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Abstract. Anthracnose is a major production constraint for st. john’s wort (Hypericum
perforatum L.) caused by the fungus Colletotrichum gloeosporioides (Penz.). A greenhouse
screening method based on mortality was developed to eliminate accessions susceptible to
anthracnose in the early stage of breeding for resistant cultivars. The mortality of 22
accessions of st. john’s wort artificially inoculated with a strain of C. gloeosporioides was
highly correlated between three greenhouse experiments (r = 0.799 to 0.923), even when
done at two different places. The response of the greenhouse screening was equally highly
correlated to the mortality in the field tested at two sites naturally infested with
C. gloeosporioides (r = 0.700 to 0.865) but less well correlated with the mortality at
a third field site (r = 0.495 to 0.672). Yield of st. john’s wort was highly correlated with
mortality (r = –0.747 to –0.846) at all three field sites, but a significant interaction between
accession and site was observed. Therefore, an improvement of anthracnose resistance of
st. john’s wort should be based on a greenhouse screening of seedlings followed by
multiple-site field testing of adult plants.

The intensification of the st. john’s wort
(Hypericum perforatum) production in
Switzerland at the end of the 1990s was
accompanied by the appearance of anthracnose
caused by Colletotrichum gloeosporioides
(teleomorph Glomerella cingulata) (Debrunner
et al., 2000), an important fungal disease of
st. john’s wort (Crompton et al., 1988). Re-
ports on the occurrence of the disease in
several European countries (Bomme, 1997;
Debrunner et al., 2000; Schwarczinger and
Vajna, 1998) can be related to the rapidly in-
creasing surfaces planted to H. perforatum,
largely attributable to the growing popularity
of st. john’s wort-based antidepressive drugs
(M€uller, 2005). For mild to moderate de-
pression, Hypericum extracts show a similar
efficacy and a better tolerability compared
with standard antidepressant drugs (Kasper
et al., 2010). The intensification of st. john’s
wort production led to a shift in the pro-
duction mode to supply sufficient quantities
of inflorescences needed for the transfor-
mation in herbal medicine. Wild collection
was replaced by field cultivation to produce
large quantities in a rational way and to
protect natural populations (Lange, 2004).
As a consequence of this intensive produc-
tion, C. gloeosporioides became a major
problem, especially in organic farming with

a restricted use of fungicides, as is the case
in the major part of the st. john’s wort fields
grown in Switzerland (Debrunner et al.,
2000). Under such conditions, the pathogen
can destroy this perennial crop in the first
year of cultivation, especially when planted
in more humid production areas and in heavy
soils.

Because we are still at the beginning of
the domestication process, breeding for an-
thracnose resistance offers the most promis-
ing way to reduce the impact of this disease,
even in conventional farming systems. A
breeding program was set up by Médiplant,
a Swiss research and development institu-
tion focusing on the promotion of herbal and
aromatic plants, with special emphasis on
mountainous environments (Simonnet and
Gaudin, 2000). From 1997 to 1999, a first step
in st. john’s wort improvement was achieved
by screening 24 accessions in three different
environments, resulting in the release of a re-
sistant cultivar (Gaudin et al., 2002). How-
ever, field selection under natural infection
with C. gloeosporioides is time- and space-
consuming. Furthermore, conditions that are
favorable for a natural infection vary from
1 year to the other, which can result in in-
sufficient disease pressure in some years. A
solution to this problem is the screening in the
greenhouse for disease resistance before test-
ing the more advanced breeding material un-
der field conditions (Gardner, 1990).

The objective of this study was the de-
velopment of a rapid greenhouse screening
method for the identification of st. john’s

wort accessions that are resistant to anthrac-
nose caused by C. gloeosporioides.

Materials and Methods

Accessions. Of the 26 st. john’s wort
accessions tested, 19 were used for both the
greenhouse and field experiments. Additional
two and five accessions were included in the
greenhouse and field experiments, respec-
tively. Next to the commercial cultivars,
Topaz (Poland), Hyperimed (Germany), and
Elixir (Canada), accessions from Switzerland
(16 accessions), Germany (two accessions),
Spain (two accessions), Australia (one acces-
sion), Austria (one accession), and Italy (one
accession) were tested.

