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Abstract

Phytophthora blight, primarily caused by Phytophthora nicotianae, poses a significant threat to
Helleborus production under warm and humid conditions. However, the tolerance levels of different
Helleborus cultivars to this disease have not yet been compared. Thus, this study aimed to assess
disease tolerance in the 17 major Helleborus cultivars available in Japan, all propagated via tissue
culture to ensure genetic uniformity. The plants were inoculated with P. nicotianae, and the disease
progression was monitored over 20 days. Our results revealed substantial variation in disease severity
among the cultivars. The ‘Petit doll’ cultivars, particularly ‘Petit doll Shiori,” exhibited strong and
consistent tolerance, whereas the others, such as “White sugar chiffon’ and ‘Mayuhiki,” showed high
susceptibility. Some cultivars displayed delayed symptom development followed by rapid progression.
In several cases, discrepancies were observed between root and foliar symptoms, indicating that
above- and below-ground responses do not always correlate. This highlights the diversity of disease
responses and the need for integrated evaluation methods when screening for disease tolerance. The
tolerant cultivars identified in this study are valuable resources for breeding programs to improve
resistance and ensure the sustainability of Helleborus production.

Discipline: Horticulture
Additional key words: Christmas rose, cultivar screening, disease progression, Phytophthora

nicotianae, root rot tolerance

Introduction

Helleborus, a small genus of the family
Ranunculaceae, comprises approximately 19 species of
herbaceous perennials (Sun et al. 2001). Several
Helleborus hybrids and cultivars have been produced by
interspecific hybridization in horticultural breeding to
improve flower color and size. Some Helleborus plants
are grown in gardens or pots, whereas others are grown
as cut flowers (e.g., H. niger and H. xhybridus) (Lowder
et al. 2010, Poupet et al. 2006). Helleborus is a popular
Christmas flower in Europe. In the Netherlands, about
500 thousand potted plants and 1.5 million cut flowers of
Helleborus were sold in 2007-2009 (Beruto et al. 2013).
According to Flora Holland auction data, Helleborus

ranked eighth in sales value among ornamental crops in
2014, with the total sales reaching 12 million euros (Susek
2016). In Japan, all Helleborus species are commonly
referred to as Christmas roses, but the English name
refers to the original species H. niger (Nonokuchi &
Yokoyama 2016). This broader usage is due to the plant’s
popularity and blooming during the winter months,
which align with the Christmas season.

In September 2013, root and stem rot symptoms
resembling Phytophthora infection were first reported in
Helleborus in Chiba Prefecture, Japan. Kanegae et al.
(2019) subsequently isolated the causal fungus and
identified it as Phytophthora using
species-specific primers and have reported that similar
outbreaks have occurred recurrently during the summer

nicotianae
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in Japan since that initial observation. Effective control
remains challenging due to the lack of registered
fungicides for ornamental crops in Japan and the
thermophilic nature of Phytophthora, which further
promotes disease development under warm, humid
conditions. Phytophthora species are serious threats to
global agricultural production because they cause
destructive diseases in a broad spectrum of plant hosts
(Cline et al. 2008, Scott et al. 2019). These fungus-like
eukaryotes, which are taxonomically classified as
oomycetes, produce a range of asexual and sexual spores
(Judelson & Blanco 2005). The biological characteristics
of these spores are central to their ability to effectively
infect and spread within host populations. Phytophthora
nicotianae is a well-known soil-borne pathogen that
produces long-lived chlamydospores, allowing it to
persist in the soil under unfavorable conditions. Under
suitable soil moisture levels, these chlamydospores
germinate and release motile zoospores that actively
infect plant roots (McCarren et al. 2005). The pathogen
induces root and stem rot, characterized by brown-to-black
discoloration and tissue decay (Erwin & Ribeiro 1996,
Bodah 2017). It can cause a broad range of above-ground
symptoms depending on the host, including foliar blight
and tuber rot in potatoes (Taylor et al. 2012), trunk and
branch cankers in citrus (Meitz-Hopkins et al. 2014),
pre-emergence and damping-off in soybeans (Kato et al.
2013), water-soaked roots and stems in kalanchoe
(Watanabe et al. 2007), and bluish-green discoloration of
young leaves followed by fruit browning with a leathery
texture in strawberries (Madden et al. 1991, Marin
et al. 2024).

