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C h a p t e r  1

Genera l  in t roduct ion

Ethylene is a simple gaseous hydrocarbon that regulates many developmental
and stress-related processes in plants. Ethylene treatments have been practiced
in agriculture for ages, although farmers did not know that ethylene was the
active agent (Abeles et al. 1992). Examples of such treatments are wounding,
which stimulates ethylene biosynthesis in plants, or exposure to smoke, which
contains biologically effective concentrations of ethylene, to stimulate ripening
or produce an earlier harvest. The recognition that ethylene has biological
activity originates from the second part of the 19th century. Several cases of
plant damage were reported after exposure to illuminating gas, which
contained approximately 5% ethylene.The first evidence that ethylene is an
endogenous hormone produced by plants, originates from experiments in
which the volatiles from ripe apples mimicked the effect of ethylene in
inhibiting seedling growth. Since then, ethylene has been extensively studied
as a regulator of plant growth and development (Abeles et al. 1992).
Several bacteria and fungi have been shown to produce ethylene by pathways
that are different from the biosynthetic pathway in higher plants (Fukuda and
Ogawa 1991;Weingart et al. 2001).The physiological significance of ethylene
production by microorganisms is far from clear. In plant-pathogenic
microorganisms, ethylene can act as a phytotoxin and, therefore, may be
considered as a virulence factor. However, ethylene is not always involved in
virulence.The bacterial leaf pathogens Pseudomonas syringae pvs. glycinea and
phaseolicola both produce ethylene in planta (Weingart et al. 2001).Whereas
ethylene biosynthesis mutants of P. syringae pv. glycinea were impaired in their
ability to multiply in leaves of soybean and bean, ethylene-biosynthesis mutants
of P. syringae pv. phaseolicola were as virulent as the wild-type strains on these
plants.These results demonstrate that even for related plant pathogenic bacteria
ethylene does or does not act as a virulence factor (Weingart et al. 2001).
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E t h y l e n e  p r o d u c t i o n  b y  p l a n t s

Higher plants use 1-aminocyclopropane-1-carboxylic acid (ACC) as the
substrate for ethylene synthesis (Fig. 1). Briefly, methionine (Met) is converted
to S-adenosyl-methionine (Adomet), which is then cleaved into the ethylene
precursor ACC and 5’-methylthioadenosine (MTA) by the enzyme ACC
synthase (Adams and Yang 1979; Bleecker and Kende 2000). Subsequently,
ACC is oxidized and converted to ethylene by ACC oxidase, while MTA is
recycled to Met.
During plant development, endogenous ethylene production rates are highest
in meristematic and ripening tissues (Abeles et al. 1992). High levels of
ethylene production are found in young, developing organs that display rapid
cell division, in ripening fruits and during senescence. Exogenously applied
ethylene was demonstrated to either stimulate or inhibit cell division,
depending on the plant species and tissue type. Generally, ethylene treatments
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F igure  1 .  The ethylene biosynthetic pathway in higher plants (Bleecker and Kende 2000). ACC: 1-

aminocyclopropane-1-carboxylic acid, Ade: adenine, AdoMet: S-adenosyl-L-methionine, KMB: 2-keto-

4-methylthiobutyric acid, Met: L-methionine, MTA: 5’-methylthioadenosine, MTR: 5’-methylthioribose,

MTR-1-P: 5’-methylthioribose-1-phosphate.
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promote processes related to aging and senescence, such as wilting and
abscission of leaves and floral organs, and ripening of fruits.
Several biotic and abiotic stresses also trigger endogenous ethylene production.
Abeles et al. (1992) describe ethylene production as a result of extreme cold
or heat, drought, excessive water, flooding, low oxygen levels, toxic chemicals,
radiation, physical restraints, bending, mechanical wounding, feeding by insects
and nematodes, and infection by viruses, bacteria or fungi.The increased levels
of ethylene are probably involved in the plant’s response to counteract, or
escape from, the stress conditions. For example, upon submergence ethylene
can initiate the formation of adventitious roots with aerenchyma (Visser et al.
1996) and shoot elongation (Voesenek et al. 1990), enabling the plant to escape
from flooding stress. Ethylene also triggers the production of e.g. new cell wall
components, phytoalexins and pathogenesis-related proteins, resulting in
increased resistance to pathogens and insects (Boller 1991).

E t h y l e n e  p e r c e p t i o n  a n d  s i g n a l i n g  i n  p l a n t s

The ethylene signaling pathway is best defined for Arabidopsis thaliana.
Ethylene signaling mutants have been selected on the basis of either the
inability to display, or the constitutive expression of, the triple response.The
triple response is a reaction of etiolated seedlings to ethylene, characterized
by inhibition of hypocotyl and root elongation, radial swelling of the hypocotyl
and root, and exaggeration of the curvature of the apical hook, and is
commonly used as a marker for ethylene sensitivity (Guzmán and Ecker 1990).
Since the identification of the first ethylene receptor mutant etr1-1 (Bleecker
et al. 1988), five ethylene receptor genes have been characterized in
Arabidopsis, i.e. ETR1, ETR2, ERS1, ERS2, and EIN4 (Chang and Shockey
1999; Chang and Stadler 2001). All receptor proteins consist of an N-terminal
ethylene-binding domain, containing three (ETR1 and ERS1) or four (ETR2,
ERS2, and EIN4) transmembrane subdomains (Fig. 2). Binding of ethylene to
the transmembrane domain of ETR1 requires the presence of copper ions
(Rodríguez et al. 1999). Probably, a ligand for a copper ion is situated in the
second transmembrane helix of the binding domain, because a specific
mutation in this region resulted in the loss of copper incorporation, the
inability of the transmembrane domain to bind ethylene, and ethylene
insensitivity of the mutant. Next to the ethylene-binding domain, a GAF-like
(Aravind and Ponting 1997) domain is situated. Although GAF domains are
thought to bind cGMP in cGMP phosphodiesterases, the function of the GAF-
like domain in the ethylene receptors is unknown. ETR1 and ERS1 contain
a histidine kinase domain, which has high homology to bacterial two-
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component histidine kinase receptors (Chang et al. 1993). Moreover, recent
homology studies in which the entire sequences of ETR1, ERS1, and EIN4
from Arabidopsis were compared with sequences from several cyanobacteria,
suggested that the plant receptors have a cyanobacterial origin (Mount and
Chang 2002). In contrast to ETR1 and ERS1, the other receptor proteins lack
most or all of the conserved histidine kinase motifs (Chang and Shockey 1999;
Chang and Stadler 2001). ETR1, ETR2, and EIN4 contain a C-terminal
receiver domain, which is presumably phosphorylated on the conserved
aspartate residue by the histidine kinase domain. ERS1 and ERS2 lack a
covalently attached receiver domain and might signal through a distinct
signaling circuit or through the receiver domain of another receptor protein
(Chang and Shockey 1999; Chang and Stadler 2001; Figure 2).
The working model of the ethylene signaling pathway is shown in Figure 3.
Dimerized, membrane-localized receptor proteins constitutively activate the
downstream component CTR1, which is a negative regulator of ethylene
responses (Kieber et al. 1993). CTR1 has high sequence similarity to the Raf
family of mitogen-activated protein kinase kinase kinases (MAPKKKs), and is
thought to act through a MAP kinase cascade (Chang and Shockey 1999;
Chang and Stadler 2001). Binding of ethylene to the binding site of the
receptor proteins blocks the activation of CTR1. Consequently, the CTR1-
mediated repression of ethylene responses is abolished and ethylene signaling
is activated.
Different mutations in the transmembrane domain of receptor protein ETR1,
i.e. etr1-1, etr1-2, etr1-3, and etr1-4, resulted in reduced ethylene sensitivity
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F igure  2 .  The structures of the ethylene receptors ETR1, ERS1, ETR2, EIN4, and ERS2 in Arabidopsis

(Chang and Stadler 2001). H: histidine; N G1 F G2: conserved motifs of histidine kinase; D: aspartate;

Y: present; N: absent.
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of the mutants and a reduced capacity of the protein to bind ethylene (Hall
et al. 1999). Under those conditions, CTR1 is continuously activated and
ethylene responses are constitutively repressed. Moreover, heterologous
expression of the Arabidopsis mutant etr1-1 gene in tomato, petunia, or tobacco
resulted in dominant ethylene insensitivity of the plants (Wilkinson et al. 1997;
Knoester et al. 1998), indicating that the signaling cascade from ETR1 to
CTR1 is conserved in these species. In contrast to mutations in the ethylene-
binding domain, mutations in other domains of the receptor protein do not
impair the binding of ethylene, but disable the activation of CTR1.When such
a “loss-of-function” mutation occurred in a single ETR1, ETR2, EIN4 or
ERS2 protein, ethylene signaling in the plant was hardly affected, as evidenced
by the ability of the mutant to display a normal triple response and an unaltered
phenotype during growth in light (Hua and Meyerowitz 1998). Presumably,
the other receptor proteins were still capable of mediating normal ethylene
perception by activating CTR1. However, the receptors are redundant to a
certain degree only.Triple and quadruple loss-of-function mutants displayed
constitutive ethylene responses in air.These data clearly demonstrate that the
wild-type receptors are negative regulators of ethylene responses.
It is not well known how the ethylene receptors signal to CTR1, but an active
role of the histidine kinase domain seems likely. However, Gamble et al. (2002)
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F i g .  3 .  The ethylene signal transduction
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demonstrated that transformation of Arabidopsis with a double-mutated etr1-
1 protein lacking kinase activity or even the complete kinase domain, still
mediated constitutive repression of ethylene responses. These transformants
were unable to display the triple response upon treatment with ethylene.
Moreover, even when no wild-type ETR1 protein was present (mutant etr1-7
background), transformation with a kinase-lacking mutant etr1-1 protein still
resulted in the suppression of ethylene responses. These results could be
explained by signal output from a region other than the histidine kinase
domain, e.g. the GAF-like region.Another explanation could be an interaction
with wild-type, non-ETR1 ethylene receptors, in which the kinase-lacking
mutant etr1-1 protein would convert the wild-type receptor protein to the
ethylene-insensitive signaling state. However, such interactions are unlikely,
because it was shown that the kinase-lacking etr1-1 proteins did not dimerize
with the other members of the receptor protein family (Gamble et al. 2002).
EIN2, which acts downstream of CTR1, appears to play a central role in the
ethylene signaling cascade (Chang and Shockey 1999; Fig. 3).The N-terminal
half of the EIN2 protein contains 12 predicted transmembrane helices, and
was shown to be integrated within a membrane (Alonso et al. 1999). However,
the subcellular localization of EIN2 is still unknown (Chang and Stadler 2001).
Ein2 mutants were found not only in screens for ethylene insensitivity, but
also in screens for resistance to auxin transport inhibitors, cytokinins, and
abscisic acid.The fact that these latter screens did not reveal other ethylene-
signaling loci, suggests that EIN2 is involved in different hormone signaling
pathways. For instance, the JA-induced expression of the defense-related gene
PDF1.2 appeared to be blocked in mutants ein2-1 (Penninckx et al. 1998)
and ein2-5 (Alonso et al. 1999). In contrast, PDF1.2 expression in the weak
ethylene-signaling mutants etr1-3 and ein3 was still inducible by JA (Penninckx
et al. 1998).These results suggest cross-talk between ethylene and JA signaling
at the level of EIN2. However, JA insensitivity has been demonstrated for the
strong ethylene-insensitive mutant etr1-1 as well. Methyl jasmonate (MeJA)
treatment induced resistance in wild-type Arabidopsis to the bacterial leaf
pathogen P. syringae pv. tomato (Pst), whereas in the etr1-1 mutant it did not
(Pieterse et al. 1998).This implies that JA signaling requires a certain level of
ethylene sensitivity, rather than only a functional EIN2 protein.
In addition to the EIN2 allele, EIN5, EIN6, and EIN7 have been demonstrated
to act downstream of CTR1, but their roles remain to be investigated (Chang
and Shockey 1999; Fig. 3). Other components downstream of EIN2 include
various ethylene-responsive transcriptional regulators, such as the nuclear-
localized DNA-binding protein EIN3, EIN3-like (EIL1, EIL2, and EIL3)
proteins, and ethylene-responsive element-binding proteins (EREBPs), such
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as ethylene response factor 1 (ERF1; Chang and Shockey 1999; Chang and
Stadler 2001). Overexpression of EIN3 activated ERF1 gene expression
(Solano et al. 1998), which in turn stimulated many ethylene responses, such
as inhibition of hypocotyl elongation and expression of ethylene-responsive
genes (Solano et al. 1998; Berrocal-lobo et al. 2002).