Seeds of the accessions were sown in
multipot trays containing a commercial peat
substrate (Brill 1 + Tonerde; Gebr. Brill Sub-
strate GmbH & Co, Georgsdorf, Germany)
and were placed in a greenhouse at 20 �C with
a relative air humidity of 80%. Additional
light was supplemented during the day by
fluorescent tubes for 14 h. After emergence of
the cotyledons, temperature was maintained at
20 �C during the day but was lowered to 15 �C
during night. After 3 weeks, single seedlings
at the two-true-leaf stage were transplanted in
plastic pots (6 · 6 cm, 5 cm depth) containing
a commercial peat substrate.

Inoculum. The C. gloeosporioides strain
AN-16 was used to prepare the spore suspen-
sion for artificial inoculation in the green-
house. This strain was isolated from a typical
anthracnose stem lesion on st. john’s wort
at Conthey (Switzerland) and was identified
based on morphological characteristics
(Mordue, 1971) after growth on potato dex-
trose agar (PDA) and under light microscope.
The identification was confirmed by the CABI
Microbial Identification Service (Egham,
U.K.). The strain was stored on PDA at 4 �C
and periodically subcultured.

Spores were produced in a modified
Richard’s solution (Daniel et al., 1973). Two
to three PDA cubes with mycelium were added
to 100-mL aliquots in 300-mL Erlenmeyer
flasks. They were placed on a rotary shaker
(100 rpm) and incubated at room temperature
for 5 d. Spores were harvested by filtration
through cheesecloth followed by two consec-
utive centrifugations at 3913 gn with resuspen-
sion of the pellets in 10 mL sterile deionized
water (Daniel et al., 1973). Final concentra-
tion of the suspension was adjusted to 1 · 107

spores/mL by counting spores under light
microscope using a counting chamber.

Greenhouse experiments. Artificial inoc-
ulation of 22 accessions was done twice in
a greenhouse of the Agroscope crop improve-
ment program at Nyon (Expt. ACW #1 and
ACW #2) and once at Conthey (Expt. Médi-
plant) (Table 1). The experimental layout
was a randomized complete block design
(RCBD) with three replicates. At Nyon, each
replicate was placed in a separate greenhouse
compartment and consisted of 10 individual
plants per accession. At Conthey, three repli-
cates of five individual plants were all placed
in the same greenhouse compartment. Plants
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were inoculated 8 to 10 weeks after trans-
planting; plant height varied from 15 to 30 cm
depending on the accession. The spore sus-
pension, supplemented with 1 mL/L Tween 20
as a surfactant, was sprayed on the plants until
runoff by the means of a handheld sprayer. A
volume of 150 mL of spore suspension was
needed to inoculate 220 plants, the equivalent
of one replicate in the experiments at Nyon.
After inoculation, plants were left in the
greenhouse compartments and highly condu-
cive conditions were created for 48 h. There-
fore, the relative air humidity was set to 100%
using a cold mist humidifier. During this
period, the fluorescent tubes were removed.
Air temperature was set to 24/20 �C (day/night,
14-h photoperiod) until the rating of mortality
3 weeks after inoculation. Plants were consid-
ered dead when the aboveground part of the
plant was completely dry, with the exception
of new sprouts growing from the basal part of
the plant. Expts. ACW #1 and ACW #2 were
conducted with 1 week interval at Nyon with
inoculation on 19 and 26 Jan. 1999 for Expt.
ACW #1 and ACW #2, respectively. Expt.
Médiplant conducted at Conthey was inocu-
lated on 15 Feb. 2000.

