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Fire blight, a devastating bacterial disease in pome fruits, causes severe economic losses
worldwide. Hitherto, an effective control could only be achieved by using antibiotics, but this
implies potential risks for human health, livestock and environment. A new approach allows
transient inhibition of a step in the flavonoid pathway, thereby inducing the formation of a
novel antimicrobial 3-deoxyflavonoid controlling fire blight in apple and pear leaves. This
compound is closely related to natural phytoalexins in sorghum. The approach does not only
provide a safe method to control fire blight: Resistance against different pathogens is also
induced in other crop plants.
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Introduction
Whereas fungal diseases can be controlled by use

of modern fungicides, control of bacterial diseases is
much more difficult. In pome fruit trees, the pre-
vailing cultivars are particularly susceptible to the
enterobacterium Erwinia amylovora, the causal
agent of fire blight. Despite all efforts of restriction,
there is a progressive spread of the disease. E. amy-
lovora may infect flowers early in the season and
later invades shoots (primary and secondary fire
blight). The disease threatens developing fruits and
may also affect fruit load of the following years by
killing fruit spurs, branches and, even worse, the
whole tree. It is often mandatory by law to destroy
whole orchards in order to avoid further spread of
the disease. Resistant cultivars, even if available, do
not completely fit commercial demands with respect
to fruit quality, yield or other agronomic features.
The only effective chemical control is achieved by
the use of antibiotics, such as streptomycin (McMa-
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nus et al., 2002). However, its use is banned in most
European countries. After the detection of signifi-
cant amounts of streptomycin in honey, field treat-
ments had been suspended in Belgium and Ger-
many. Due to the general concerns against the use
of antibiotics as crop protectants, alternative and
toxicologically as well as environmentally safe stra-
tegies are urgently needed. A new strategy, particu-
larly useful for the control of secondary fire blight,
involves the use of the plant growth regulator pro-
hexadione-Ca. This contribution summarizes the
knowledge on the underlying physiological mecha-
nism and shows that this approach may be used as
a general strategy to induce pathogen resistance in
various important crop species.

Plant growth regulators

Plant growth regulators are commonly used in
commercial farming to reduce superfluous longitu-
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Fig. 1. 2-Oxoglutarate and examples for structural ana-
logues.

dinal shoot growth. Most growth retardants act by
inhibiting the biosynthesis of growth-active gibbe-
rellic acids (GAs). Several types of such inhibitors
are known affecting different steps of the biosyn-
thetic pathway. Acylcyclohexanediones, e.g. pro-
hexadione-Ca and trinexapac-ethyl (Fig. 1), block
late steps of GA formation. As structural ana-
logues of 2-oxoglutarate, which is the co-substrate
of 2-oxoglutarate dependent dioxygenases, they
competitively inhibit biosynthetic steps catalyzed
by such dioxygenases (Rademacher, 2000). In the
biosynthesis of GAs, particularly 3�-hydroxylation
is affected thereby inhibiting the formation of
highly active GAs from inactive precursors. Pro-
hexadione-Ca is commercially used as a plant
growth regulator (trade names: Apogee“, Rega-
lis“) in a number of crop plants including cereal
grains, peanuts and pome fruits. The compound
shows favorable toxicological and ecotoxicological
features, is relatively short-lived and degrades
into natural compounds. Trinexapac-ethyl [ethyl
4-cyclopropyl(hydroxy)methylene-3,5-dioxycyclo-
hexane carboxylate] is mainly used in stem stabili-
zation in cereal grains (trade name: Moddus“) and
in reduction of shoot growth in turf grasses (trade
name: Primo“). Under practical conditions, trinex-
apac-ethyl (an ester) and prohexadione-Ca (a salt
of an acid) display similar degrees of activity when
applied in appropriate formulations to gramina-
ceous species. However, in dicots prohexadione-
Ca generally is significantly more active than tri-
nexapac-ethyl. Most likely, this indicates that tri-
nexapac-ethyl is easily hydrolyzed into its active
acidic form in grasses, whereas this process is not
very efficient in dicots (Rademacher, 2000).

