKutomup, Ykpaina, 10005

Merta. [IpoBecTH CKpUHIHT yKpalHCHKOI KOJEKIi celleK-
LIHOTO MaTepialy XMEJ0 3 BU3HAUYCHHSIM PIBHS MOJIBOBOT
CTIfKOCTI 10 Pseudoperonospora humuli Ha paHHIX CTalisaX
PO3BUTKY Ta POCTY XMEJII0, a TAKOX BUSBHUTH I[IHHI TC¢HO-
THIOHU 7 moganbinoi cenekifii. Meroau. JlocmimKeHHs
nposoamiocs y 2019-2022 pokax Ha TOCTIAHAX AIISTHKAX
(M. XKuromup, Ilomices, Ykpaina) Ha ¢HoHI TPUPOAHOI iH-
¢dexmii P humuli. HlicTaecsaT m’aTh HOBOCTBOPEHUX T€HO-
THITIB XMEJIO Ta YOTHPHU CTAHJAPTHI YKPaiHCHKI COPTH
Anbra, CroB’siHKa, 3arpaBa Ta Pycnan Oynu orineHi 3a
cTifikicTio 10 P. humuli Ha OCHOBI IHAEKCY 3aXBOPIOBAHHS
3a 9-0aJbHOIO MIKAJIOK0 BIPOJOBXK TOYATKOBUX (a3 pocTy
pociuH Ha JBOX eramax: nosiBa cxoniB (I eram) Ta pict
maroniB (II eram). PesyasTaTn. Briepmme Oymo mpoBeneHo
OITMCOBHMH aHaJIi3 MTOJILOBOI CTIHKOCTI XMeto 10 P humuli
Ha JIBOX eTamax HOro po3BHTKY Ta POCTY A 65 HOBHX
TEHOTHIIIB 3 YKPaTHCHKOT KOJIEKIII] CeIEeKIIHHOTO MaTepi-
aJy XMeJo Ta BifiOpaHo HalcTiiikimi 3 HUX. Po3BHUTOK
XBOpoOM OyB MEHIII iIHTCHCHUBHHM Ha eTari [, Hixk Ha eTari
I1, o, iiMoBipHO, OYyJI0 MMOB’sI3aHO 3 IMiBUILCHHSM BOJIO-
roCTi Ta TEeMIIEpaTypH Ha Apyromy erarni. JKojeH reHoTu
HE MPOSBHUB IMYHITETYy (MOBHOI CTIHKOCTi) A0 XBOPOOH.
YoTHpu CTaHIApTHI COPTH, IO BUKOPUCTOBYBAJIHCS, 110-
Ka3aJii IIOMipHY CIpUHHATIANBICTE. BiciM reHoTHIIIB (7667,
8156, 8195, 8367, 8382, 8388, 8604 Ta 8555) npoaemon-
CTPYBaJId BUCOKY CTiiKicTh Ha cTafii [, Toxi sk memio iH-
it HabOip 3 BockMu reHoTutis (7667, 7886, 8156, 8195,
8367, 8438, 8605 Ta 8555) mpoaeMOHCTPYyBaB BUCOKY
crilikicte Ha ctaail II. BiaMiHHOCTI 32 03HAKOIO CTiiKOC-
Ti Ha PI3HUX CTAlisX OLIHKH Ta MK I€HOTHIAaMH Oynu
craructuaHo 3Hagynmmu (F=13.4; p <0.001). BucHoBkm.
Oninka ykpaiHCHKOT KOJICKIIi CeNeKIiHHOTO MaTepiamy
XMEJII0 32 piBHEM II0JILOBOI CTIHKOCTI N0 Pseudoperono-
spora humuli Ha paHHIX CTaJisIX PO3BUTKY Ta POCTY poOC-
JIMH TOoKa3ana, mo 25% reHotumiB Oyno ki1acu(pikoBaHO
K cTiliki, 39% — sk TOMIpHO CTiliKi, 32% — K MOMipHO
cupuiiHaTiugi ta 4% — sk cnpuitastiausi. [licTs reso-
tuniB (7667, 8156, 8195, 8367, 8382 ta 8555) 3 HaliBu-
00 3arajbHOIO MOJIBOBOIO CTiHKicTIO 10 P. Aumuli Gymo
PEKOMEHIOBaHO BKJIFOYHMTH JI0 OAAIBLIOTO CEJICKIiTHOTO
BHUBYCHHS Ta JOCIIJDKEHb 3 BU3HAYCHHS TEHETHYHUX Map-
KEpiB CTIHKOCTI.

Kuarouosi cnoBa: Humulus lupulus, TeHOTHTI, TTOIIKOKECH-
Hsl, IEPBUHHA 1HQEKIis, CIPUHHSITINBICTS.
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