Field experiments. The sites for field exper-
iments were located at Bruson (1060 m a.s.l.),
Fougères, and Epines (both at 480 m a.s.l.). All
three sites are situated in the mountainous
canton (= state) of Valais in the southern part
of Switzerland, the latter two sites in the main
valley and Bruson in a side valley. At Bruson
and Epines, 10- to 11-week-old seedlings of

24 accessions were planted on 21 and 15 May
1997, respectively. At Fougères, the number
of accessions was restricted to 18 accessions
and 10-week-old seedlings were planted on
14 May 1997. At all three sites, the experi-
mental layout was a RCBD with three repli-
cates. Ten plants per replicate were planted in
double rows (five plants/row) at a density of
4.2, 3.1, and 3.1 plants per m2 at Bruson,
Epines, and Fougères, respectively. The ex-
periments ended after the harvest in the second
year in Fall 1998.

All plots were hand-weeded and irrigated
regularly during the experimental period. No
chemical plant protection measures were
applied in the experiments. Before planting,
basal N–P–K fertilizer was applied at a rate of
56 and 35 kg nitrogen (N), 24 and 15 kg of
P205, and 64 and 40 kg of K20 per ha at Epines
and Fougères, respectively. At Bruson, live-
stock manure at a rate of 50 m3 per ha was used
to enrich the soil before planting. In Spring
1998, N–P–K fertilizer was spread at Bruson,
Epines, and Fougères at a rate of 56, 70, and
49 kg N; 24, 30, and 21 kg of P205; and 64, 80
and 56 kg of K20 per ha, respectively. Plants
were harvested in 1997 and 1998 at full
flowering and harvest date varied depending
on the year, the accession, and the site. After
harvest in 1997, plants were cut back to
a length of 10 cm aboveground. The 1998
harvest data were used for yield analysis
representing the first year with full yield
potential of st. john’s wort, which is normally
cultivated for 2 to 3 years (Bomme, 1997).

Harvest in 1998 occurred between 6 July and
4 August, 17 June and 13 July, and 9 June
and 9 July at Bruson, Epines, and Fougères,
respectively. At harvest, the top 15 cm of the
inflorescences was collected manually and
dry matter yield per experimental plot was
determined. The resistance to the natural C.
gloeosporioides infection in the field was
assessed before the harvest in 1998 by
recording the number of dead plants. At all
three sites, no other disease than anthracnose
and no infestation by insect pests were ob-
served during the 2 years of cultivation.

Statistical analysis. The mortality rate of
the st. john’s wort accessions in the green-
house and field experiments were compared
by Spearman rank order correlation analysis
imposed by the non-normal distribution even
after arcsine transformation of the data (Little
and Hills, 1978). Yield of the experimental
plots was used as a basis for an analysis of
variance to measure the influence of the ac-
cession and site on the dry matter production.
The effect of the mortality in the field on yield
was analyzed using Pearson product moment
correlation analysis.

Results

The resistance of the st. john’s wort ac-
cessions to anthracnose varied greatly in both
the greenhouse and field experiments (Table 1).
Highly susceptible accessions in the green-
house (i.e., with 100% mortality in all three
experiments) were also highly susceptible in
the field (Hp #6, #9 to 11, #13 to 15) with at
least 83% mortality. Two accessions (Hp #7
and #21) had less than 10% mortality in the
greenhouse. In the field, however, the reaction
of these presumably highly resistant acces-
sions was less clear cut. Hp #7 was highly
resistant, whereas the mortality of Hp #21
reached 30% at one site. In contrast, ‘Topaz’
and Hp #17, with an average mortality in the
greenhouse of 44% and 24%, respectively,
were highly resistant in the field.

The method to screen anthracnose resis-
tance in the greenhouse using artificial in-
oculation proved to be consistent (Table 2).
When the same material was tested twice at
the same place (Nyon), the rank correlation
coefficient was very high with 92% (P <
0.001), and screening at two different sites
(Nyon and Conthey) by different persons was
still highly correlated with at least 79% (P <
0.001). At two sites, Bruson and Epines,
mortality in the field was highly correlated
with a rank correlation coefficient of at least
70% (P < 0.001) with the greenhouse screen-
ings. Mortality at the site Fougères had a lower
rank correlation coefficient and was not sig-
nificant for the greenhouse screening experi-
ment at Médiplant.