E t h y l e n e  a n d  d i s e a s e  r e s i s t a n c e

The role of ethylene signaling in plant-pathogen interactions is complex, as
ethylene has been demonstrated to stimulate, as well as to counteract disease
development. Ethylene can enhance resistance against various pathogens
(Boller 1991;Thomma et al. 1999; Díaz et al. 2002), but it can also increase
disease severity, probably by promoting chlorosis, senescence, and cell necrosis
(Boller 1991; Abeles et al. 1992). Different types of disease resistance are
recognized in plants, i.e. nonhost resistance, vertical resistance, horizontal
resistance, tolerance and induced resistance (Agrios 1997).

N o n h o s t  r e s i s t a n c e

Nonhost resistance, or immunity, is defined as complete resistance of a plant
to pathogens of other plant species, usually even under the most favorable
conditions for disease development (Agrios 1997). In contrast to a certain level
of resistance of the plant to its own pathogens (basal resistance), the plant
exhibits a total, or nonhost, resistance to other pathogens. Because many
physiological and / or morphological characteristics can cause the
unassailability of the plant and ethylene can influence many of these features,
it is hard to examine the precise role of ethylene in immunity. Nevertheless,
Knoester et al. (1998) reported a lack of nonhost resistance due to ethylene
insensitivity.Transgenic (Tetr) tobacco plants expressing the mutant etr1-1 gene
of Arabidopsis, displayed strong insensitivity to ethylene.When these Tetr plants
were grown in non-autoclaved potting soil, they developed symptoms of
disease due to infection by the nonhost pathogen Pythium sylvaticum.
Therefore, it was concluded that ethylene insensitivity of tobacco impairs
nonhost resistance to Pythium. Insensitivity to JA has likewise been shown to
result in loss of nonhost resistance. Arabidopsis mutant jar1-1, which shows
reduced sensitivity to JA, and JA non-acculumating triple mutant fad3-2 fad7-
2 fad8, were susceptible to the nonhost pathogens Pythium ir regulare and
Pythium jasmonium, respectively (Staswick et al. 1998; Vijayan et al. 1998).
Thus, both ethylene and JA signaling seem to be involved in nonhost resistance
to Pythium spp.
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Ve r t i c a l  r e s i s t a n c e

Vertical resistance, sometimes called specific, qualitative, differential, or
monogenic / oligogenic resistance, is controlled by one or a few resistance
genes (R genes;Agrios 1997).The presence of an R gene in the plant mediates
the recognition of a pathogen-produced elicitor, which is the product of an
avirulence (Avr) gene. The Avr/R-protein-mediated recognition of the
(avirulent) pathogen may slow down growth of the pathogen or result in a
hypersensitive response (HR), which restricts the pathogen to a limited
necrotic area surrounding the site of infection. A plant variety that contains
the proper R gene(s) is resistant to a pathogen expressing the cognate Avr
gene(s), whereas another variety of the same plant species that lacks the R
gene(s) is susceptible to the same pathogen.
For several plant species it has been shown that ethylene perception is not
essential for the HR after infection with an avirulent pathogen. Avirulence of
Pst (Bent et al. 1992), Peronospora parasitica (Thomma et al. 1999), and turnip
crinkle virus (Kachroo et al. 2000), was unaffected in ethylene-insensitive
Arabidopsis plants. Similarly, transgenic, ethylene-insensitive NN tobacco plants
still displayed the HR after infection with tobacco mosaic virus (TMV;
Knoester et al. 1998, 2001). Ethylene-insensitive soybean mutants still showed
a HR after infection with P. syringae pv. glycinea carrying the avirulence gene
avrRpt2 (Hoffman et al. 1999). However, the ethylene-insensitive plants
typically develop less extensive necrosis after an HR (Bent et al. 1992; Knoester
et al. 2001; Hoffman et al. 1999), indicating that they are better able to restrict
the pathogen than control plants. This suggests that ethylene-induced
senescence reduces the capacity of the plant to withstand spread of the
pathogen (Knoester et al. 2001).
The resistance locus Rps1-k of Phytophthora sojae results in reduced disease
development in soybean, rather than in an HR. When ethylene-insensitive
mutants were inoculated with different races of P. sojae carrying the Rps1-k
locus, one race appeared to be less virulent, whereas two other races were
more virulent (Hoffman et al. 1999). This suggests that, in contrast to the
bacterial avrRpt2-mediated HR, Rps1-k-mediated gene-for-gene resistance is
impaired in ethylene-insensitive soybean mutants.

H o r i z o n t a l  r e s i s t a n c e

Plants possess variable levels of non-specific resistance towards their virulent
pathogens, which is referred to as general, quantitative, field, polygenic,
multigene, or horizontal resistance (Agrios 1997).This kind of resistance results
from the cooperative actions of several physiological and / or morphological
features, of which most are poorly defined. Generally, horizontal resistance

1 2 • C h a p t e r  1



does not protect plants from becoming infected, but it slows down the
development and spread of disease, i.e. it provides the plant with a certain level
of basal resistance. It is difficult to determine a possible role of ethylene in
horizontal resistance. Nevertheless, there are several reports indicating that
ethylene signaling plays an essential role in basal resistance.
Arabidopsis ecotypes RLD and Ws were both demonstrated to be more
susceptible to bacterial speck disease, caused by Pst, than ecotype Col-0 (Ton
et al. 1999). RLD and Ws appeared to be less sensitive to ethylene than Col-
0, as demonstrated by a reduced triple response upon treatment with ACC
(Ton et al. 2001). Likewise, the enhanced disease susceptibility (eds) mutant
eds4-1 of Arabidopsis, selected on the basis of enhanced symptom severity after
inoculation with P. syringae pv. maculicola (Glazebrook et al. 1996), was as
insensitive to ACC as mutant etr1-1 (Ton et al. 2002a).These results suggest a
role for ethylene perception in basal disease resistance. Indeed, ethylene-
insensitive Arabidopsis mutants display enhanced susceptibility to various
pathogens. Wild-type plants were only weakly susceptible to the leaf-spot
fungus Alternaria brassicicola and the gray mold fungus Botrytis cinerea, but
ethylene-insensitive ein2-1 mutants displayed increased symptom development
after infection with these pathogens (Thomma et al. 1999). In addition, ein2-
1 allowed more pathogen proliferation upon inoculation with the soft-rot
bacterium Erwinia carotovora (Norman-Setterblad et al. 2000), or the
necrotrophic bacteria Pst and Xanthomonas campestr is (Ton et al. 2002b). In
contrast, ein2-1 was as susceptible as wild-type plants to the downy mildew
oomycete P. parasitica (Lawton et al. 1994), and even less susceptible to the
vascular wilt bacterium Ralstonia solanacearum (Hirsch et al. 2002).
Tomato plants treated with 1-methylcyclopropene (MCP), an inhibitor of
ethylene perception, displayed enhanced susceptibility to B. cinerea (Díaz et
al. 2002). However, the ethylene-insensitive tomato mutant Never r ipe (Nr)
appeared to be as susceptible as wild-type plants to B. cinerea (Diaz et al. 2002),
and even less susceptible to the vascular wilt fungus Fusarium oxysporum f.sp.
lycopersici (Lund et al. 1998). Ethylene-insensitive soybean mutants showed
increased disease severity after infection with the brown-spot fungus Septoria
glycines or the root rot fungus Rhizoctonia solani, but less severe symptoms
upon inoculation with the root and crown rot-causing oomycete Phytophthora
sojae. Inoculation of ethylene-insensitive soybean with the bacterial blight
pathogen P. syringae pv. glycinea resulted in reduced disease severity in
comparison to wild-type plants (Hoffman et al. 1999). These results
demonstrate that ethylene insensitivity can result in more or less severe disease,
reflecting reduced or increased basal resistance, respectively, depending on the
plant-pathogen combination.
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To l e r a n c e

If reduced disease severity in plants is not the result of lesser pathogen growth,
but rather of decreased symptom expression, tolerance is involved. Tolerant
plants are susceptible to the pathogen, but they generally show little damage
and manage to produce a good crop (Agrios 1997).Whereas resistance refers
to the capability to counteract colonization by the pathogen, tolerance
concerns the capacity to withstand the detrimental effects of tissue
colonization. Several studies report on the role of ethylene sensitivity in
tolerance.Whereas Ton et al. (2002b) observed an increased susceptibility of
ethylene-insensitive Arabidopsis mutant ein2-1 to virulent Pst, Bent et al.
(1992) reported similar numbers of bacteria and significantly less necrosis and
chlorosis as compared to wild-type plants.The latter study suggests that ein2-
1 is more tolerant to infection by Pst. Similarly, the ethylene-insensitive tomato
mutant Nr was demonstrated to be more tolerant to Pst and X. campestris pv.
vesicator ia (Lund et al. 1998). Hoffman et al. (1999) reported that ethylene-
insensitive soybean mutants displayed reduced symptom severity upon
infection with P. syringae pv. glycinea, although Weingart et al. (2001) observed
differences neither in disease severity, nor in bacterial colonization.
The many observations that ethylene-insensitive plants are more tolerant to
certain pathogens, suggest that the ethylene that is produced during
pathogenesis contributes to disease development. Indeed, ethylene treatments
increased disease severity of gray mold, caused by B. cinerea, on tomato, pepper,
cucumber, bean, rose, and carnation (Boller 1991) and stimulated lesion
expansion rate after TMV infection of tobacco (Knoester et al. 2001).

