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Summary

The accumulation of catechin derived procyanidins is regard-
ed as one fundamental factor inhibiting the growth of the
pathogenic fungus Botrytis cinerea in immature strawberry
fruits — a phenomenon referred to as quiescence after invasion
at bloom usually ending during fruit ripening. For evaluation
of that hypothesis an attempt was made to modify the concen-
tration of flavanols in developing strawberry fruits by treat-
ments with an inhibitor of 2-oxoglutarate-dependent dioxyge-
nases which is known to affect the flavonoid pathway. The
accumulation of novel flavonoids identified as luteoliflavan
and eriodictyol 7-glucoside and enhanced levels of catechin
were found when green fruits were treated. The effect of the
bioregulator varies during fruit ontogenesis with a steady
increase after flowering to the stage of small green fruits and
a rapid decrease thereafter. It became obvious that young
fruits just at flowering do not accumulate flavanols to a
sufficient level for preventing primary receptacle infection.
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Zusammenfassung

Die Akkumulation von Catechin und Proanthocyanidinen in
unreifen Erdbeerfriichten wird als ein Faktor der voriiber-
gehenden Resistenz gegentiiber Botrytis cinerea, dem Erreger
der Grauschimmelfiule, angesehen und dafiir verantwortlich
gemacht, dass der Pilz nach dem Befall der Bliite bis zur
Fruchtreife in einem Ruhezustand verharrt. Zur Bewertung
dieser Hypothese wurde ein experimenteller Ansatz gewahlt,
bei dem die Konzentration von Flavanolen in sich entwickeln-
den Erdbeerfriichten durch Behandlung mit einem Inhibitor
von 2-Oxoglutarat abhéngigen Dioxygenasen modifiziert wer-
den sollte. Nach der Behandlung junger, griiner Friichte wur-
de die Anreicherung neuartiger Flavonoide, Luteoliflavan und
Eriodictyol -7-glucosid, sowie von Catechin festgestellt. Der
Effekt der Bioregulator-Behandlung variierte jedoch wéhrend
der Fruchtentwicklung und hatte die gréfte Auswirkung bei
kleinen griinen Friichten. Zur Zeit der priméren Besiedelung
der Bliiten durch den Pilz ist der junge Bliitenboden jedoch
nur unzureichend zur Flavanol-Biosynthese befdhigt.

Stichworter: Botrytis cinerea, Catechin, Erdbeere, Eriodictyol
7-glucoside, Luteoliflavan, Prohexadion-Ca

1 Introduction

Strawberry (Fragaria x ananassa) is one of the main fruit
crops in Germany. Most varieties are highly susceptible to grey
mould caused by the fungus Botrytis cinerea. This pathogen
invades via floral parts into the bottom of the receptacle
where the mycelium remains quiescent until fruit ripening
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(ScHERER 1982; BrisTow et al. 1986; JERSCH et al. 1989; BOFF et
al. 2003). Grey mould symptoms occur only in ripe, red-co-
loured fruits. Thus, the choice of the flowers as the favoured
tissue for fungal invasion as well as the latency of the patho-
gen in green fruits can be regarded as the critical points in
B. cinerea development. JERSCH et al. (1989) observed straw-
berry proanthocyanidins to be responsible for resistance of
immature fruits. Proanthocyanidins in the strawberry consist
of catechin units (IsHIMARU et al. 1995) which is a main
flavonoid in strawberries (ISHIMARU et al. 1995; TORRONEN and
MAATTA 2002; BREITFELLNER et al. 2002; 2003; AUGER et al.
2004; SeEraM et al. 2006; WuLF et al. 2008) and it possesses
antimicrobial properties (ScALBERT 1981; Yamamoro et al.
2000). Strawberry cultivars with higher concentrations of
free catechin were more resistant to B. cinerea (HEBERT et al.
2001). Several authors also found a positive correlation
between resistance to B. cinerea and the concentration of
proanthocyanidins (DIVENERE et al. 1998; JERscH et al. 1989;
HEBERT et al. 2001).

For further elucidation of that role of catechins it is of inter-
est either to inhibit the flavanol biosynthesis or to increase
their amount in ripe fruits. Recently, the bioregulator pro-
hexadione-Ca was described as a useful tool for modification
of flavonoid biosynthesis (ROMMELT et al. 2003; HALBWIRTH et
al. 2002; 2003). Prohexadione-Ca is a structural mimic of
2-oxoglutarate and according to this property it is able to
inhibit dioxygenase enzymes which require 2-oxoglutarate as
cosubstrate (RADEMACHER 2000). One prominent dioxygenase
of the flavonoid pathway is the flavanone 3-hydroxylase
(FHT) which is involved in the biosynthesis of catechin pre-
cursors (Fig. 1, ForkmanN and HELLER 1999). In apple leaves, a
reduced accumulation of catechin was found after treatment
with the bioregulator (ROMMELT et al. 2003). Other experi-
ments, however, revealed an enhanced biosynthesis of fla-
vanols in several plants triggered by prohexadione-Ca treat-
ment (GoscH et al. 2003; PuHL et al. 2008; FiscHER et al. 2006).
Both possible effects of the bioregulator turn its application to
a tool which may help to understand the role of flavanols in
strawberry fruits with respect to defence of B. cinerea.