Dry matter production was significantly
affected by the field site and the accession
(Table 3). Mortality in the field had a direct
impact on the dry matter yield in the second
year after planting (Fig. 1). Dry matter yield
was significant negatively correlated (P < 0.01)
at all three sites, but ranking of the accessions
was site-specific (Table 4). St. john’s wort

Table 1. Mortality (%) of 26 st. john’s wort accessions in the greenhouse after artificial inoculation with
Colletotrichum gloeosporioides in the greenhouse and natural infection in the field at three sites.

St. john’s wort accession

Greenhouse experimentsz Field experimentsy

ACW #1 ACW #2 Médiplant Bruson Epines Fougères
Topaz 41 30 60 0 3 3
Hyperimed 69 0x 100 10 27 23
Elixir 23 7 33 7 23 33
Hp #4 ntw nt nt 17 87 nt
Hp #5 nt nt nt 100 100 100
Hp #6 100 100 100 100 83 nt
Hp #7 3 0 0 0 0 10
Hp #8 86 41 93 53 87 nt
Hp #9 100 100 100 100 100 100
Hp #10 100 100 100 100 100 nt
Hp #11 100 100 100 100 100 100
Hp #12 90 23 27 40 80 40
Hp #13 100 100 100 100 100 100
Hp #14 100 100 100 100 100 100
Hp #15 100 100 100 100 100 100
Hp #16 96 60 100 27 100 27
Hp #17 43 3 27 0 0 nt
Hp #18 93 90 80 0 17 20
Hp #19 nt nt nt 0 23 50
Hp #20 93 50 87 0 93 60
Hp #21 3 0 7 0 27 30
Hp #22 nt nt nt 27 100 83
Hp #23 nt nt nt 3 100 nt
Hp #24 100 73 100 0 100 20
Hp #201 87 90 100 nt nt nt
Hp #208 57 40 73 nt nt nt
zTwo experiments were conducted in the greenhouse of Agroscope Changins-Wädenswil at Nyon (ACW)
and one in the greenhouse of Médiplant at Conthey. Mortality was rated 3 weeks after inoculation.
yExperiments were planted in Spring 1997 at the three sites natural infection of Colletotrichum
gloeosporioides. Mortality was rated at harvest in Summer 1998.
xNumber in italic = only one replicate of 10 plants (instead of three replicates).
wnt = not tested.
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cultivar Hyperimed ranked at the highest
position at Bruson and at the seventh posi-
tion at Epines, whereas ‘Topaz’ was best at
Epines and sixth at Bruson. Despite similar
groups of accessions with high (‘Topaz’,
‘Hyperimed’, ‘Elixir’, Hp #7, #17, and #18)
and low (Hp #6, #8, #12, #16, #20, and #22)
dry matter yield at the three sites, significant
interactions (P = 0.02) between accession
and site were observed (Table 3).

Discussion

Considerable differences in resistance of
st. john’s wort to anthracnose could be de-
tected in the greenhouse after artificial in-
oculation with a spore suspension. The wide
range of resistance stretching from complete

susceptibility to nearly immunity is not sur-
prising because nearly all st. john’s wort ac-
cessions tested were non-selected ecotypes,
representing the large range of resistance of
this species. The complete mortality in all
greenhouse and field experiments of seven
accessions confirmed the high virulence of
C. gloeosporioides, which was tested as a poten-
tial biological control agent of H. perforatum
in Canada (Hildebrand and Jensen, 1991). At
the beginning of the improvement of a crop,
the variation in resistance level allows to
rapidly find resistant material. For this pur-
pose, greenhouse inoculation methods can
be most useful because they allow to screen
the resistance of large numbers of accessions
within a short period of time and with little
need of space (Lu and Raid, 2013).