Effect on the flavonoid metabolism

Recent trials revealed that pome fruit plants
treated with prohexadione-Ca or structurally re-
lated compounds, such as trinexapac-ethyl, not
only showed reduced shoot growth but were also
significantly less affected by fire blight and scab as
compared to control trees (Fernando and Jones,
1999; Momol et al., 1999; Roemmelt et al., 1999,
2003a; Yoder et al., 1999; Costa et al., 2001; Max-
son and Jones, 2002). This effect was surprising
and unexpected, since prohexadione-Ca is abso-
lutely inactive as a bactericide or fungicide (Rade-
macher, 2000; Rademacher and Bucci, 2002).
Furthermore, there were no indications in the per-
tinent literature that other types of growth regula-
tors, which have long been used in pome fruit pro-
duction, have such an effect. Chemical analyses of
treated shoot tissues revealed the occurrence of
flavonoids, which are not commonly formed in ap-
ple. In particular, the accumulation of the 3-deoxy-
catechin luteoliflavan was observed, which was
previously unknown in rosaceous species (Rade-
macher et al., 1998; Roemmelt et al., 1999, 2003b;
Ruehmann and Treutter, 2003) (Fig. 2). In many
host plants, resistance against a wide range of
fungi and bacteria is connected to the presence of
phenolic compounds, in particular flavonoids
(Snyder and Nicholson, 1990; Feucht et al., 1996;
Mayr et al., 1997). However, the flavonoids com-
monly formed in pome fruit trees are not effective
enough against fire blight. Therefore, the induced
changes in flavonoid composition, associated with
the enhanced resistance, were studied in detail.

In addition to luteoliflavan, some flavanones
were accumulated after prohexadione-Ca treat-
ment (Fig. 2). These were identified as naringe-
nin 7-O-glucoside, eriodictyol 7-O-glucoside and
6�-O-trans-p-coumaroyl-eriodictyol 3�-O-glucoside
(Roemmelt et al., 2003a). Furthermore, a general
decrease of the constitutive flavan-3-ols, such as
catechin, epicatechin, the procyanidins B2, B3,
E.B5, of flavonols and anthocyanidins was ob-
served in leaves treated with prohexadione-Ca
(Roemmelt et al., 2003a,b).

Mode of action

Four enzymes of the flavonoid pathway have
been classified as 2-oxoglutarate dependent dioxy-
genases: flavanone 3-hydroxylase (FHT), flavonol
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Fig. 2. Novel phenolic compounds in apple.

synthase (FLS), anthocyanidin synthase (ANS)
and flavone synthase I (FNS I) (Forkmann and
Heller, 1999). These enzymes could be inhibited
competitively by analogues of 2-oxoglutarate
(such as prohexadione-Ca and trinexapac-ethyl),
which may lead to marked changes in the flavo-
noid composition of apple and pear leaves. It was
shown, that by inhibition of a single step in the
flavonoid biosynthesis, a novel pathway can be in-
duced. Enzymatic studies with preparations from
apple and pear leaves revealed strong competitive
inhibition of flavanone 3-hydroxylase (FHT), a 2-
oxoglutarate dependent dioxygenase catalyzing
the hydroxylation of flavanones to dihydroflavo-
nols (Fig. 3), by prohexadione-Ca in vitro. FHT ac-
tivity was inhibited in treated leaves for several
days (Fig. 4). This in vivo effect gradually de-
creased five days after treatment, which can be ex-
plained by the advancing degradation of prohexa-
dione-Ca (Roemmelt et al., 2003b). The inhibition
by prohexadione-Ca was confirmed by cloning of
the FHT cDNA of apple and pear and subsequent
enzymatic studies with the heterologously ex-
pressed enzymes. Thus, FHT inhibitors like pro-

hexadione-Ca create a transient bottleneck in the
flavonoid pathway, which leads to the accumula-
tion of eriodictyol, a common substrate for FHT.
Eriodictyol can be glycosylated and/or acylated,
but it is mainly metabolized to the 3-deoxyca-
techin luteoliflavan (Fig. 3).