Among the diverse strategies developed to manage
Phytophthora diseases, the breeding and deployment of
resistant cultivars have emerged as a core approach due
to their long-term effectiveness, sustainability, and
minimal  environmental impact.  Tolerance to
Phytophthora has been identified in soybeans (Sahoo
et al. 2017), peppers (Foster & Hausbeck 2010), potatoes
(Taylor et al. 2012), and squash (Padley et al. 2009). It is
currently regarded as a cornerstone of integrated disease
management. Susceptibility to Phytophthora varies
widely among plant species and cultivars (Anacker et al.
2007, Glosier et al. 2008, Oelke et al. 2003), underscoring
the importance of systematic screening of germplasm to
identify tolerant cultivars. Such evaluations are essential
for ranking cultivars and selecting highly tolerant lines
that can be directly deployed in production or incorporated
into breeding programs. The use of disease-resistant
cultivars remains the most cost-effective and
environmentally sustainable strategy for long-term
disease control.
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Despite the increasing commercial importance of
Helleborus, the tolerance of its cultivars to Phytophthora
nicotianae has not yet been systematically assessed, and
information on intraspecific variation in resistance
remains limited. Therefore, this study aimed to evaluate
the tolerance of major commercial Japanese Helleborus
cultivars to Phytophthora blight through quantitative
phenotypic screening. The findings of this research will
facilitate the identification of promising resistant cultivars
and contribute to the development of practical breeding
strategies and integrated disease management programs
for Helleborus cultivation.

Materials and methods

1. Helleborus plant material

Seventeen commercial cultivars of Helleborus were
used in this study: ‘Apricot gelato,” ‘Cranberry chiffon,’
‘Elegance flare pink, ‘Elegance purple,” ‘Elicsmithii,’
‘Grace prima dress,  ‘Harushimo,  ‘Kurosuzu,’
‘Kozakura,” ‘Mayuhiki,” ‘Miyabi,” ‘Peach prima dress,’
‘Petit doll Yui,” ‘Petit doll Aya,” ‘Petit doll Shiori,” “White
prima dress,” and ‘White sugar chiffon.” All cultivars
were clonally propagated via tissue culture and were
commercially available in the Japanese horticulture
market. The 17 cultivars represented a diverse range of
flower colors and shapes. Plants were grown in plastic
pots (7.6¢ x 6.4 cm) filled with sterilized soil media. The
pots were placed on saucers and cultivated in a cultivation
room under a 12 h photoperiod, with a photosynthetic
photon flux density of 200 pmol-m=s™' using fluorescent
light. Day and night temperatures were maintained at
24°C-28°C and 22°C-26°C, respectively. The plants were
irrigated daily to maintain optimal soil moisture
for growth.

2. Pathogen culturing and inoculum preparation
Phytophthora nicotianae provided by Kanegae in
Chiba Prefectural Agriculture and Forestry Research
Center was cultured on potato dextrose agar (PDA)
consisting of potato infusion (prepared from 200 g of
potato), 4 g of dextrose, 20 g of agar, and 1,000 mL of
distilled water, with a final pH of 5.6 + 0.2. The cultures
were maintained in 9 cm Petri dishes and incubated at 25
and 30°C in darkness for one week (Pettitt et al. 2002).
The zoospore inoculum was prepared in a grass leaf
blade culture. Autoclaved bent grass leaf blades were
placed onto P. nicotianae cultures that had been incubated
for 7 days on PDA. After 24 h of incubation at 25°C, once
the pathogen had colonized the grass leaf blades, four to
six infected leaf materials were transferred to 0.5 mL of a
sterile culture solution composed of pond water collected
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at Gifu University and distilled water with a 1:2 (v/v)
ratio in clean Petri dishes (Kageyama et al. 2002, Ahonsi
et al. 2007). The dishes were incubated for 18 h at 20°C
under fluorescent light to promote sporangia development.
The cultures were chilled at 4°C in darkness for 1 h and
then rewarmed to room temperature (20 + 1°C) under
fluorescent light to induce zoospore release. Zoospore
release typically occurred within 10-20 min after
rewarming. The zoospore-containing suspension was
then decanted into a sterile Erlenmeyer flask. The
concentration of the suspension was immediately
measured using a hemocytometer and adjusted to 1 x 10*
zoospores/mL. Zoospore motility was confirmed under a
light microscope prior to inoculation.