I n d u c e d  r e s i s t a n c e

After a primary infection by a pathogen, plants can display increased resistance
upon a second infection by the same or other pathogens (Van Loon 1997).
This phenomenon is generally known as induced resistance. Induced resistance
can be expressed in incompatible as well as in compatible plant-pathogen
interactions.An induced plant may restrict HR lesion expansion after infection
by avirulent pathogens and inhibit the spread of virulent pathogens that do
not trigger an HR. When resistance is induced not only locally, but also in
distant plant tissues, it is commonly referred to as systemic acquired resistance
(SAR).The first detailed study on SAR was performed in tobacco (Ross 1961).
When leaves of tobacco plants containing the resistance gene N are infected
by TMV, the plants display an HR and necrotic lesions develop at the sites of
infection.When lower leaves of the plant had already been infected with the
virus before, the lesions on upper, challenge-inoculated leaves remained
significantly smaller.This demonstrates that the first infection enabled the plant
to react more effectively to the second one.
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Establishment of SAR upon infection of tobacco with TMV is accompanied
by the accumulation of salicylic acid (SA; Malamy et al. 1990) and several
pathogenesis-related (PR) proteins (Van Loon and Van Kammen 1970).
Treatment of tobacco plants with SA induces both resistance to TMV (White
1979) and the expression of genes encoding PR-proteins (Ward et al. 1991).
Transgenic tobacco plants that express the bacterial NahG gene convert SA
to catechol.When infected with TMV, these NahG plants do not accumulate
SA (Gaffney et al. 1993), and neither express PR genes, nor develop SAR
(Gaffney et al. 1993; Seskar et al. 1998).These data demonstrate that in tobacco
SA plays a central role in the establishment of SAR. However, induced
resistance to certain pathogens appears to be independent of SA signaling in
tobacco. Culture filtrates of the bacterium E. carotovora, grown in liquid
medium, induced systemic resistance to the pathogen when infiltrated into
tobacco leaves (Vidal et al. 1998). This induction was independent of SA
accumulation, as it was operative in NahG plants as well. Treatment with
culture filtrates induced the expression of genes encoding basic glucanase and
chitinase, but not the expression of acidic PR-1a, whereas SA treatment
induced PR-1a, but hardly the basic PR genes (Vidal et al. 1997).
Also in Arabidopsis the induction of various PR genes and resistance to several
viral and biotrophic pathogens is dependent on SA signaling (Lawton et al.
1994; Reuber et al. 1998;Thomma et al. 1998; Kachroo et al. 2000). In contrast,
induced resistance to necrotrophic pathogens generally does not depend on
SA signaling. Treatment of Arabidopsis with 2,6-dichloroisonicotinic acid
(INA), a compound that activates SA-dependent defense responses, did not
induce resistance to A. brassicicola and B. cinerea (Thomma et al. 2000). Instead,
treatment with MeJA did (Thomma et al. 1999, 2000).Also ethylene treatment
induced resistance to B. cinerea (Thomma et al. 1999). In line with the SA-
independent induction of resistance by culture filtrates of E. carotovora in
tobacco, in Arabidopsis these culture filtrates activated SA-independent, but
JA/ethylene-dependent defense-related genes (Norman-Setterblad et al. 2000).
These data demonstrate that in Arabidopsis resistance to various necrotrophic
pathogens can be induced through JA/ethylene-dependent signaling pathways.
For some plant-pathogen interactions it is known that SA-dependent, as well
as JA/ethylene-dependent signaling pathways are involved.The expression of
PR-1 upon inoculation with Pst appeared to be reduced in both NahG
transformants and etr1-1 mutants of Arabidopsis (Lawton et al. 1995).Treatment
of Arabidopsis plants with SA or MeJA induced resistance to the bacterial
pathogen Pst (Van Wees et al. 2000) and the fungus Plectosphaerella cucumerina
(Thomma et al. 2000). In addition, microarray analysis revealed a significant
overlap between SA- and JA-inducible genes, indicating a rather complex
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network of disease signaling pathways in Arabidopsis (Schenk et al. 2000;
Thomma et al. 2001).

R h i z o b a c t e r i a  

Systemic resistance can also be induced by specific strains of non-pathogenic,
root-colonizing bacteria. Colonization of Arabidopsis roots by Pseudomonas
fluorescens strain WCS417r or Pseudomonas putida strain WCS358r induced
systemic resistance to the bacterial leaf pathogen Pst and the fungal root
pathogen F. oxysporum (Van Wees et al. 1997).The WCS417r- and WCS358r-
induced resistance against Pst was demonstrated to be independent of SA
accumulation. Instead, the WCS417r-induced resistance depended on JA and
ethylene signaling (Pieterse et al. 1998). The induction of resistance in
Arabidopsis against Pst by the rhizobacteria P. aeruginosa 7NSK2 or P.
fluorescens CHA0 was likewise independent of SA signaling (Ran 2002). Also
in tobacco, root-colonizing bacteria can induce SA-independent resistance.
The rhizobacterium Serratia marcescens induced resistance to P. syringae pv.
tabaci in non-transformed, as well as in NahG plants (Press et al. 1997). In
contrast, strain 7NSK2 (De Meyer et al. 1999), and probably also CHA0
(Maurhofer et al. 1998), induced resistance of tobacco against TMV and
tobacco necrosis virus, respectively, in a SA-dependent manner.Thus, the kind
of pathway that is triggered appears to be determined by the rhizobacterium
as well as the plant species.
Besides the ability of certain strains to induce resistance, rhizobacteria can
directly antagonize plant pathogens by e.g. siderophore-mediated competition
for iron or the production of antibiotics (Bakker et al. 1991; Agrios 1997). For
example, non-siderophore producing mutants of WCS417r and WCS358r were
not capable of reducing fusarium wilt incidence in carnation (Duijf et al. 1993
1994), and non-siderophore-producing WCS358r did not reduce fusarium wilt
of radish (Raaijmakers et al. 1995; Leeman et al. 1996), in contrast to their
parental strains. Likewise, a non-siderophore producing mutant of 7NSK2,
designated KMPCH, was impaired in its ability to reduce Pythium-induced
damping-off of tomato (Buysens et al. 1996).These data demonstrate that the
antagonism of these bacteria depends, at least in part, on siderophore-mediated
competition for iron.
Various antibiotic-producing bacteria can reduce in vitro growth of oomycetes
and fungi and disease incidence caused by these pathogens. P. aeruginosa strain
PNA1 produces phenazine-1-carboxylic acid (PCA) and suppressed Pythium-
mediated damping-off in bean (Anjaiah et al. 1998). A non-PCA producing
mutant of PNA1 was impaired in its ability to reduce the damping-off,
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indicating the involvement of PCA in antibiosis against Pythium. P. fluorescens
strain Q8r1-96 produces the antibiotic 2,4-diacetylphloroglucinol (DAPG)
and antagonized the root pathogen Gaeumannomyces graminis in wheat
(Raaijmakers and Weller 2001). Other DAPG-producing bacteria were
demonstrated to reduce Pythium-mediated damping-off of cucumber (Sharifi-
Tehrani et al. 1998). Bacillus cereus UW85 produces two antibiotics that
inhibited in vitro growth of Phytophthora medicaginis (Silo-Suh et al. 1994)
and reduced damping-off of tobacco seedlings caused by various Pythium spp.
(Chen et al. 1996). Moreover, several rhizobacteria are capable of directly
antagonizing pathogens as well as inducing resistance in plants, suggesting that
these strains are good potential candidates for biocontrol of plant diseases.

O u t l i n e  o f  t h i s  t h e s i s

In order to study the role of ethylene in SAR, Knoester et al. (1998)
constructed ethylene-insensitive tobacco plants through transformation with
the mutant etr1-1 gene of Arabidopsis. The transformants (designated Tetr)
displayed phenotypic characteristics that were also observed in the etr1-1
mutant of Arabidopsis (Bleecker et al. 1988; Knoester et al. 1998). For example,
Tetr seedlings failed to show the triple response upon exposure to ethylene
and Tetr plants showed enhanced basal ethylene production. Moreover, Tetr
flowers had a prolonged lifespan. However, a significant part of the
transformants spontaneously developed symptoms of wilting, whereas non-
transformed plants did not. The development of disease symptoms was
prevented by autoclaving the soil before sowing of the Tetr seeds. Several
microorganisms were isolated from stem material of diseased Tetr plants, i.e.
the oomycetes P. sylvaticum, P. splendens, two other Pythium spp., and the fungi
Chalara elegans and Rhizopus spp. P. sylvaticum was tested for pathogenicity
by inoculating the isolate on Tetr plants growing in autoclaved soil.The isolate
caused symptoms in Tetr plants, but not in non-transformed plants, and could
be re-isolated from the diseased Tetr plants.This demonstrated its pathogenicity
on Tetr tobacco (Knoester et al. 1998).
Spontaneous disease development has been reported also in transformants of
other plant species. Transgenic, ethylene-insensitive tomato, petunia (D.G.
Clark, personal communication) and birch (Ruonala et al. 2002) likewise
displayed symptoms of wilting and stem rot when grown in non-autoclaved
soil. Moreover, an ACC deaminase-expressing line of tomato, exhibiting
reduced ethylene synthesis, was more susceptible to Fusarium crown rot, and
an ethylene-insensitive petunia line displayed susceptibility to normally non-
pathogenic Botrytis (Klee and Clark 2002). Apparently, ethylene signaling plays
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a major role in resistance of different plant species to various microorganisms.
Under normal conditions such opportunistic pathogens cannot infect nonhost
plants, but ethylene insensitivity appears to turn these plants into hosts.Thus,
genetically modifying components of the ethylene signaling pathway may alter
plant disease resistance.
As a first step to elucidate the mechanisms underlying the enhanced disease
susceptibility, microorganisms infecting Tetr tobacco were investigated as part
of a program funded by the Life Sciences Foundation (ALW) of the
Netherlands Organization for Scientific Research (NWO), entitled “The role
of ethylene perception in acclimation to the biotic environment of plants:
adjustment of growth during crowding and defense against opportunistic
pathogenic microorganisms”. This program constituted a collaboration
between the Institute of Molecular Plant Sciences, Leiden University, the
Department of Experimental Plant Ecology, University of Nijmegen, and the
Sections Phytopathology and Plant Ecophysiology, Utrecht University. In this
program the role of ethylene signaling in the regulation of plant growth
characteristics, inter- and intra-specific competition, and (induced) defense
against (opportunistic) pathogens, was examined. The present study is
concerned with the role of ethylene perception in basal resistance to various
microorganisms, and possibilities to protect ethylene-insensitive plants against
these microorganisms.
In chapter 2 it was examined which microorganisms infect and cause disease
in Tetr tobacco plants growing in non-autoclaved soil. Using the culturing-
based method described by Knoester et al. (1998), similar (i.e. Pythium spp.,
Rhizopus stolonifer, and Thielaviopsis basicola [=C. elegans]) and additional (i.e.
F. oxysporum and Fusarium solani) microorganisms were isolated, and each
demonstrated to cause disease in Tetr tobacco. In order to examine if non-
transformed plants were completely resistant (nonhost resistance), or showed a
relatively high basal resistance to the Pythium spp., a bioassay was developed
in which the conditions were more favorable to pathogen infection. When
inoculation was performed by dipping the roots of two-weeks-old seedlings
into a suspension of Pythium mycelium, also non-transformed tobacco
appeared to be susceptible to some isolates. Ethylene-insensitive Arabidopsis
mutants appeared to be more susceptible to Pythium spp. as well.
It is well known that not all microorganisms are culturable, and potential plant
pathogens might not grow in vitro. Moreover, potential pathogens that grow
slowly in vitro might be overgrown by other microorganisms. Therefore, a
culturing-independent, molecular approach was used to examine the
microorganisms that colonize Tetr plants (Chapter 3). PCR products, specific
for different groups of microorganisms, were separated using denaturing or
temperature gradient gel electrophoresis, to obtain a profile of the root- and
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stem-inhabiting microflora. Bacterial, fungal, and oomycete populations were
examined in the root systems of tobacco plants before the onset of disease
symptoms. Only the bacteria and oomycetes revealed differences when
comparing their populations in roots of healthy non-transformed and Tetr
plants. Analysis of diseased Tetr plants demonstrated that the stems of young
plants were primarily colonized by oomycetes, whereas most stems of older
plants were colonized by true fungi.
The range of pathogens to which Tetr plants show enhanced disease
susceptibility was analyzed by testing various necrotrophic and biotrophic
pathogens on roots and leaves of tobacco (Chapter 4).Tetr plants appeared to
be less resistant to most necrotizing pathogens, but resistance to biotrophs was
similar or even higher than in non-transformed tobacco. Examination of a
similar range of pathogens on Arabidopsis indicated that ethylene-insensitive
Arabidopsis plants are likewise more susceptible to necrotrophic, but not to
biotrophic pathogens.
Finally, it was examined if resistance in Tetr plants could be restored by
chemicals or bacteria that induce systemic resistance, the overexpression of
specific defense-related genes, or rhizobacteria that directly antagonize the
soil-borne pathogens (Chapter 5). Although PR-1g overexpression tended to
reduce disease development after inoculation with Pythium, effects were small
and non-reproducible. Even treatments with rhizobacteria that are known to
induce resistance as well as antagonize pathogens, did not counteract the
enhanced disease susceptibility of Tetr tobacco.
In chapter 6, the results of the previous chapters are discussed from the
perspective of the current knowledge on ethylene and disease resistance.
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in  tobacco  and  Arab idops i s  tha l iana
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A b s t r a c t