3-Deoxycatechins belong to the rare class of 3-
deoxyflavonoids, which are found only in a few
plant species (Styles and Ceska, 1975; Lo et al.,
1999; Stich and Forkmann, 1988; Ramesh et al.,
2001). The most prominent 3-deoxyflavonoids are
the 3-deoxyanthocyanidins, which serve as pig-
ments in flowers of Gesneriaceae (Stich and Fork-
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Fig. 4. Effect of prohexadione-Ca on young apple leaves.
Time course of FHT activity [as% of the respective con-
trol value] (circles) and accumulation of luteoliflavan
[mg/100 g dry weight] (triangles) in young apple leaves
after treatment with prohexadione-Ca. In the control as-
says, the inhibitory effect of prohexadione-Ca was com-
pensated by addition of 3.5 mm 2-oxoglutarate.
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mann, 1988). In Sorghum bicolor 3-deoxyflavo-
noids act as phytoalexins (Lo et al., 1999), and
extracted from Bridelia crenulata, they have been
reported to inhibit the growth of human patho-
genic bacteria (Ramesh et al., 2001). The key step
in the biosynthesis of 3-deoxyflavonoids is the re-
duction of flavanones in position 4 to the corre-
sponding flavan 4-ols (apiforol, luteoforol), which
is catalyzed by flavanone 4-reductase (FNR)
(Stich and Forkmann, 1988). Therefore, all plants
possessing FNR activity have the potential to syn-
thesize 3-deoxyflavonoids. Dihydroflavonol 4-re-
ductase (DFR), an enzyme from the general flavo-
noid pathway, can exhibit a broad substrate
activity and may also act as an FNR (Halbwirth et
al., 2003) (Fig. 5). This was also shown for apple
and pear by cloning the DFR cDNAs and subse-
quent studies with the respective heterologously
expressed enzymes (Fischer et al., 2003). However,
dihydroflavonols are the preferred substrates,
compared to flavanones. Therefore, 3-hydroxyfla-
vonoids are exclusively formed under natural con-
ditions. Only after FHT inhibition, flavanones ac-
cumulate and are converted to luteoforol by DFR/
FNR. Luteoforol per se is an unstable intermedi-
ate, which is rapidly converted to luteoliflavan
(Fig. 3). It also shows strong chemical reactivity,
which impedes extraction and analysis.

Since luteoforol could not be isolated from the
leaves, it was chemically synthesized (Bate-Smith,
1969) for in vitro testing against E. amylovora and
a large number of different bacterial and fungal
pathogens. Relatively low concentrations (0.1 mm
to 1 mm) of luteoforol showed strong antimicro-
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Fig. 6. Effect of luteoforol on E. amylovora (strain Ea 1/
79, K. Geider). Liquid cultures were incubated with 2
Vol% of a 1 mm solution of luteoforol in ethyl acetate
(circles) and with the respective amounts of ethyl ace-
tate serving as controls (triangles). Bacterial population
densities were assessed at different times by tenfold se-
rial dilution on Luria agar plates. A similar effect was
observed with other E. amylovora strains tested [Ea 286
(K. Geider), Ea 1540 (D. V. Dye), Ea 8865 (S. V. Thom-
son)].

bial effects (Fig. 6). Spore germination of Venturia
inaequalis and other plant pathogenic fungi was
even inhibited by concentrations as low as 0.01 mm
(Roemmelt et al. 2003b). The broad toxic effect is
an important feature since it makes selection for
resistant pathogen variants highly unlikely. A
number of constitutive as well as induced phenolic
compounds such as luteoliflavan, flavanone 7-O-
glucosides, phloretin derivatives, p-coumaroyl-
glucose, caffeic acid, chlorogenic acid and 6�-O-
trans-p-coumaroyl-eriodictyol 3�-O-glucoside did
not show comparable antimicrobial effects in vitro
as luteoforol did (Roemmelt et al., 2002, 2003a).
Thus, it is very likely that luteoforol represents the
active principle induced by prohexadione-Ca and
related compounds. Due to the relatively high effi-
cacy, even steady state concentrations of luteoforol
present in leaves can cause the effects observed.
Prohexadione-Ca gives only a transient effect be-
cause it disintegrates relatively rapidly (half-life
approximately 7Ð10 days) and is effective only in
young shoots. Furthermore, the compound is
translocated almost exclusively in the xylem and
is, therefore, unlikely to be accumulated in fruits
(Rademacher, 2000). Hence, effects on the flavo-
noid spectrum in fruits are highly unlikely. Analy-
ses of fruits from trees treated with prohexadione-
Ca gave proof to this assumption. In total, the
strategy described provides a safe and effective
control of secondary fire blight.
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Table I. Overview of FNR activity in various crop species.