For the mass selection of st. john’s wort,
inoculation with C. gloeosporioides may take
place before transplanting seedlings in pots,
which would result in an important reduction
of space and labor input. Highly susceptible
accessions would thereby be eliminated be-
fore the labor-consuming transplanting. Be-
fore using such a mass screening scheme,
however, the susceptibility of H. perforatum
to C. gloeosporioides at different growing
stages must be elucidated. Differences of
susceptibility at the seedling stage were ob-
served in cucumber (Cucumis sativus), where
seedlings at the cotyledon stage were less
susceptible to gummy stem blight than seed-
lings with one true leaf, which in their turn
were less susceptible than seedlings with three
true leaves (Amand and Wehner, 1995).

The major part of the st. john’s wort
accessions was collected in a relatively small
area of Switzerland. The range of resistance
levels represented by this sample indicates
wide variability of this trait. Such a large var-
iability in mortality of st. john’s wort acces-
sions was reported from Australia where
several Australian and Canadian ecotypes
were inoculated with two strains of C.
gloeosporioides (Shepherd, 1995). For crop
improvement purpose, such variability is of
great interest, which gains additionally in
value for the facultative apomictic st. john’s
wort (Mártonfi et al., 1996). Intra- and in-
terspecific hybridizations of H. perforatum are
difficult and ploidy level of the offspring can
vary considerably (Schulte et al., 1999). The
broad genetic diversity of st. johns’ wort, as
expressed in large variability in resistance to
anthracnose, encourages therefore an improve-
ment by selection of ecotypes rather than
pedigree breeding.

If the first screening is done in the green-
house, the results have to be transposable to
field conditions. The high rank correlation
coefficients between the greenhouse and the
field experiments (Table 2) indicate that the
level of resistance detected in the greenhouse
after artificial inoculation is also valid in the
field under natural infection. The only non-
significant rank correlation coefficient be-
tween the Fougères field experiment and the
Médiplant greenhouse experiment might be
the result of the lower number of accessions
tested at Fougères and the smaller number of
plants per accession used in the Médiplant
greenhouse experiment, which increased the
variation of the results. All the remaining eight
rank correlation coefficients varied between
0.865 and 0.657 and were highly significant. A
slightly higher correlation coefficient of 0.89
was reported by Pande et al. (2011) between
the screening of chickpea seedlings in the
greenhouse and adult plants in the field for
their resistance to Ascochyta blight caused by
Ascochyta rabiei (Pass.) Labr. This higher
correlation coefficient can be explained by
the repeated artificial inoculation of the
chickpea with a spore suspension of A. rabiei
in the field. In contrast, our field screening of
H. perforatum was conducted in plots natu-
rally infested with C. gloeosporioides without
additional inoculation.

Table 2. Rank correlation coefficients of mortality ratings of st. john’s wort accessions in three greenhouse
and three field experiments.

Greenhouse experimentsz Field experimentsy

ACW #2 Médiplant Bruson Epines Fougères
ACW #1 0.923***x 0.855*** 0.726*** 0.865*** 0.657**
ACW #2 — 0.799*** 0.752*** 0.775*** 0.672**
Médiplant — 0.700*** 0.828*** 0.495 NS

Bruson — 0.698*** 0.829***
Epines — 0.727***
zTwo experiments were conducted in the greenhouse of Agroscope Changins-Wädenswil at Nyon (ACW)
and one in the greenhouse of Médiplant at Conthey. Mortality was rated 3 weeks after artificial inoculation.
yExperiments were planted in Spring 1997 at the three sites with natural infection of Colletotrichum
gloeosporioides. Mortality was rated at harvest in Summer 1998.
xCorrelation coefficients followed by ***, **, or NS are significant at P < 0.001, P < 0.01, or nonsignificant
(P > 0.05), respectively.