Transgenic ethylene-insensitive tobacco (Tetr) plants spontaneously develop symptoms of wilting
and stem necrosis when grown in non-autoclaved soil. Fusarium oxysporum, F. solani,
Thielaviopsis basicola, Rhizopus stolonifer, and two Pythium spp. were isolated from these diseased
Tetr plants and demonstrated to be causal agents of the disease symptoms. Pathogenicity of the
two Pythium isolates and four additional Pythium species was tested on ethylene-insensitive
tobacco and Arabidopsis seedlings. In both plant species, ethylene insensitivity enhanced
susceptibility to the Pythium spp. as evidenced by both a higher disease index and a higher
percentage of diseased plants. Based on the use of a DNA probe specific for Pythium,Tetr plants
exhibited more pathogen growth in stem and leaf tissue than similarly diseased control plants.
These results demonstrate that ethylene signaling is required for resistance to different root
pathogens and contributes to limiting growth and systemic spread of the pathogen.
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I n t r o d u c t i o n

The gaseous plant hormone ethylene regulates developmental processes and is
involved in interactions between the plant and its environment. For example,
ethylene is involved in seed germination, growth of roots and shoots, xylem
differentiation, formation of storage organs such as tubers and bulbs, flower
development, fruit ripening and senescence. Ethylene production is increased
upon exposure to abiotic and biotic stresses, including extreme temperatures,
drought, anaerobic conditions, wounding, herbivory, and infection by viral,
bacterial and fungal pathogens (Abeles et al. 1992).
The role of ethylene in plant-pathogen interactions seems ambiguous. Ethylene
has often been reported to increase disease development.As ethylene promotes
senescence, chlorosis and necrosis, it could increase disease severity by causing
or accelerating similar symptoms during pathogen attack. Exogenously applied
ethylene increases disease severity of Verticillium wilt on tomato, and gray
mold, caused by Botrytis cinerea, on rose, carnation, tomato, pepper, bean and
cucumber (Boller 1991). In tobacco increased ethylene levels stimulate the
expansion of lesions caused by tobacco mosaic virus (Knoester et al. 2001).
Bent et al. (1992) reported reduced symptom development in the ethylene-
insensitive Arabidopsis mutant ein2-1 after infection with virulent bacterial
strains of Pseudomonas syr ingae and Xanthomonas campestr is. Similarly, the
ethylene-insensitive tomato mutant Never r ipe shows reduced disease
development after inoculation with P. syringae, X. campestr is, or the fungal
pathogen Fusarium oxysporum (Lund et al. 1998).
Although ethylene can aggravate disease symptoms in various plant-pathogen
interactions, its perception appears to be required for basal resistance to several
bacterial and fungal pathogens. Hoffman et al. (1999) reported that ethylene-
insensitive soybean mutants are more susceptible to Septor ia glycines and
Rhizoctonia solani. Similarly, Arabidopsis mutant ein2-1 shows enhanced
susceptibility to B. cinerea (Thomma et al. 1999), Erwinia carotovora (Norman-
Setterblad et al. 2000), P. syringae, and X. campestr is (Ton et al. 2002), in
seeming conflict with the observations of Bent et al. (1992). As in ein2-1,
enhanced susceptibility to B. cinerea is observed in the jasmonate-signaling
mutant coi1-1 (Thomma et al. 1998). Conversely, treatment of wild-type
Arabidopsis with either ethylene, its precursor ACC, or jasmonate (JA) increases
resistance to B. cinerea (Thomma et al. 1999) and P. syringae (Pieterse et al.
1998), associated with the activation of the plant defensin gene PDF1.2
(Penninckx et al. 1996, 1998; Pieterse et al. 1998). Moreover, the expression
of the PDF1.2 gene after infection with B. cinerea depends on functional
EIN2 and COI1 genes (Penninckx et al. 1996;Thomma et al. 1998, 1999). It
has been generalized that in Arabidopsis basal resistance to different
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necrotrophic pathogens depends on both ethylene and JA signaling (Thomma
et al. 2001a, b). Accordingly, the JA non-accumulating triple mutant fad3-2
fad7-2 fad8 shows enhanced susceptibility to the necrotizing oomycete
Pythium jasmonium (initially characterized as P. mastophorum;Vijayan et al.
1998). Similarly, the JA-insensitive jar1-1 mutant was found to be more
susceptible to P. irregulare than wild-type plants (Staswick et al. 1998).
Knoester et al. (1998) reported that tobacco plants that are transformed with
the mutant etr1-1 gene from Arabidopsis (Tetr) manifest strongly reduced
sensitivity to ethylene and develop wilting and stem necrosis when grown in
potting soil. From these diseased Tetr plants the fungi Rhizopus sp. and
Thielaviopsis basicola (synanamorph Chalara elegans Nag Raj & Kendrich) and
the oomycetes Pythium splendens, P. sylvaticum and two unidentified Pythium
spp. were isolated. Because P. sylvaticum was prevalent in diseased Tetr plants,
it was tested for pathogenicity and demonstrated to be pathogenic on ethylene-
insensitive Tetr, but not on non-transformed control plants.
In this study it was investigated in how far ethylene-insensitive Tetr plants are
more susceptible to soil-borne fungi than non-transformed tobacco plants.
Several fungi and oomycetes were isolated from Tetr plants showing
spontaneous symptoms of wilting and stem necrosis. These isolates were
identified and tested for their pathogenicity on control and Tetr tobacco plants.
To evaluate the role of ethylene perception in interactions with Pythium
species in more detail, different Pythium isolates were tested on control and
Tetr tobacco. In addition, to elucidate if ethylene insensitivity enhances
susceptibility to Pythium spp. in other plant species, the isolates were tested
on wild-type and ethylene-insensitive mutants of Arabidopsis.

R e s u l t s

Te t r  p l a n t s  a r e  i n f e c t e d  b y  d i f f e r e n t  r o o t  p a t h o g e n s

When grown in non-autoclaved soil, ethylene-insensitive Tetr plants developed
symptoms of wilting and stem necrosis between 5 and 12 weeks after
germination. Non-transformed control plants growing in the same soil never
developed symptoms of disease. Autoclaving the soil twice prior to sowing
prevented disease development in Tetr plants. These observations are in full
accordance with previously reported data (Knoester et al. 1998).
Stem pieces of Tetr plants showing moderate to severe symptoms of disease
were surface-sterilized, sliced transversely, and incubated on different agar
media. Fungal or oomycetous outgrowth was transferred to fresh media. A
total of 46 isolates was obtained, including 15 morphologically different fungi
or oomycetes. Six isolates were identified as Thielaviopsis sp., 10 as Fusarium
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sp., 12 as Pythium-like, 2 as Mucor/Rhizopus-like, and 16 as Penicillium sp.,
Aspergillus sp., or unknown. One representative of each morphologically
different group was selected and tested for pathogenicity on six-weeks-old
control and Tetr tobacco plants. Six of these isolates caused symptoms of
wilting and / or stem necrosis in Tetr plants, and all six could be re-isolated
from stem tissue of diseased plants (Table 1). None of these isolates caused
disease symptoms on control tobacco plants.

Te t r  p l a n t s  s h o w  i n c r e a s e d  s u s c e p t i b i l i t y  t o  P y t h i u m s p p .

Because plants are generally more susceptible to Pythium infection at the
seedling stage (Martin and Loper 1999), two-weeks-old control and Tetr
seedlings were tested for their susceptibility to different Pythium spp. Roots
were dipped in a mycelial suspension of the Pythium isolates Nt15d and Nt59d
(Table 1), as well as four further selected Pythium species: P. sylvaticum, isolated
previously from diseased Tetr tobacco (Knoester et al. 1998), P. irregulare and
P. jasmonium, both isolated from Arabidopsis (Staswick et al. 1998;Vijayan et
al. 1998)), and P. aphanidermatum, isolated from cucumber (Postma et al. 2000)
and described as pathogenic on tobacco (Chen et al. 1996). Disease
development was monitored for 18 days. Control seedlings of non-transformed
and Tetr tobacco that were mock-inoculated with distilled water never
developed symptoms of disease. When inoculation was performed with the
aggressive Pythium isolate Nt59d, both control and Tetr plants developed
symptoms of wilting and necrosis within a few days.Thereafter, a substantial
percentage of the plants died. As shown in figure 1A, the mortality rate of Tetr
plants was 2-3-fold higher than that of control plants, clearly reflecting their
enhanced susceptibility to isolate Nt59d. Because some other Pythium isolates
were less virulent and did not cause plant death, a different parameter to
describe disease severity was required.Therefore, a disease index was used that
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TABLE 1 . Isolates causing symptoms of wilting and / or stem necrosis on Tetr tobacco plants growing

in non-autoclaved soil.a

Isolate Species Taxonomic class

Nt15d Pythium sp. “group HS” Oomycetes

Nt59d Pythium sp. “group G” Oomycetes

Nt60c Rhizopus stolonifer (Ehrenberg: Fries) Vuillemin Zygomycetes

Nt32d Fusarium oxysporum Schlechtendahl: Fries Ascomycetes

Nt34b Fusarium solani (Martius) Saccardo Ascomycetes

Nt29 Thielaviopsis  basicola (Berkeley & Broome) Ferraris Ascomycetes

a Isolates were identified by the Fungal Biodiversity Center (CBS), Utrecht, The Netherlands.



took into account the extent of wilting and stem necrosis, as shown in figure
1B. However, individual plants differed in their behavior in that after initial
development of disease symptoms, some plants recovered, whereas others did
not.This phenomenon is masked when disease development is expressed by
the index, but becomes manifest when the percentage of diseased plants is
used as a parameter (Fig. 1C). The latter method of presentation clearly
distinguishes control from Tetr plants and is most informative about the
dynamics of disease development. Therefore, this parameter was used to
quantify disease development in all further bio-assays.
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F ig .  1 . Disease development of control and Tetr tobacco plants after inoculation with Pythium isolate

Nt59d presented as A. Percentage of dead plants; B. Disease index scale 0-4. 0: no symptoms of wilt;

1: less than 30% of leaves wilting; 2: more than 30% of leaves wilting, sometimes first symptoms of

stem necrosis; 3: all leaves wilting and moderate to severe necrosis of stem (and leaf) tissue; 4: plant

completely necrotic. C. Percentage of diseased plants (plants within scale 1 or higher of the disease

index shown in B). 
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As with Pythium isolate Nt59d, inoculation with isolate Nt15d resulted in a
significantly higher percentage of diseased Tetr than control plants, when tested
with repeated-time measures (Fig. 2). Inoculation with P. ir regulare, P.
jasmonium and P. sylvaticum caused symptoms in Tetr plants, but not in control
plants. However, the latter two isolates caused symptoms in a small percentage
of plants only. Only the increase in disease development upon inoculation with
P. ir regulare was significant, using repeated-time-measures statistics. The
pathogen P. aphanidermatum caused almost 100% of both control and Tetr
plants to become diseased. However, when disease pressure was reduced, the
percentage of diseased plants was decreased more strongly in control than in
Tetr plants (Fig. 3). Thus, Tetr is also more susceptible to P. aphanidermatum
than control tobacco.
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F ig .  2 . Percentage of control and Tetr tobacco plants showing disease symptoms after inoculation

with different Pythium isolates.
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After 18 days, plants with disease symptoms as well as most plants that had
recovered from initial wilting symptoms were reduced in size. Pythium
infections that resulted in a significant percentage of diseased plants (Fig. 2),
also caused a significant reduction in plant shoot weights (Fig. 4), irrespective
of the Pythium isolate used.