Crop species Luteoliflavan DFR/FNR Heterologously
formation after activity measurable expressed enzyme

ProCa treatment DFR/FNR activity

Grapevine (Vitis vinifera) yes yes/yes yes/yes
Strawberry (Fragaria ¥ ananassa) yes yes/yes yes/yes
Kiwi fruit (Actinidia sp.) yes yes/yes n.d.
Peach (Prunus persica) yes yes/yes n.d.
Rose (Rosa hybrida) yes. yes/yes yes/yes
Cranberry (Vaccinium macrocarpum) yes yes/yes yes/yes
Elder (Sambucus sp.) n.d. yes/yes n.d.
Plum (Prunus domestica) n.d. yes/yes n.d.
Cherry (Prunus avium) n.d. yes/yes n.d.

n.d.: not determined.

Effect on further crop plants

The natural formation of 3-deoxyflavonoid phy-
toalexins represents a principle of resistance which
can be found only in a few plant species (Lo et al.,
1999; Viswanathan et al., 1996). Likewise, the pres-
ence of luteoforol in plant tissues has also been
reported only in a few isolated cases (Ramesh
et al., 2001; Bate-Smith, 1969; Viswanathan et al.,
1996; Bate-Smith and Creasy, 1969). By inhibition
of FHT, luteoforol formation can be artificially in-
duced in plants exhibiting FNR activity in the
target tissues. The presence of FNR activity can be
shown in vitro by enzymatic investigations or by
formation of luteoliflavan after prohexadione-Ca
application. In addition to apple and pear, FNR
activity as well as luteoliflavan formation after
prohexadione-Ca treatment could also be demon-
strated in other important crops such as straw-
berry, grapevine, kiwi fruit, cranberry, rose and
peach so far (Schlangen et al., 2003; Gosch et al.,
2003) (Table I). Thus, prohexadione-Ca-triggered
formation of 3-deoxyflavonoids with phytoalexin-
like activity might control a wide range of fungal
and bacterial diseases in several crop plant species.

First phytopathological investigations have
shown that application of prohexadione-Ca signifi-
cantly lowers progression of bacterial wilt (Rals-
tonia solanacearum) and reduces leaf lesions of
bacterial speck (Pseudomonas syringae pv. to-
mato) and spot (Xanthomonas vesicatoria) on to-
mato plants in the greenhouse (Bazzi et al., 2003a).
Furthermore, a valuable protection of grapevine
leaves to downy mildew (Plasmopara viticola) and

grey mould (Botrytis cinerea) was observed (Bazzi
et al., 2003a,b). However, in other plant pathogen
systems prohexadione-Ca was not effective, e.g. in
controlling cereal downy mildew (Blumeria grami-
nis) in wheat, or bacterial spot/canker (X. arbori-
cola pv. pruni) on plum trees (Bazzi et al., 2003a).
In plum, this might be due to the low FNR activity
observed in the leaves (Gosch et al., 2003). Further
work will be necessary to evaluate the spectrum
of potential target plants and respective plant pa-
thogens.

Conclusions

Since antibiotics, such as streptomycin, are pro-
gressively restricted from being used against plant
pathogens, fruit growers are urged to rely on alter-
natives. Numerous investigations have clearly de-
monstrated that products containing acylcyclohe-
xanediones represent a considerable alternative to
antibiotics for the control of secondary fire blight
(Erwinia amylovora) in pears as well as in apples.
The underlying physiological mechanism of pro-
hexadione-Ca has been elucidated and seems to
be closely related to the natural defense observed
in Sorghum and sugar cane. Additional experience
is needed to fully exploit its potential for the use
in several other host-pathogen systems.
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