Table 3. Effect of st. john’s wort accession and site on dry matter yield in the field.

df MS F-value Prob. > F

Block 2 15081.4 0.4751 0.6236
Accession 16 321454.3 10.1259 0.0001
Site 2 530509.3 16.7111 0.0001
Accession · site 22 60410.3 1.9029 0.0201
Error 80 31745.9

Fig. 1. Correlation between dry matter yield and mortality for the 1998 harvest of st. john’s wort accessions
in field experiments at three sites. Mortality was measured as percentage of dead plants (i.e.,
completely dry) before harvest. Accessions with 100% mortality were excluded from correlation
analysis. For better visualization, non-transformed mortality data were used for graphical display,
because correlation analysis with arcsine-transformed mortality data only differed slightly from the
analysis using non-transformed data.
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The greenhouse tests were especially effi-
cient in detecting highly susceptible acces-
sions in the field. In contrast, the determination
of resistant accessions in the field was not
clearly linked to the response to artificial
inoculation in the greenhouse (Table 1). There-
fore, the greenhouse screening is suitable to
discard the highly susceptible material, which
allows a considerable decrease of the size of
field tests. This second step of improvement is
necessary not only to improve the anthracnose
resistance, but also to measure agronomic
traits such as yield, flowering date, growth
type, cultivar stability, and phytochemical
traits. Testing at multiple sites furthermore
increases the quality of the field tests as the
major factor that influences the SE between
accessions is the environment (Campbell and
Lipps, 1998).

The detection of susceptible accessions in
the field is of major importance because the
mortality is significantly correlated to the dry
matter yield (Fig. 1). If important yield re-
duction caused by fungal pathogens is well
known in crop production (Russell, 1978),
loss of 100% yield resulting from a fungal
disease is rather exceptional. This might be
explained by the high susceptibility of some
of the accessions tested. Another reason
might be the augmentation of the pathogen
population over a period of more than 1 year
between planting and harvesting in the second
year. A similar increase of the anthracnose
pressure between the first and the second
year of st. john’s wort cultivation was also
observed during cultivar tests in Germany
(Schenk and Gärber, 2002). A rapid spread
of the spores within the field experiments
most probably occurred, because spores of
C. gloeosporioides are reported to be easily
dispersed by rainfall (Yang and TeBeest,
1992).

Field testing of selected accessions after
greenhouse screening is stressed by the

significant interactions between accessions
and sites for dry matter yield (Table 3).
Among the accessions tested at all three sites,
the highest ranking Hp #7 and ‘Topaz’ had the
highest yield across all sites. In contrast,
‘Hyperimed’ and ‘Elixir’, belonging to the
group with the highest yield at Bruson, had
a significantly lower yield than the highest
ranking accessions at Epines (‘Hyperimed’)
and at Fougères (‘Elixir’). For the use of a
cultivar on a larger area, yield stability, as
shown by ‘Topaz’ and Hp #7, is of major im-
portance (Plaisted and Peterson, 1959).
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St. john’s wort accessiony

Bruson Epines Fougères

Yield Rank Yield Rank Yield Rank
Topaz 265 abcdx 6 289 a 1 236 ab 2
Hyperimed 339 a 1 69 bc 7 143 abc 3
Elixir 318 ab 2 164 abc 3 116 bc 6
Hp #4 202 abcde 10 41 c 9 ntw

Hp #6 0 24 c 10 nt
Hp #7 280 abc 5 248 ab 2 284 a 1
Hp #8 99 e 15 12 c 13 nt
Hp #12 92 e 16 15 c 12 85 bc 9
Hp #16 135 cde 13 0 100 bc 7
Hp #17 314 ab 3 137 abc 4 nt
Hp #18 293 ab 4 101 bc 5 133 abc 5
Hp #19 214 abcde 8 59 c 8 54 c 10
Hp #20 181 bcde 12 21 c 11 51 c 11
Hp #21 261 abcd 7 73 bc 6 94 bc 8
Hp #22 128 de 14 0 36 c 12
Hp #23 196 abcde 11 0 nt
Hp #24 210 abcde 9 0 140 abc 4
zExperiments were planted in Spring 1997 and harvested in Summer 1998.
yAccessions Hp #5, Hp #9, Hp #10, Hp #11, Hp #13, Hp #14, and Hp #15 had no yield at all the three sites
and were therefore excluded from analysis.
xNumbers in columns followed by the same letter are not significantly different (Tukey test, P = 0.05). Dry
matter values of 0 were excluded from data analysis.
wnt = not tested.
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