3. Inoculation and resistance evaluation

Prior to inoculation, the plants were thoroughly
irrigated, and soil moisture was maintained for 24 h to
optimize the conditions for zoospore infection. Each
plant was inoculated by applying 30 mL of P. nicotianae
zoospore suspension (1 x 10*zoospores/mL) directly onto
the soil surface. After inoculation, the cultivation room
was maintained at 26°C-30°C and 60%-80%
relative humidity.

The plants were then returned to the cultivation
room and monitored at 5-day intervals by photographing
and observing disease progression. To assess the root part
of the plant, we carefully removed each one from the pot
with the soil intact, photographed the bottom of the root
ball, and then evaluated the extent of discoloration
visually on a 0-5 scale as follows: 0 = no symptoms; 1 =
minor (< 30% discoloration); 2 = moderate (> 30% and <
50%); 3 = evident (> 50% and < 70%); 4 = severe (= 70%
and <90%); 5 = extreme (> 90% discoloration or complete
plant death) (Fig. 1). To assess the above-ground part, we
took overhead photographs of the entire plant to document

foliar symptoms. These observations were continued
until the plants died. The area under the disease
progression curve (AUDPC) was calculated to quantify
disease progression over time. This method is widely
used in plant pathology studies to evaluate cultivar
resistance. Severity scores were recorded at 5-day
intervals from 5 to 20 days post-inoculation (dpi), and
AUDPC values were computed using the trapezoidal
integration method, following the formula described by
Shaner & Finney (1977) and further detailed by Simko &
Piepho (2012). This approach integrates the intensity and
duration of disease symptoms, providing a comprehensive
measure of cumulative disease pressure. Five individual
plants were used per replicate for each treatment, and the
experiment was independently repeated three times,
resulting in 15 biological samples per treatment.

Results

The Helleborus cultivars infected with P. nicotianae
exhibited characteristic root rot symptoms, including
dark brown-to-black lesions, discoloration, and softened
or decayed root tissue. No symptoms were observed in
any of the non-inoculated control plants, confirming the
pathogenicity of P. nicotianae and the suitability of the
inoculation method. Symptom development in Helleborus
cultivars was monitored over a 20-day period and
quantified using AUDPC to evaluate their disease
susceptibility. As shown in Table 1, the disease
progression patterns varied among the 17 cultivars. The
AUDPC values (Table 2) ranged from 280.0 in “Petit doll
Shiori’ to 692.5 in “White sugar chiffon,” with an overall
mean of 471.3 + 117.5. Results of one-way ANOVA
followed by Tukey’s HSD post-hoc test revealed
significant differences (p < 0.05) in disease susceptibility
among several cultivar pairs. The most susceptible

Fig. 1. Representative root images illustrating the disease severity scale used for visual assessment of root rot symptoms in

Helleborus plants

Severity was rated on a 0-5 scale based on the extent of root discoloration observed from 5 to 20 dpi: 0 = no symptoms; 1 =
minor (< 30% discoloration); 2 = moderate (= 30% and < 50%); 3 = evident (> 50% and < 70%); 4 = severe (= 70% and <
90%); 5 = extreme (> 90% discoloration or complete plant death).
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cultivar (‘White sugar chiffon’) had an AUDPC nearly
2.5 times as high as that of the most tolerant one (‘Petit
doll Shiori’). Based on the AUDPC values and Tukey’s
HSD results, the 17 cultivars were grouped into five
resistance classes. Specifically, based on the AUDPC
values, ‘Petit doll Shiori’ and ‘Petit doll Yui’ were
categorized as highly and moderately tolerant,
respectively, while ‘Mayuhiki’ and “White sugar chiffon’
were categorized as highly susceptible. For the remaining
13 cultivars, Tukey’s HSD results divided them into two
categories: low tolerant and susceptible (Table 2).
Because this study is the first systematic evaluation
of Phytophthora tolerance in Helleborus using a
controlled root inoculation assay, the AUDPC method
requires a 20-day follow-up period, so a simpler and more
rapid evaluation method is needed. To this end, we
summarize the percentages of plants with severity scores
>3 at 10 and 15 dpi, and > 4 at 15 and 20 dpi in Table 3 to
indicate whether these thresholds offer meaningful
insights for streamlined assessments. Although
differences among cultivars were evident at 10 dpi, they
evolved over time, with several cultivars exhibiting
marked changes in symptom expression. As the infection
progressed, symptom severity escalated in several
cultivars. For example, ‘Miyabi’ exhibited a relatively
low percentage (13.3%) of plants with severity > 3 at 10