P y t h i u m i s o l a t e  N t 5 9 d  c o l o n i z e s  s h o o t  t i s s u e  o f  Te t r  m o r e

e f f e c t i v e l y

To investigate whether the enhanced symptom development of Tetr plants
correlates with an increased growth of Pythium sp. in the shoot tissue, a specific
probe was developed to detect the 5.8S rRNA of the pathogen. In a first
experiment 200 two-weeks-old seedlings of control and Tetr tobacco were
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F ig .  3 . Percentage of control and Tetr tobacco plants showing disease symptoms after inoculation

with a mycelial suspension of Pythium aphanidermatum of A. 12 g/l, B. 1.2 g/l, and C. 0.12 g/l.
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inoculated with Pythium isolate Nt59d. After five days the amount of
pathogen-specific RNA was estimated in plants with different disease severities
(disease indexes 0 to 4; Fig. 5A). The distribution of plants in classes with
disease indexes 0, 1, 2, 3, and 4 was 45%, 17%, 16%, 19% and 3%, respectively,
for control plants, and 12%, 7%, 7%, 37%, and 37% for Tetr tobacco. When
plants with the same disease index (d.i.) were compared,Tetr plants contained
substantially more pathogen-specific RNA in the shoot tissues than control
plants.The pathogen was detected in Tetr plants with moderate symptoms of
disease (d.i. = 2) already, whereas in control plants the pathogen was detected
in severely diseased plants (d.i. = 3) only. RNA of seedling roots could not be
isolated because of the small root mass and degradation of the RNA in rotting
tissue.The completely necrotic control seedlings (d.i. = 4) were too few for
analysis.
In order to obtain more tissue for RNA extraction, 85 four-weeks-old control
and Tetr plants were inoculated in a similar experiment (Fig. 5B). Of the
control plants, only 8% had developed slight symptoms of disease (d.i. = 1)
after 5 days. In contrast, almost all Tetr plants were diseased at this time point,
with a distribution in classes with disease indexes 0, 1, 2, 3 and 4 of 5%, 1%,
5%, 5%, and 84%, respectively. Pathogen-specific RNA was not detected in
control plants, including those with disease index 1. On the contrary, the
pathogen was detected in Tetr plants with disease index 1.This was also true
for Tetr plants with disease index 2 to 4.Tetr plants with disease index 3 and
4 contained relatively high levels of pathogen-specific RNA and low levels of
tobacco-specific RNA, probably as a result of increased amounts of the
pathogen and degradation of tobacco RNA due to tissue necrosis.These data
demonstrate that growth of the pathogen in the shoot tissue of Tetr plants is
increased as compared to control plants.
To investigate if Pythium isolate Nt59d infects not only the root, but also the
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F ig .  4 . Average shoot fresh weights of control and Tetr tobacco plants at 18 days after inoculation

with different Pythium isolates. Error bars represent standard errors and an asterisk indicates a

significant difference from mock-inoculated control plants.
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shoot tissue of Tetr plants more readily than that of control plants, tobacco
stems were wound-inoculated by needle-pricking through a droplet of Pythium
suspension. Control plants never developed symptoms. In contrast, some Tetr
plants developed severe symptoms of stem rot and wilting within three days,
but the percentage of diseased plants never exceeded 50% (data not shown).
All Tetr plants that developed symptoms died within a week. These results
demonstrate that Tetr plants are also more susceptible to stem infection by
Pythium spp. than control plants.

A r a b i d o p s i s  e i n 2 - 1 m u t a n t s  s h o w  i n c r e a s e d  s u s c e p t i b i l i t y  t o

P y t h i u m s p p .

To study if ethylene insensitivity results in increased susceptibility to Pythium
spp. in other plant species too, the six Pythium isolates were tested on wild-
type Arabidopsis plants and three of its mutants.The etr1-1 mutant was used
because it provided the mutant gene for the Tetr tobacco transformants.The
ethylene-insensitive mutant ein2-1 was used in addition, because triple-
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F i g .  5 . Shoot colonization of control and Tetr tobacco plants by Pythium isolate Nt59d in two

separate experiments (A and B). Five days after inoculation, shoots of two-weeks-old seedlings (A)

or four-weeks-old plants (B) were pooled into groups according to their disease index (see Material

and methods) and total RNA was extracted. The Northern blot was hybridized with probes that are

specific for 5.8S ribosomal RNA of Pythium or tobacco (loading reference). U: non-inoculated plants.
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response assays revealed that this mutant had a stronger ethylene-insensitive
phenotype than etr1-1. Growing etr1-1 seedlings on agar medium containing
5 µM ACC resulted in a significant reduction in hypocotyl length compared
to seedlings growing on medium without ACC (Fig. 6). In contrast, ein2-1
mutants did not show hypocotyl shortening at this ACC concentration.The
isolates of P. irregulare and P. jasmonium that are used in this study were isolated
from diseased JA-insensitive (jar1-1; Staswick et al. 1998) and JA-non-
accumulating (fad3-2 fad7-2 fad8;Vijayan et al. 1998) Arabidopsis mutants,
respectively. Therefore, jar1-1 was used as a positive control to check the
pathogenicity of these isolates.
Comparable to tobacco, Arabidopsis seedlings inoculated with Pythium spp.
developed symptoms of wilting, necrosis and growth reduction. Inoculation
of etr1-1 plants never resulted in more plants with disease symptoms than
inoculated wild-type plants. However, as tested with repeated-time measures,
isolates Nt15d, Nt59d, P. sylvaticum, P. jasmonium, and P. irregulare did cause
significantly more disease symptoms in mutants ein2-1 and jar1-1 than in wild-
type plants (Fig. 7).Wild-type plants hardly showed any disease symptoms upon
inoculation with isolate Nt15d, P. sylvaticum or P. aphanidermatum, and largely
recovered within two weeks after inoculation with isolate Nt59d, P. irregulare
or P. jasmonium. As observed in tobacco, a negative correlation between the
percentage of diseased plants and the final average fresh weight was present in
Arabidopsis plants. By 19 days after inoculation, most wild-type plants did not
show symptoms of disease anymore. However, the shoot weights were
significantly reduced upon treatment with all isolates except P. sylvaticum (Fig.
8), indicating that the pathogens had affected the plants at earlier time points.

D i s c u s s i o n

Several fungi and oomycetes were isolated from diseased Tetr plants growing
in non-autoclaved potting soil, including Pythium spp., Rhizopus sp., T. basicola
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F i g .  6 . ACC-induced inhibition of hypocotyl

growth. Seeds of wild-type, and mutant etr1-1 and

ein2-1 Arabidopsis were germinated on MS-agar

medium containing 0 (black bars), 1 (white bars), or

5 (gray bars) µM ACC at 4 °C in the dark for 2 days.

Hypocotyl lengths were measured after an

additional growth period of 3 days at 20 °C in the

dark. Error bars represent standard errors and

different letters within one genotype indicate

significant differences.
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F ig .  7 . Percentage of wild-type, and mutant etr1-1, ein2-1 and jar1-1 Arabidopsis plants showing

disease symptoms after inoculation with different Pythium isolates.
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and Fusarium spp.These results confirm the earlier observations by Knoester
et al. (1998), who isolated Pythium spp., Rhizopus spp., and T. basicola from
spontaneously diseased Tetr plants.The isolates caused symptoms of disease in
ethylene-insensitive tobacco plants when applied as agar plugs with mycelium
at the stem base of six-weeks-old plants. Such inoculation of non-transformed
control plants never resulted in development of disease symptoms. This
demonstrates that basal resistance to these root pathogens is strongly impaired
in ethylene-insensitive tobacco plants.
When different Pythium spp. were applied in a different manner, i.e. as dense
mycelial suspensions, to two-weeks-old seedling roots, isolates Nt15d and
Nt59d caused symptoms of disease in control plants too, although to a lesser
extent than in Tetr plants.This indicates that these isolates can act as pathogens
of tobacco under seedling conditions and / or at high inoculum density.The
low number of Tetr seedlings developing symptoms of wilt after inoculation
of the roots with P. ir regulare, P. jasmonium or P. sylvaticum (Fig. 2) and the
lack of symptom development in control seedlings suggests a relatively low
pathogenicity of these isolates on tobacco. The isolate of P. sylvaticum used
was described previously to be very virulent on Tetr tobacco (Knoester et al.
1998). Apparently, this isolate had lost most of its virulence during storage.
Tobacco seedlings developed symptoms of wilting and necrosis within a few
days upon inoculation with Pythium isolate Nt59d. When comparing shoot
tissues of control and Tetr plants within the same disease class,Tetr contained
substantially more pathogen than control plants. Possibly, the ethylene
insensitivity leads to reduced symptom development, as described for other
plant-pathogen interactions (Bent et al. 1992; Lund et al. 1998). However, the
ethylene insensitivity of Tetr also results in enhanced susceptibility to Pythium.
If reduced symptom development and increased disease susceptibility are
involved both, the enhanced susceptibility of Tetr plants is even more
pronounced than can be concluded from disease symptoms alone.
An explanation for the increased shoot colonization of Tetr plants would be
an enhanced susceptibility of the shoot tissue to the pathogen.This possibility
is supported by the observation that Tetr plants are susceptible to stem
inoculation with Pythium, whereas control plants are not.Therefore, it can be
hypothesized that roots of both control and Tetr tobacco plants are infected
by Pythium, but subsequent colonization of the stem and leaf tissues occurs
much more efficiently in Tetr than in control plants. As described by Martin
(1995), Pythium spp. can differ in the extent to which root tissues are
colonized. Such a difference in the extent of root colonization may also explain
the observed (partial) recovery of control plants, but not Tetr plants, by five
days after root inoculation. Control plants suffering from wilting symptoms
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due to colonization of root epidermal and / or cortical cells only, might recover
by producing new, uninfected roots that reestablish water transport. In contrast,
when the pathogen colonizes and destroys the vascular stele and subsequently
the stem tissues, as observed in Tetr plants, water transport can not be restored
anymore. Additionally, as ethylene-insensitive tomato and petunia plants were
demonstrated to be impaired in their ability to make adventitious roots (Clark
et al. 1999), it is conceivable that non-transformed tobacco plants also produce
new roots more readily than Tetr plants after destruction of the root system.
Ethylene-insensitive Arabidopsis reacted similarly to infection by Pythium spp.
This was clearly demonstrated by the ein2-1 mutants, that were enhanced
susceptible compared to wild-type plants. Surprisingly, the etr1-1 mutant
appeared to be as resistant as wild-type Arabidopsis. Triple-response assays
revealed, however, that the etr1-1 mutant was less insensitive to ethylene than
the ein2-1 mutant (Fig. 6).The remaining responsiveness to ethylene of the
etr1-1 mutant might be responsible for a similar resistance as in wild-type
plants.
So far, enhanced susceptibility of Arabidopsis to P. irregulare (Staswick et al.
1998) and P. jasmonium (Vijayan et al. 1998) has only been demonstrated for
JA-signaling mutants. We demonstrate here that in Arabidopsis resistance to
five different Pythium species is also dependent on ethylene signaling.Thomma
et al. (1998, 1999) reported enhanced susceptibility of Arabidopsis to other
necrotizing pathogens due to impaired ethylene or JA signaling, indicating
that both ethylene and JA are important for resistance to necrotrophic
pathogens in Arabidopsis (Thomma et al. 2001a, b). In tobacco, ethylene
insensitivity also results in enhanced susceptibility to several necrotizing
pathogens, i.e. Pythium spp., Fusarium spp., R. stolonifer and T. basicola.This
suggests that resistance to necrotrophic pathogens in tobacco and Arabidopsis
depends on similar signal transduction pathways, that both depend on ethylene.
Root invasion by Pythium spp. is characterized by a degradation of host cell
walls. Plants may respond actively to Pythium invasion by deposition of
secondary wall thickenings and lignification (Martin 1995). Thus, cell wall
structure appears to be a significant factor in Pythium resistance. Ethylene can
alter lignification, cell wall synthesis, and cell wall composition (Abeles et al.
1992). As ethylene-insensitive tobacco and Arabidopsis plants show increased
susceptibility to Pythium spp., ethylene might play a crucial role in the
regulation of cell wall formation before and / or after attack by Pythium and
other necrotizing pathogens. Further research on the role of ethylene in cell
wall formation will be important to elucidate conserved mechanisms of
resistance to a broad spectrum of pathogens.
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M a t e r i a l s  a n d  m e t h o d s  