Therefore, we treated strawberry flowers and fruits with
prohexadione-Ca and analysed their composition of phenolics
in order to gain insight into biosynthetic activity with respect
to the flavan-3-ols (catechin and proanthocyanidin Bs).

2 Material and methods
2.1 Plant material

For the trial potted strawberry plants of the cv. Elsanta, and
the breeding lines 1I/29 and 91/13/3 bred by H. Schim-
melpfeng (Technische Universitdt Miinchen, Weihenstephan)
were used. Two different treatments were chosen: control
(water treatment) and a prohexadione-Ca treatment (200
ppm). Two prohexadione-Ca treatments were performed with
one day waiting time between the applications. Two days after
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Fig. 1:  Concentrations (mg g~! dry weight) of ellagitannin in

prohexadione-Ca treated and untreated strawberry fruits at
different developmental stages. Different letters indicate
significant differences at the 95% level using Mann-Whitney-
test.

the last treatment fruits/flowers were collected and assigned
to the respective developmental stages (full flower, small
green fruits, big green fruits, and ripe fruits). The control
plants were harvested in the same way.

From the flowers only the receptacle area was collected. All
samples to be tested were frozen in liquid nitrogen directly
after sampling, stored at -20°C and, finally, were lyophilized.

2.2 Extraction of phenolic compounds

For the extraction of phenolic compounds, the lyophilized
material from all developmental stages except ripe fruits was
ground in a ball mill. The fine powder (100 mg) was extracted
with 500 pl methanol (100%) containing flavone (Roth,
Karlsruhe, Germany) as an internal standard for 30 min in a
cooled water bath during sonication. The extracts were centri-
fuged for 10 min x 10000 g at 4°C and the supernatant was
directly used for analytical HPLC.

Ripe fruits were homogenised using an Ultra-Turrax
homogeniser. For extraction of 1 g fruits a volume of 10 ml
methanol containing 0.05 mg/ml of flavone as an internal
standard was used. After centrifugation 500 pl of the superna-
tant were taken and the solvent was evaporated. The residue
was redissolved in 100 pl methanol, centrifuged and used for
HPLC-analysis.

2.3 HPLC analysis

Phenolic compounds were separated on a column (150 x
4 mm) prepacked with Hyperclone ODS, 3 pm particle size,
following a stepwise gradient, using mixtures of solvent A
(formic acid, 5% in water) and solvent B (methanol) from
95:5 (A/B) to 10:90 (A/B) with a flow rate of 0.6 ml/min
using the following gradient: 0-5 min, 0-2,5% B, 5-15 min
2,5% B, isocratic, 15-30 min, 2,5-5% B; 30-40 min isocratic
5% B, 40-65 min, 5-10% B; 65-105 min, 20-30% B; 105-
165 min, 30-40% B, 165-180 min, 40-50% B; 180-195 min,
50-90% B; 195-215 min isocratic 90% B.

Eriodictyol 7-glucoside and ellagitannin were detected at
280 nm, whereas the flavanols (catechin and luteoliflavan)
and proanthocyanidin B3z were estimated at 640 nm after
post-column derivatisation with DMACA (TREUTTER 1989).

Peak identification was conducted by their UV absorbance
spectra and by comparison with authentic standards: eriodic-
tyol 7-glucoside (Roth), catechin (Roth), procyanidin, Bs
(previously isolated, FeucHT et al. 1996) and luteoliflavan
(formerly isolated, ROMMELT et al. 2003). Quantification was

performed using response factors of standards. Luteoliflavan
was calculated as catechin, proanthocyanidin B3 as procyani-
din By, and ellagitannin as ellagic acid.

2.4 Acid hydrolysis

For acid hydolysis the compound corresponding to the pro-
posed ellagitannin peak was collected from several HPLC
runs. To the collected fractions an equal volume of 1 N meth-
anolic hydrochloric acid was added and the solution hydro-
lised for 20 minutes in a boiling water bad. Thereafter the
sample was extracted three times with ethyl acetate. The
combined ethyl acetate extracts were evaporated to dryness
redissolved in methanol and used for further identification.