dpi, but this value increased sharply to 86.7% at 15 dpi,
indicating a delayed onset of severe symptoms. Similarly,
cultivars, including ‘White prima dress,
‘Elicsmithii,” “‘Harushimo,” and ‘Apricot gelato,” appeared
relatively tolerant at 10 dpi but subsequently developed
severe symptoms by 15 dpi. To evaluate the diagnostic
value of the severity thresholds in Table 3, we performed
hierarchical clustering analysis using the proportions of
plants with severity scores of > 3 at 10 and 15 dpi, and > 4
at 15 and 20 dpi. According to the results of hierarchical
clustering analysis, the grouping based on severity > 4 at
20 dpi showed the highest concordance with the
AUDPC-based tolerance categories in Table 2. Although
the pathogen was inoculated into the roots, foliar disease
symptoms were also monitored. The foliar symptoms are
shown in Figure 2, and the corresponding root rot severity
scores at 15 dpi for these cultivars are shown in Figure 3.
In most cultivars, the severity of root and foliar symptoms
was generally aligned; however, a few exceptions were
observed where above- and below-ground responses did
not correlate. Six representative cultivars were selected to
illustrate these discrepancies: three Petit doll series
cultivars spanning from highly to moderately tolerant,
(‘Elicsmithii’), and two
susceptible cultivars (‘Apricot gelato’ and ‘Elegance flare
pink’). Among the six observed plants of ‘Petit doll

several

one low-tolerant cultivar

Table 1. Disease severity progression of 17 Helleborus cultivars after 5, 10, 15, and 20 days post-inoculation (dpi)
response to root rot caused by Phytophthora nicotianae

Commercial Disease severity
cultivars 5 dpi 10 dpi 15 dpi 20 dpi

Petit doll Shiori 0.53+0.50 a** 0.93+0.25 a** 1.53+0.50 a** 2.00+£0.63 a**
Petit doll Yui 0.87+0.50 ab 1.53+£0.50 ab 2.13+0.34 ab 2.73+0.57 ab
Petit doll Aya 1.20+0.54 bed 1.87+0.50 be 2.53+0.62 be 3.13£0.50 cd
Elegance purple 1.20+0.40 bed 1.87+0.50 be 2.60+0.61 bed 327+0.44 bed
White prima dress 1.33+£0.47 bed 2.07+£0.25 bed 2.67+0.47 bed 333+0.47 bed
Elicsmithii 1.20+£0.40 bed 2.00+0.00 bed 2.67+0.47 bed 3.40+0.49 bede
Grace prima dress 1.33+0.47 bed 2.13+£0.62 bed 2.67+0.70 bed 340+0.71 bede
Harushimo 1.33+0.47 bed 2.07+0.57 bed 2.67+0.60 bed 3.53+£0.62 bede
Apricot gelato 1.53+£0.62 cd 2274057 cde 2.87+0.81 bede 3.53+0.72 bede
Cranberry chiffon 1.67+0.47 cd 2.40+0.71 cde 3.00+0.52 cde 3.73+0.68 cdef
Elegance flare pink 1.47 +£0.50 bed 247+0.62 cde 3.07+£0.68 cde 3.73+0.85 cdef
Peach prima dress 1.47+0.50 bed 247+0.62 cde 3.13+0.62 cde 3.734+0.85 cdef
Miyabi 1.13+0.34 abc 2.07+0.44 bed 2.93+044 cde 3.80+0.65 cdef
Kozakura 1.67+0.47 cd 2.40+0.49 cde 2.80+0.54 bed 3.93+0.57 cdef
Kurosuzu 1.73+0.44 cd 2.60+0.49 de 320+0.40 cde 4.00+0.73  def
Mayuhiki 1.80+0.40 d 2.87+0.50 e 333+047 de 420+040 ef
White sugar chiffon 1.60+0.49 cd 2.67+0.47 de 3.60+049 e 433+0.60 f