P l a n t  m a t e r i a l

Transgenic ethylene-insensitive Tetr18 (Knoester et al. 1998) and
corresponding non-transformed tobacco (Nicotiana tabacum cv. Samsun NN)
plants were grown in a greenhouse with a 16-h light / 24 °C and 8-h dark /
21 °C cycle. Wild-type Arabidopsis thaliana ecotype Columbia (Col-0), its
weakly ethylene-insensitive mutant etr1-1 (Bleecker et al. 1988), its strongly
ethylene-insensitive mutant ein2-1 (Guzman and Ecker 1990) and its
jasmonate-insensitive mutant jar1-1 (Staswick et al. 1998) were grown in a
growth chamber with an 8-h light / 24 °C and 16-h dark / 20 °C cycle. Seeds
were sown on river sand with half-strength Hoagland nutrient solution (300
ml per kg) and grown for two weeks at RH 100%. After two weeks the
seedlings were transplanted into 0.6 l pots (N. tabacum) or 0.1 l pots (A.
thaliana) containing an autoclaved mixture of potting soil and river sand (12:5
[v/v]). RH was maintained at 70% and plants were watered 2-4 times a week.
Once a week the plants were supplied with half-strength Hoagland nutrient
solution.
Triple-response assays with A. thaliana Col-0 and ethylene-insensitive mutants
etr1-1 and ein2-1 were performed as described previously (Ton et al. 2001).

I s o l a t i o n  a n d  t e s t  f o r  p a t h o g e n i c i t y  o f  f u n g i  a n d  o o m y c e t e s

Stems of tobacco plants showing symptoms of wilt and stem necrosis were cut
in pieces, which were rinsed with tap water and surface sterilized by incubation
in 70% ethanol (60 s), 1% NaClO3 (3-5 min) and 70% ethanol (30 s)
successively.The pieces were washed three times for 3-5 min in sterile water,
cut into slices of 2-4 mm thick, and patted dry on sterile filter paper.The slices
were transferred to different agar media supporting growth of a wide variety
of microorganisms, i.e. water agar (WA), potato dextrose agar (PDA, Difco),
or malt extract agar (2% malt extract, Difco) medium with or without 100
mg/l penicillin and 200 mg/l streptomycin. After 1-5 days incubation at 23
°C, mycelium of developing fungal and oomycetous colonies was transferred
to fresh agar medium.To test selected isolates for pathogenicity, five agar plugs
(8 × 8 mm) containing mycelium were placed against the stem base of 6-weeks-
old control and Tetr tobacco plants growing in autoclaved soil.

P y t h i u m i s o l a t e s  a n d  i n o c u l a t i o n  e x p e r i m e n t s

In addition to the isolates obtained from diseased Tetr plants in this study, four
other Pythium isolates were used to inoculate tobacco and Arabidopsis plants,
i.e. P. sylvaticum (Knoester et al. 1998), P. irregulare (Staswick et al. 1998), P.
jasmonium (Vijayan et al. 1998; strain 101876, CBS, Baarn,The Netherlands),
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and P. aphanidermatum (Postma et al. 2000). Pythium isolates were grown on
liquid V8 medium (20% [v/v] V8-juice + 0.05 M CaCO3, pH 7.3) at 25 °C
for 14 days. Mycelium was washed three times in distilled water, patted dry,
weighed and homogenized in distilled water with a blender for 30 s. As some
isolates did not produce oospores in vitro, suspensions were adjusted to a
mycelial mass of 15 g/l.
For root inoculation of tobacco and Arabidopsis, roots of two-weeks-old
seedlings were dipped for 1-2 s in distilled water (mock inoculation) or a
mycelial suspension prior to transplanting in the soil/sand mixture. For each
treatment 12 tobacco or 20 Arabidopsis plants were used. For stem inoculation
of tobacco, five- to six-weeks-old plants were placed horizontally and a 20-µl
droplet of distilled water (mock inoculation) or mycelial suspension was
applied onto the stem.Three needle-pricks were applied through the droplet.
One day later the plants were placed in their vertical position again.
All inoculation experiments were repeated at least once with similar results.

Q u a n t i f i c a t i o n  o f  d i s e a s e  s y m p t o m s

Disease severity was assessed using a disease-index score: 0: no disease
symptoms; 1: less than 30% of leaves wilting; 2: more than 30% of leaves
wilting, sometimes first symptoms of stem (base) necrosis; 3: all leaves wilting,
necrosis of stem (and leaf) tissue; 4: plant completely necrotic. By the end of
each experiment fresh weights of the shoots were determined. Differences in
the percentages of plants showing disease symptoms (disease index 1 and
higher) were statistically analyzed using the repeated measures option of the
statistical program SPSS 8.0 for Windows. Statistical analysis of the shoot
weight data was performed using independent samples t-tests and Bonferroni
correction. Triple-response assays were statistically analyzed by one-way
ANOVA.

C o l o n i z a t i o n  o f  t o b a c c o  b y  P y t h i u m s p . :  R N A  i s o l a t i o n  a n d

N o r t h e r n  b l o t t i n g

Up to 200 plants of young control and Tetr tobacco plants were inoculated
with Pythium isolate Nt59d by root dip as described above. After 5 days plants
were divided into groups on the basis of their disease index, and total RNA
from shoot tissue was extracted. Stem and leaf tissue was ground in liquid
nitrogen, suspended in an equal volume of extraction buffer (0.35 M glycine,
0.048 M NaOH, 0.34 M NaCl, 0.04 M EDTA, 4% [w/v] SDS), and incubated
on ice for 5 min. RNA was extracted with phenol/chloroform/isoamylalcohol
(25:24:1 [v/v]) and precipitated with 1/3 volume of 8 M LiCl at 4 °C, as
described by Sambrook et al. (1989).
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One microgram RNA was denatured using glyoxal and DMSO as described
by Sambrook et al. (1989), and separated by gel electrophoresis on 1.5% agarose
gels in 10 mM sodium phosphate buffer (pH 7.0).The RNA was blotted onto
Hybond-N+ membrane (Amersham, The Netherlands) by capillary transfer,
using a 25 mM sodium phosphate solution (pH 7.0) as blotting buffer. The
membrane was washed in 20 mM Tris-HCl (pH 8.0) and prehybridized in 7%
SDS, 1 mM EDTA, 0.5 M sodium phosphate (pH 7.2). Hybridization was
performed at 65 °C with a random-prime-α-32P-labeled (Ready-To-Go
labeling kit, Amersham Pharmacia Biotech,The Netherlands) probe that was
specific for 5.8S ribosomal RNA of Pythium isolate Nt59d (see below).The
membrane was rinsed once in 0.3 M NaCl, 0.037 M Na-citrate, 0.5% SDS,
washed three times in the same solution at hybridization temperature for 15
min, and exposed to a Molecular Imager® FX screen (Bio Rad).

D e v e l o p m e n t  o f  t h e  5 . 8 S  R N A  s p e c i f i c  p r o b e s

In order to obtain a probe that is specific for the ribosomal RNA of Pythium,
PCR primers were developed based on ribosomal DNA sequences that are
conserved among Pythium spp. Sequences of Pythium ultimum (accession
D86515) and closely related oomycetes (Peronospora manshurica [AB021711],
P. destructor [AB021712], Phytophthora sojae [L41385], and P. nicotianae
[L41383]) were aligned by computer (Dnastar, MegAlign). From two conserved
sequences a forward (5’-GAAGGATCATTACCACAC-3’) and reverse (5’-
TACGGACACTGATACAG-3’) primer were selected (Dnastar, PrimerSelect)
that amplified a 390 bp fragment of the P. ultimum rDNA containing ITS1
and the complete 5.8S subunit. A PCR was performed using genomic DNA
of Pythium isolate Nt59d as a template.The amplicon was labeled and used as
probe as described above.
A probe that is specific for ribosomal RNA of tobacco was developed in a
similar way. Ribosomal sequences of tobacco cultivars Bright Virginia
(accession AJ012358), Burley (AJ012359), Havanna (AJ012362), Kentucky
(AJ012364), and Xanti Yaka (AJ012367) were aligned. The selected forward
(5’-GCGGGGGACTTGTGCTTCTTTTGA-3’) and reverse (5’-TCGCC
GTGGACTCGCATTTAGG-3’) primers amplified a 310 bp fragment of the
rDNA containing the complete 5.8S subunit. Genomic DNA of tobacco
cultivar Samsun NN was used as template in the PCR.

A c k n o w l e d g e m e n t s

This research was financially supported by the Earth and Life Sciences
Foundation (ALW), which is subsidized by the Netherlands Organisation for

4 0 • C h a p t e r  2



Scientific Research (NWO). We thank J. Postma and P. Staswick for kindly
providing isolates of Pythium aphanidermatum and P. irregulare respectively.We
thank A. de Cock and R.A. Samson of the Fungal Biodiversity Center
(Utrecht,The Netherlands) for identification of fungal isolates and we thank
J.Ton for providing the data on the triple-response assays.

L i t e r a t u r e  c i t e d

Abeles, F.B., Morgan, P.W., and Saltveit Jr., M.E. 1992. Ethylene in Plant Biology. Academic
Press Inc., San Diego, USA.

Bent, A.F., Innes, R.W., Ecker, J.R., and Staskawicz, B.J. 1992. Disease development in
ethylene-insensitive Arabidopsis thaliana infected with virulent and avirulent Pseudomonas
and Xanthomonas pathogens. Mol. Plant-Microbe Interact. 5:372-378.

Bleecker, A.B., Estelle, M.A., Somerville, C., and Kende, H. 1988. Insensitivity to ethylene
conferred by a dominant mutation in Arabidopsis thaliana. Science 241:1086-1089.

Boller,T. 1991. Ethylene in pathogenesis and disease resistance. In:The Plant Hormone
Ethylene. Mattoo, K., and Suttle, J.C., eds. CRC Press, Inc. Boca Raton, Florida. pp. 293-
314.

Chen, J., Jacobson, L.M., Handelsman, J., and Goodman, R.M. 1996. Compatibility of systemic
acquired resistance and microbial biocontrol for suppression of plant disease in a laboratory
assay. Mol. Ecol. 5:73-80.

Clark, D.G., Gubrium, E.K., Barrett, J.E., Nell,T.A., and Klee, H.J. 1999. Root formation in
ethylene-insensitive plants. Plant Physiol. 121:53-59.

Dempsey, D.A., Shah, J., and Klessig, D.F. 1999. Salicylic acid and disease resistance in plants.
Crit. Rev. Plant Sci. 18:547-575

Guzman, P., and Ecker, J.R. 1990. Exploiting the triple response of Arabidopsis to identify
ethylene-related mutants. Plant Cell 2:513-523.

Hoffman,T., Schmidt, J.S., Zheng, X., and Bent, A.F. 1999. Isolation of ethylene-insensitive
soybean mutants that are altered in pathogen susceptibility and gene-for-gene disease
resistance. Plant Physiol. 119:935-949.