2.5 Statistics

For statistical analysis, a pair wise comparison was performed
by the non-parametrical Mann-Whitney-test using “Minitab 14
- statistical software”. Data were analysed according to variet-
ies but different effects were not observed (data not shown).
Thus, they were combined as repetitions. Values in figures
followed by different letters are significantly different (signif-
icance level 95%).

3 Results and discussion
3.1 Identification of phenolics compounds

In the strawberry fruits catechin and procyanidin Bz were
identified as the main flavan-3-ols according to Wutr et al.
(2008). Young fruits exhibited another big peak with an
absorbance maximum at 252 nm. This compound was puri-
fied by several HPLC runs. The combined fractions were
hydrolysed in hydrochloric acid which resulted in ellagic acid.
This component is therefore identified as an ellagitannin.

As a consequence of the prohexadione-Ca treatment two
novel flavonoids were found: eriodictyol 7-glucoside and
luteoliflavan. They were identified by comparison with previ-
ously isolated standards (ROMMELT et al. 2003).

3.2 Concentration of phenolic compounds during fruit
development

As formerly described by HALBWIRTH et al. (2006) flavonoid
biosynthesis of strawberry fruits is integrated into the pro-
gramme of fruit development. During flowering a high con-
centration of ellagitannin was found in the receptacle which
declines rapidly during fruit growth (Fig. 1) whereas maxi-
mum accumulation of catechin and its dimer procyanidin Bj
takes place in green fruits (Fig. 2). Treatment of flowers and
fruits with the dioxygenase inhibitor increased the concentra-
tion of catechin in small immature fruits (Fig. 2) and induced
the accumulation of the novel compounds eriodictyol 7-gluco-
side and luteoliflavan (Fig. 3, 4). The latter can be explained
by the inhibition of FHT activity (HALBWIRTH et al. 2002;
FiscHER et al. 2003) which results in a tailback at the flavanone
level and in a switch of dihydroflavonol reductase (DFR)
activity toward flavanone reductase (FNR) (HALBWIRTH et al.
2002; FiscHER et al. 2003; ALMEIDA et al. 2007), respectively.
FNR is only active if flavanones are available (GoscH et al.
2003; FiscHER et al. 2003). In untreated plants, the non-dis-
turbed FHT passes the flavanone rapidly away into dihydro-
quercetin (ForkMANN and HELLER 1999) (Fig. 4).

The increase in catechin concentration seems to be contra-
dictory to the occurring FHT bottleneck. However, similar
observations were made on apple (FiscHER et al. 2006) and
grapevine (PuHL et al. 2008). In those tissues this could be
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explained by an additional strong inhibition of the flavonol
synthase which also is a 2-oxoglutarate dependent dioxygena-
se and thus an excess supply of substrates for the remaining
FHT activity was assumed. Another possible explanation may
be the observed general inducing effect of prohexadione-Ca
on the expression of PR-protein related genes (Bini et al.
2008). An enhanced level of PAL transcripts as well as the cor-
responding enzyme activity was previously described in apple
(FiscHER et al. 2006). The bioregulator induced enhancement
of the catechin concentration occurs only in young strawberry
fruits (Fig. 2). It must therefore be assumed that flavanol bio-
synthesis is highly active in this developmental stage. This is
confirmed by the strong accumulation of eriodictyol 7-gluco-
side and luteoliflavan in the same tissues (Fig. 3). The weak
response during flowering and late ripening stages corre-
sponds to a weak activity of the flavanol pathway. For ripe
fruits weak activities of PAL and CHS were previously
described (HALBWIRTH et al. 2006).

3.3 Conclusion

It is obvious that young fruits just at flowering do not accumu-
late flavanols to a level which may be sufficient for preventing
primary receptacle infection. This may be the reason why
B. cinerea has chosen the flowering stage for invading into the
fruit. The increasing catechin and proanthocyanidin concen-
trations during further fruit development may restrict fungal
growth according to the hypothesis of JerscH et al.
(1989).These results on the biosynthetic activity raise the
question if the constitutive concentrations of catechin and
proanthocyanidins in the receptacle are responsible for
restricting the fungus in its quiescence stage. In leaves of
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vonoids eriodictyol 7-glucoside and luteoliflavan in prohexa-
dione-Ca treated strawberry fruits at different developmental
stages. Different letters indicate significant differences at the
95% level using Mann-Whitney-test.

strawberries and several fruit trees of the Rosaceae infected by
different fungi an induced accumulation of flavan-3-ols
(catechins and proanthocyanidins) was observed around the
infection zone where fungal growth stops (TREUTTER and
FEUCHT 1990; FEucHT and TREUTTER 1999). Beside the concen-
tration of constitutively formed metabolites, a rapid biosyn-
thesis of antifungal flavanols just at the infection site may also
account for successful defence of pathogens in young straw-
berry fruits.
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