**Significantly different according to Tukey test at P = 0.05 if letters differ among the same dpi (n= 15).
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Table 2. Area under the disease progress curve (AUDPC) values for disease
severity in 17 Helleborus cultivars in response to root rot caused by
Phytophthora nicotianae

Commercial cultivars AUDPC* Category
Petit doll Shiori 280.0 a** Highly Tolerant
Petit doll Yui 410.0 ab Moderately Tolerant
Petit doll Aya 4925 be
Elegance purple 502.5 be
Elicsmithii 522.5  bed
White prima dress 530.0 bed Low Tolerant
Grace prima dress 537.5  bedef
Harushimo 537.5  bedef
Miyabi 560.0  cdef
Apricot gelato 575.0  cdef
Kozakura 600.0  cdef
Cranberry chiffon 607.5  cdef Susceptible
Elegance flare pink 610.0 cdef
Peach prima dress 615.0 cdef
Kurosuzu 650.0  def
Mayuhiki 690.0 ef

Highly Susceptible
White sugar chiffon 6925 f

*AUDPC values were calculated by using disease severity rating assessed at 5 d intervals

from 0 to 20 d post-inoculation.

**Significantly different according to Tukey test at P = 0.05 if letters differ (n=15).

Table 3. Percentages of plant disease severity scores > 3 or > 4 at 10, 15, and 20 days post-inoculation

across 17 Helleborus cultivars

Commersilcuivars S TRITICY B e avam
Petit doll Shiori 0.0% 0.0% 0.0% 0.0%
Petit doll Yui 0.0% 13.3% 0.0% 6.7%
Petit doll Aya 6.7% 46.7% 6.7% 20.0%
Elegance purple 6.7% 53.3% 6.7% 26.7%
Grace prima dress 26.7% 53.3% 13.3% 26.7%
White prima dress 6.7% 66.7% 0.0% 33.3%
Elicsmithii 0.0% 66.7% 0.0% 40.0%
Apricot gelato 33.3% 60.0% 26.7% 40.0%
Harushimo 20.0% 60.0% 6.7% 46.7%
Elegance flare pink 40.0% 80.0% 26.7% 46.7%
Peach prima dress 40.0% 86.7% 26.7% 46.7%
Cranberry chiffon 40.0% 86.7% 13.3% 60.0%
Miyabi 13.3% 86.7% 6.7% 66.7%
Kurosuzu 60.0% 100.0% 20.0% 73.3%
Kozakura 40.0% 73.3% 6.7% 80.0%
White sugar chiffon 66.7% 100.0% 60.0% 93.3%
Mayuhiki 80.0% 100.0% 33.3% 100.0%

= severe (> 70% and < 90% ); 5 = extreme ( > 90% discoloration or complete plant death).

*Plant disease severity was assessed based on the extent of root discoloration caused by root rot, using a 1-5 rating scale
as follows: 1 = minor ( < 30% of discoloration); 2 = moderate ( > 30% and < 50% ); 3 = evident (> 50% and < 70%); 4
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Fig. 2. Disease symptoms observed on above-ground organs of six Helleborus cultivars at 15 days post-inoculation with
Phytophthora nicotianae
To illustrate the range of symptom expression, each panel (A-F) presents one of six representative samples from 15 individuals
per cultivar, chosen to capture varying degrees of symptom severity: A, ‘Petit doll Shiori’; B, ‘Petit doll Yui’; C, ‘Petit doll
Aya’; D, ‘Elicsmithii’; E, ‘Apricot gelato’; and F, ‘Elegance flare pink.’