Knoester, M., Linthorst, H.J.M., Bol, J.F., and Van Loon, L.C. 2001. Involvement of ethylene in
lesion development and systemic acquired resistance in tobacco during hypersensitive
reaction to tobacco mosaic virus. Physiol. Mol. Plant Pathol. 59:45-57.

Knoester, M.,Van Loon, L.C.,Van den Heuvel, J., Hennig, J., Bol, J.F., and Linthorst, H.J.M.
1998. Ethylene-insensitive tobacco lacks nonhost resistance against soil-borne fungi. Proc.
Natl. Acad. Sci. USA 95:1933-1937.

Lund, S.T., Stall, R.E., and Klee, H.J. 1998. Ethylene regulates the susceptible response to
pathogen infection in tomato. Plant Cell 10:371-382.

Martin, F.N. 1995. Pythium. In: Pathogenesis and Host Specificity in Plant Diseases. Kohmoto,
K., Singh, U.S., and Singh, R.P., eds. Pergamon Press Inc., New York. pp. 17-36.

Martin, F.N. and Loper, J.E. 1999. Soilborne plant diseases caused by Pythium spp.: ecology,
epidemiology, and prospects for biological control. Crit. Rev. Plant. Sci. 18:111-181.

Norman-Setterblad, C.,Vidal, S., and Palva, E.T. 2000. Interacting signal pathways control
defense gene expression in Arabidopsis in response to cell wall-degrading enzymes from
Erwinia carotovora. Mol. Plant-Microbe Interact. 13:430-438.

E t h y l e n e  i n s e n s i t i v i t y  i m p a i r s  r e s i s t a n c e  t o  s o i l - b o r n e  p a t h o g e n s • 4 1



Penninckx I.A.M.A., Eggermont, K.,Terras, F.R.G.,Thomma, B.P.H.J., De Samblanx, G.W.,
Buchala, A., Métraux, J., Manners, J.M., and Broekaert,W.F. 1996. Pathogen-induced
systemic activation of a plant defensin gene in Arabidopsis follows a salicylic acid-
independent pathway. Plant Cell 8:2309-2323.

Penninckx, I.A.M.A.,Thomma, B.P.H.J., Buchala, A., Métraux, J., and Broekaert,W.F. 1998.
Concomitant activation of jasmonate and ethylene response pathways is required for
induction of a plant defensin gene in Arabidopsis. Plant Cell 10:2103-2113.

Pieterse, C.M.J.,Van Wees, S.C.M.,Van Pelt, J.A., Knoester, M., Laan, R., Gerrits, H.,Weisbeek,
P.J., and Van Loon, L.C. 1998. A novel signaling pathway controlling induced systemic
resistance in Arabidopsis. Plant Cell 10:1571-1580.

Postma, J.,Willemsen-de Klein, M.J.E.I.M., and Van Elsas, J.D. 2000. Biological control- Effect
of the indigenous microflora on the development of root and crown rot caused by Pythium
aphanidermatum in cucumber grown on rockwool. Phytopathology 90:125-133.

Sambrook, J., Fritsch, E.F., and Maniatis,T. 1989. Molecular Cloning: A Laboratory Manual, 2nd

ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Staswick, P.E.,Yuen, G.Y., and Lehman, C.C. 1998. Jasmonate signaling mutants of Arabidopsis

are susceptible to the soil fungus Pythium irregulare. Plant J. 15:747-754.
Thomma, B.P.H.J., Eggermont, K., Penninckx, I.A.M.A., Mauch-Mani, B.,Vogelsang, R.,

Cammue, B.P.A., and Broekaert,W.F. 1998. Separate jasmonate-dependent and salicylate-
dependent defense-response pathways in Arabidopsis are essential for resistance to distinct
microbial pathogens. Proc. Natl. Acad. Sci. USA 95:15107-15111.

Thomma, B.P.H.J., Eggermont, K.,Tierens, K.F.M.-J., and Broekaert W.F. 1999. Requirement
of functional Ethylene-Insensitive 2 gene for efficient resistance of Arabidopsis to infection
by Botrytis cinerea. Plant Physiol. 121:1093-1101.

Thomma, B.P.H.J., Penninckx, I.A.M.A., Broekaert,W.F., and Cammue, B.P.A. 2001a.The
complexity of disease signaling in Arabidopsis. Curr. Opin. Immunol. 13:63-68.

Thomma, B.P.H.J.,Tierens, K.F.M., Penninckx, I.A.M.A., Mauch-Mani, B., Broekaert,W.F., and
Cammue, B.P.A. 2001b. Different micro-organisms differentially induce Arabidopsis disease
response pathways. Plant Physiol. Biochem. 39:673-680.

Ton, J., Davison, S.,Van Wees, S.C.M.,Van Loon, L.C., and Pieterse, C.M.J. 2001.The
Arabidopsis ISR1 locus controlling rhizobacteria-mediated induced systemic resistance is
involved in ethylene signaling. Plant Physiol. 125:652-661.

Ton, J.,Van Pelt, J.A.,Van Loon, L.C. and Pieterse, C.M.J. 2002. Differential effectiveness of
salicylate-dependent and jasmonate/ethylene-dependent induced resistance in Arabidopsis.
Mol. Plant-Microbe Interact. 15:27-34.

Vijayan, P., Shockey, J., Lévesque, C.A., Cook, R.J., and Browse, J. 1998. A role for jasmonate in
pathogen defense of Arabidopsis. Proc. Natl. Acad. Sci. USA 95:7209-7214.

4 2 • C h a p t e r  2



C h a p t e r  3

Use  of  bacter ia - ,  fung i -  and  

oomycete - spec i f i c  p r imers  

to  detec t  opportun is t i c  pathogens  

of  e thy lene - insens i t ive  tobacco

Bart P.J. Geraats, Eric Smit1, Peter A.H.M. Bakker, and L.C. van Loon

1 Microbiological Laboratory for Health Protection, National Institute of 
Public Health and the Environment (RIVM), P.O.Box 1,
3720 BA Bilthoven,The Netherlands

A b s t r a c t

Transgenic ethylene-insensitive (Tetr) tobacco plants are hypersusceptible to infection by several
soil-borne microorganisms. Previously, different oomycetes and fungi were isolated from
naturally infected, diseased Tetr plants and demonstrated to be causal agents of the wilting and
stem rot symptoms observed. In this study bacteria-, fungi-, and oomycete-specific PCR primers
were used in combination with denaturing gradient gel electrophoresis (DGGE) or temperature
gradient gel electrophoresis (TGGE), to examine both culturable and non-culturable microbial
populations on the roots of non-transformed and Tetr plants growing in autoclaved and non-
autoclaved soil. Before the onset of disease symptoms in naturally infected Tetr plants, differences
in root-associated bacterial and oomycete, but not fungal, populations were detected. Moreover,
oomycete populations were heterogeneous and varied with time. In moderately to severely
diseased Tetr tobacco, the stems of young plants were mainly colonized by oomycetes. In
contrast, oomycetes were not detected in stem tissue of older, diseased Tetr plants, which
primarily contained true fungi.The data indicate that oomycetes play the most important role
in the natural infection and disease development of ethylene-insensitive Tetr plants. Furthermore,
Tetr plants can be infected by several oomycetes and fungi, depending on plant age.
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I n t r o d u c t i o n

The nutrient status of the soil is, together with water availability, the most
important factor supporting microbial activity (Rovira and Davey 1974; Brock
et al. 1994). In the vicinity of plant roots (rhizosphere), root exudates and
lysates, such as amino acids, flavones, hormones, nucleotides, organic acids,
sugars, and vitamins, are present in significant amounts, and bacterial and fungal
growth is strongly promoted in this region. Root exudates can attract
zoospores and either stimulate or inhibit spore germination (Rovira and Davey
1974). Growth of pathogenic fungi can likewise be stimulated by root exudates.
Transgenic (Tetr) tobacco plants, that are insensitive to the plant hormone
ethylene, display increased susceptibility to root infection by opportunistic
pathogenic microorganisms (Knoester et al. 1998; Chapter 2). From naturally
infected Tetr plants, which showed symptoms of wilting and stem rot, several
oomycetes (i.e. Pythium sylvaticum, Pythium isolates Nt15d and Nt59d) and
fungi (i.e. Fusarium oxysporum, Fusarium solani, Rhizopus stolonifer, and
Thielaviopsis basicola) were isolated in six separate experiments.These isolates
caused similar disease symptoms when inoculated on non-diseased Tetr plants
growing in autoclaved soil, demonstrating their involvement in pathogenesis.
In addition, several microorganisms were isolated from diseased plants that
were not pathogenic to Tetr tobacco, i.e. Penicillium spp. and Aspergillus spp.
No further opportunistic pathogens were isolated, suggesting that the major
part of the culturable microorganisms infecting Tetr tobacco had been
identified (Knoester et al. 1998; Chapter 2).
However, more than 90% of the soil microflora is considered to be non-
culturable (Staley and Konopka 1985; Colwell and Grimes 2000), and
opportunistic pathogens of Tetr tobacco that grow slowly, or not at all, under
laboratory conditions, might have been overlooked. Molecular, ribosomal
DNA-based techniques can be used to detect such organisms, because these
do not require in vitro growth of the organisms. Some of these applications,
such as denaturing gradient gel electrophoresis (DGGE) or temperature
gradient gel electrophoresis (TGGE), can also be used to profile the microflora
of plant roots. Such techniques are well suited to detect differences in microbial
populations in the rhizospheres of non-transformed and Tetr plants. Kowalchuk
et al. (1997) demonstrated the usefulness of DGGE of specifically amplified
fungal 18S ribosomal DNA (rDNA). Using this technique, they identified
several saprophytic and pathogenic fungal genera in roots of Marram grass that
had also been detected by classical isolation methods. However, some fungi
were exclusively detected by DGGE, whereas others could only be obtained
by isolation. This indicates that the combined use of both culturing and
molecular techniques offers the largest potential to detect (pathogenic)
microorganisms in plant tissues.
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In this study microbial populations of roots and stems of non-transformed and
transgenic Tetr tobacco plants were analyzed, using DGGE and TGGE with
primers specific for bacteria, fungi, or oomycetes. The oomycetes form a
monophyletic group distinct from fungi and bacteria (Van der Auwera et al.
1995; Agrios 1997). This group was included, because Tetr plants are more
susceptible to infection by different oomycetes than non-transformed tobacco
plants (Knoester et al. 1998; Chapter 2). PCR amplification of bacterial 16S
rDNA (Nübel et al. 1996) and fungal 18S rDNA (Smit et al. 1999), followed
by DGGE or TGGE, has been applied before, but the primers used do not
amplify ribosomal DNA of oomycetes. Recently, primers were developed that
amplify rDNA of Pythium spp. and closely related oomycetes (Chapter 2). In
this study the amplification range of these primers was examined and the
primers were adapted for utilization with TGGE.To study microbial diversity
in non-transformed and in Tetr tobacco, DNA samples from roots and stems
were subjected to specific PCRs and DGGE or TGGE analysis.