Fig. 3. Disease symptoms observed on root organs of six Helleborus cultivars at 15 dpi with
Phytophthora nicotianae
Each panel (A-F) shows a representative sample from 15 individuals per cultivar, selected
to reflect the average symptom severity in each group: A, ‘Petit doll Shiori’; B, ‘Petit doll
Yui’; C, ‘Petit doll Aya’; D, ‘Elicsmithii’; E, ‘Apricot gelato’; and F, ‘Elegance flare pink.’
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Shiori,” only one exhibited minor browning along the leaf
margins, while the remaining five showed no visible
above-ground symptoms. By contrast, ‘Petit doll Aya,’
ranked third in root rot tolerance, showed clear foliar
symptoms, such as yellowing and browning, across all
six representative individuals, despite only mild root rot.
Similar mismatches were found in the susceptible group.
‘Apricot gelato’ exhibited severe foliar symptoms,
including extensive chlorosis and wilting. Conversely,
‘Elegance flare pink’, which had the highest root rot
severity score among the six cultivars, displayed
comparatively mild foliar symptoms, with three of six
plants showing no visible above-ground symptoms.

Discussion

This study is the first evaluation of Phytophthora
blight tolerance in commercially available Helleborus
cultivars under controlled inoculation conditions. Root
inoculation trials revealed substantial variation in
tolerance to Phytophthora among cultivars. According to
the AUDPC analysis (Table 2), the 17 cultivars exhibited
statistically significant differences in disease severity.
Based on these differences, the cultivars were classified
into five categories ranging from highly tolerant to highly
susceptible. ‘Petit doll Shiori’ exhibited high tolerance,
whereas ‘Petit doll Yui’ demonstrated moderate levels of
tolerance. In contrast, ‘Petit doll Aya, along with
‘Elegance purple,” ‘Elicsmithii, ‘White prima dress,’
‘Grace prima dress,” and ‘Harushimo,” were categorized
as having low tolerance. ‘White sugar chiffon,” which
displayed the lowest level of tolerance, along with
‘Mayuhiki,” was categorized as highly susceptible. These
findings suggest that exploitable genetic diversity exists
within current commercial germplasms. The tolerant
cultivars identified in this study may serve as promising
parental lines and genetic material for further
investigation into the genetic basis of disease tolerance.
Given the limited research on Phytophthora tolerance in
Helleborus, it would be helpful to examine related efforts
in other horticultural crops, particularly bell pepper
(Capsicum annuum), in which extensive studies have
been conducted. Developing resistant cultivars of bell
peppers has been a long-standing goal, but progress has
often been complicated by inconsistent resistance and the
need to address different disease forms, such as root rot,
stem blight, and leaf blight (Foster & Hausbeck 2010, Sy
et al. 2005). To overcome these challenges, researchers
have established standardized screening methods and
identified reliable resistant lines such as ‘Criollo de
Morelos-334°(CM334) (Foster & Hausbeck 2010, Quirin
et al. 2005), ‘PI 201234’ from Mexico (Wang et al. 2015,

2016), and ‘AC2258 from Central America (Li et al.
2021, Sugita et al. 2006). These tools have played a key
role in supporting breeding programs and improving
disease management in peppers. In contrast, for
Helleborus, no such resistant reference cultivars or
screening protocols have been established, making it
challenging to evaluate tolerance consistently. The
current study provides a first step toward filling this gap
by identifying tolerant Helleborus cultivars under
controlled conditions and laying the groundwork for
future breeding and management efforts. While extensive
frameworks have been established for bell peppers,
Helleborus has received limited attention with respect to
Phytophthora tolerance breeding and currently lacks
designated resistant reference lines and standardized,
harmonized evaluation protocols. Despite growing
concerns about disease susceptibility, systematic
screening efforts remain scarce in this genus. The
development of standardized resistant reference lines, as
established in bell peppers, may not be feasible for
Helleborus in the near future. Establishing a structured
screening system for Phytophthora tolerance in
Helleborus is urgently needed for tolerance breeding and
disease management. The present study addresses this
critical gap by introducing a clearly defined root
inoculation protocol that simulates natural infection
pathways and enables standardized evaluation.

As Table 3 shows, disease severity progressed
markedly over time, depending on the cultivar. Five
cultivars (‘Miyabi,” ‘Elicsmithii,” ‘White prima dress,’
‘Harushimo,” and ‘Apricot gelato’) exhibited relatively
mild symptoms at early post-inoculation stages but later
experienced a rapid escalation in disease severity,
suggesting delayed susceptibility responses. In addition
to calculating AUDPC, we examined alternative
indicators of disease progression, including the proportion
of plants with severity scores > 3 or > 4 at specific time
points after inoculation. Among these indicators,
hierarchical clustering based on the percentage of plants
with severity scores > 4 at 20 dpi showed the highest
concordance with the AUDPC-based categorization in
Table 2. The resulting grouping was consistent with the
tolerance categories defined by AUDPC, confirming that
AUDPC remains a robust standard method for evaluating
disease progression. However, because AUDPC requires
repeated assessments over a 20-day period, its application
can be labor-intensive and less practical for large-scale
studies. In contrast, the proportion of plants with severity
>4 at 20 dpi provided a simpler yet reliable alternative,
effectively distinguishing tolerant cultivars (e.g., ‘Petit
doll Shiori,” ‘Petit doll Yui’) from highly susceptible ones
(e.g., “‘White sugar chiffon,” ‘Mayuhiki’). Future studies
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should validate the consistency of this threshold under
diverse environmental conditions and across broader
germplasm collections to determine its reliability and
utility in  practical  breeding and  disease
management programs.

Historically, breeding of Helleborus has primarily
emphasized aesthetic traits, such as flower color and
morphological variation (Rice & Strangman 2005, Long
et al. 2023, Mathew 1989). This focus on ornamental
value may partly explain the low levels of disease
tolerance observed in the current commercial cultivars.
These findings underscore the urgent need for strategic
breeding approaches that incorporate disease tolerance
traits to ensure greater resilience and long-term
sustainability of Helleborus production.

In this experiment, the root systems of Helleborus
cultivars were inoculated to evaluate their tolerance to
Phytophthora blight. Disease symptoms appearing in
above-ground organs, including those observed in stems
and leaves, were also recorded to capture broader patterns
of plant responses. Despite these observations, most
cultivars, with a few exceptions, did not exhibit a clear
correlation between resistance in the roots and that in the
above-ground parts. As shown in Figures 2 and 3, all
three Petit doll cultivars exhibited strong tolerance to root
rot, but ‘Petit doll Aya’ displayed comparatively greater
foliar symptom severity. By contrast, although ‘Apricot
gelato” and ‘Elegance flare pink’ showed similar root rot
tolerance ratings, they differed in the extent of foliar
symptom development. These findings highlight the
complexity of plant-pathogen interactions, particularly in
distinguishing between root- and foliar-based tolerance
responses. These discrepancies suggest that tolerance to
Phytophthora infection in Helleborus is organ-specific
and governed by distinct defense pathways in roots and
aerial tissues. This reinforces the need for integrated
evaluation strategies that consider both root and foliar
symptoms to assess cultivar performance under disease
pressure more accurately.

Phytophthora-induced root rot, stem blight, and
foliar blight constitute distinct disease syndromes, each
governed by potentially independent genetic and
physiological tolerance mechanisms (McGregor et al.
2011, Sy et al. 2005). Furthermore, these studies have
consistently reported low correlations between tolerance
responses in different plant organs (Candole et al. 2012).
Although the pathogen primarily infects the root system,
its effects often extend to the above-ground parts of the
plant, causing secondary symptoms such as wilting, stem
collapse, and leaf necrosis (Hausbeck & Lamour 2004).

Although the goal of tolerance breeding is to develop
comprehensive cultivars, breeding programs should
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prioritize root rot resistance, since roots serve as the
initial point of entry and are key determinants of systemic
disease development. Once root-tolerant genotypes are
secured, subsequent screening should be extended to
stem and leaf responses to develop cultivars with
multi-organ tolerance (Abebe et al. 2016, Krasnow
et al. 2017).

Accordingly, the present study not only provides a
practical framework for root-based resistance screening
in Helleborus but also delivers foundational data to
inform the design of multi-stage, genetically informed
breeding strategies aimed at improving resistance to
Phytophthora diseases.
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