R e s u l t s

P r i m e r  d e v e l o p m e n t  a n d  e x a m i n a t i o n  o f  t h e  a m p l i f i c a t i o n  r a n g e

Primers that amplify ITS1/5.8S rDNA of Pythium spp., as well as closely
related oomycetes, were described previously (Chapter 2), but the specificity
of these primers was not established. The primers had been selected after
aligning ribosomal sequences from five closely related oomycete genera.These
genera all belong to the order Peronosporales, which harbors several major
biotrophic (e.g. Albugo, Bremia, Peronospora, and Sclerospora) and necrotrophic
(e.g. Phytophthora and Pythium) plant pathogens (Agrios 1997). To examine
the amplification range of the selected forward (P1) and reverse (P2) primers,
a nucleotide BLAST was performed with both primer sequences, using the
database of the National Center for Biotechnology Information (NCBI). In
Table 1 the genera are listed with species from which the ribosomal alleles
match at least one of the primer sequences. The retrieved sequences that
corresponded to primer P1 were mainly from genera within the order
Peronosporales (66% of the sequences) or other oomycetes (9%).Approximately
25% of the sequences belonged to algal genera, which are closely related to
oomycetes (Van der Auwera et al. 1995). Only one out of the 205 sequences
retrieved with primer P1 did not belong to an oomycete or algal genus,
confirming the specificity of this primer. Primer P2 was even more specific,
as all retrieved sequences belonged to genera within the Peronosporales (Table
1).
These results only reflect the numbers of sequences that are present in the
database and do not provide information about how conserved the sequences
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are within phylogenetic groups.Therefore, the frequency of occurrence of the
primer sequences within the genera Achlya, Peronospora, Phytophthora,
Pythium, and Synura was examined by analyzing the ribosomal sequences of
different species belonging to these genera. Randomly-selected accession
numbers from different species were examined for the presence of sequences
corresponding to primers P1 and P2.The majority of the species within all
five genera contained rDNA sequences corresponding to primer P1 (Table 2).
In contrast, only species from Peronospora, Phytophthora and Pythium contained
sequences that correspond to primer P2.Within the genus Pythium, ribosomal
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TABLE 1. Numbers of rDNA sequences a, retrieved in a nucleotide BLAST b from the NCBI database,

that contain the sequence of primer P1 (forward) and / or P2 (reverse).c

Taxon Genus primer P1 primer P2

Oomycetes

Peronosporales Albugo 6 0

Bremia 1 0

Halophytophthora 0 1

Peronospora 25 7

Phytophthora 71 187

Pseudoperonospora 0 1

Pythium 32 76

Saprolegniales Achlya 16 0

Aphanomyces 2 0

Heterokont algae Antarctosaccion 1 0

Chattonella 3 0

Chrysolepidomonas 1 0

Cylindrotheca 1 0

Fibrocapsa 2 0

Heterosigma 22 0

Mallomonas 1 0

Olisthodiscus 1 0

Pseudo-nitzschia 2 0

Synura 15 0

Vacuolaria 1 0

Red algae Boldia 1 0

Other eukaryotes Mus (mouse) 1 0

total 205 272

a The DNA sequence of the genus Mus might be of non-ribosomal origin (chromosome 17; accession 

number: AL672242). 
b Expect (E) values for primers P1 and P2 were 0.080 and 0.32, respectively.
c For the sequences of primers P1 and P2 see Materials and Methods section.



sequences of six out of 20 species did not match primer P2.All six mismatches
were caused by the same single base pair, corresponding to the first base pair
at the 3’-extension site of the reverse primer.
An estimation of the hypothetical amplification rate was made by calculating
the chance that both primer sequences occur in an rDNA sequence within a
certain genus. The calculation showed that the primer pair would amplify
sequences from 66-100% of the species belonging to the Peronosporales. In
addition to the data shown in Table 2, computer analysis was performed with
rDNA sequences of tobacco and of fungal species that were previously isolated
from diseased Tetr tobacco, i.e. F. oxysporum, F. solani, and T. basicola (Chapter
2). None of these sequences matched to either primer P1 or primer P2 (data
not shown).
A 37-bp GC-clamp was attached to primer P1 (P1-GC) to stabilize the
melting behavior of the amplification products during TGGE.To confirm the
specificity of primers P1-GC and P2, DNA of the oomycetes and fungi isolated
earlier, and DNA of four additional oomycetes, was subjected to PCR. As
expected, the rDNA of the oomycetes, but not of the true fungi, was amplified
by the primer combination (Fig. 1). Peronospora parasitica (accession number
AY029235) was the only Peronospora species out of six with an rDNA sequence
that did not match primer P2 (Table 2).This mismatch was due to a difference
in three base pairs, one located near the 3’-extension site of the primer, and
the other two near the 5’ site (data not shown). Indeed, P. parasitica rDNA
amplification by primers P1-GC and P2 was minimal (Fig. 1). These results
confirm the predictive value of the computer analysis.

M i c r o b i a l  c o m m u n i t y  i n  t h e  r o o t  s y s t e m  o f  Te t r  t o b a c c o

To investigate if microbial populations in the root system of Tetr plants differ
from those of non-transformed plants, the presence of bacteria, oomycetes,
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TABLE 2. Percentages of rDNA sequences within the species Achlya , Peronospora , Phytophthora ,

Pythium, and Synura, that contain the sequence of primer P1 (forward) or P2 (reverse).

ITS1 sequences 5.8S sequences hyp. %

genus analyzed P1 present % analyzed P2 present % ampl.a

Achlya 17 14 82 % 17 0 0% 0%

Peronospora 3 3 100% 6 5 83% 83%

Phytophthora 20 20 100% 20 20 100% 100%

Pythium 16 15 94% 20 14 70% 66%

Synura 2 2 100% 2 0 0% 0%

a The hypothetical percentage of amplifications (hyp. % ampl.) was estimated by: (N1/100) × (N2/100) 

× 100%, in which N1 is the percentage of sequences matching primer P1, and N2 the percentage of

sequences matching primer P2.



and fungi in non-diseased plants was studied by DGGE (bacteria) or TGGE
(oomycetes and fungi). Non-transformed and Tetr tobacco plants were grown
in non-autoclaved or autoclaved soil. By 37 days after sowing, a few Tetr plants
growing in the non-autoclaved soil developed symptoms of wilting. In the
other treatments wilting was not observed. At this stage, from all treatments
roots were sampled from three replicate pools of five plants without wilting
symptoms. From all samples, total genomic DNA, including plant as well as
microbial DNA, was isolated and used as a template in bacteria-, fungi-, or
oomycete-specific PCRs.
Primers specific for bacterial 16S rDNA revealed amplification products in all
root samples. DGGE of the PCR products resulted in about 15 bands for the
root samples from autoclaved soil and approximately 18 bands for those from
non-autoclaved soil (Fig. 2). Further qualitative differences were apparent
between banding patterns from autoclaved soil and non-autoclaved soil.
Moreover, cluster analysis revealed differences between root samples of non-
transformed and Tetr plants in each type of soil. In both non-autoclaved and
autoclaved soil, non-transformed plants clustered separately from Tetr plants
(Fig. 2). These data indicate that Tetr plants differ from non-transformed
controls in root characteristics that influence the microbial populations in the
rhizosphere.
Similar to the bacteria-specific PCR, the fungi-specific primers revealed
amplification products in all samples. However, TGGE of these products
revealed only 3-7 bands per sample (Fig. 3), suggesting that the fungal
populations were less complex than the bacterial populations. Although most
bands were faint, two similar bands dominated in all root samples from plants
growing in autoclaved soil. In non-autoclaved soil, three other bands prevailed
in all samples (Fig. 3).These results indicate that only a few fungal species are
dominating in the roots of tobacco plants growing in either non-autoclaved
or autoclaved soil.
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F i g u re  1 . Ethidium bromide-stained agarose gel with

amplification products of PCRs using oomycete-specific

primers P1-GC and P2. Templates consisted of genomic

DNA of different fungi (2 to 4) and oomycetes (5 and 6)

that were previously isolated from diseased Tetr tobacco,

and of four additional oomycete species (7 to 10). Lane

1: 100 bp marker; 2: Fusarium oxysporum isolate Nt32d;

3: Fusarium solani isolate Nt34b; 4: Thielaviopsis

basicola isolate Nt29; 5: Pythium isolate Nt15d; 6:

Pythium isolate Nt59d; 7: Peronospora parasitica ; 8:

Peronospora tabacina ; 9: Phytophthora infestans ; 10:

Phytophthora sojae. 

1 2 3 4 5 6 7 8 9 10



Using the oomycete-specific primers P1-GC and P2, PCR products were
obtained only from roots of plants growing in non-autoclaved soil. Apparently,
oomycetes had not recolonized the soil and root systems to detectable levels
by 37 days after autoclaving. In non-autoclaved soil, two out of the three root
samples from non-transformed plants showed a TGGE banding pattern
consisting of four similar bands (Fig. 4). All three TGGE patterns from roots
of Tetr plants were different.These data indicate that the oomycete populations
that dominate in tobacco roots are more heterogeneous than the dominating
bacterial and fungal microflora.

O o m y c e t e s  i n  t h e  r o o t  s y s t e m  o f  Te t r  t o b a c c o

Tetr plants are more vulnerable to infection by Pythium spp. and support more
growth of these oomycetes (Chapter 2). Autoclaving the soil precluded root
colonization by oomycetes as well as disease development of Tetr plants.
Therefore, it was examined if disease development in Tetr tobacco is preceded
by a change in oomycete populations in the root system. Moreover, it was
investigated how quickly oomycetes can be detected in the stem tissue. Non-

U s e  o f  s p e c i f i c  p r i m e r s  t o  d e t e c t  o p p o r t u n i s t i c  p a t h o g e n s • 4 9

F igure  2 .  Normalized DGGE of bacterial 16S rDNA

amplification products, combined with cluster

analysis based on the presence or absence of bands.

Template DNAs were extracted from root samples of

37-days-old non-transformed and Tetr tobacco plants

growing in non-autoclaved or autoclaved soil. All

treatments consisted of three pools of five plants.  
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transformed and Tetr tobacco plants were grown in non-autoclaved or
autoclaved soil. By 34 days after sowing, a few Tetr plants growing in non-
autoclaved soil developed symptoms of disease. By 57 days, symptoms of root
and stem base rot were visible in about 50% of the Tetr plants growing in non-
autoclaved soil. Non-transformed plants, and Tetr plants growing in autoclaved
soil, never developed symptoms of disease. Root and stem material, from two
replicate pools of five plants without obvious symptoms of disease, was sampled
at 29, 36, and 43 days after sowing. By 57 days, samples from Tetr tobacco in
non-autoclaved soil contained tissue from non-diseased as well as diseased
plants.
In total, PCR with oomycete-specific primers P1-GC and P2 revealed product
in 47% of all root samples, mostly in those from non-autoclaved soil (Table
3).TGGE of these PCR products revealed different banding patterns for most
of the root samples (data not shown), indicating the presence of different
oomycetes. Only two samples, taken from different treatments, showed an
identical TGGE banding pattern: a sample from 29-days-old Tetr tobacco
growing in non-autoclaved soil and one from 57-days-old Tetr growing in
autoclaved soil (Table 3; indicated by “A”). In roots of plants growing in
autoclaved soil, no signals were observed at the earliest time point (t=29).
However, by 36 days after sowing, signals were observed in some root samples,
indicating that recolonization of the soil by oomycetes occurs within a few
weeks after autoclaving.
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F i g u re  3 .  TGGE of fungal 18S rDNA amplification

products. Template DNAs were extracted from root

samples of 37-days-old non-transformed and Tetr

tobacco plants growing in non-autoclaved or

autoclaved soil. All treatments consisted of three pools

of five plants. 
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F i g u re  4 .  TGGE of oomycete ITS1/5.8S rDNA

amplification products. Template DNAs were extracted

from root samples of 37-days-old non-transformed and

Tetr tobacco plants growing in non-autoclaved or

autoclaved soil. All treatments consisted of three pools
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O o m y c e t e s  i n  t h e  s t e m  o f  Te t r  t o b a c c o

In most stem tissue samples, no oomycete-specific PCR signals were observed
(Table 3). However, by 57 days after sowing, PCR revealed signals in two
replicate samples, both containing the stem tissue of five Tetr plants grown in
non-autoclaved soil (Table 3). About one-half of these plants displayed
symptoms of root and stem base rot. In non-transformed plants and in Tetr
plants grown in autoclaved soil, none of these symptoms were observed and
no oomycete-specific PCR signals were detected.These data confirm that Tetr
plants are more susceptible to stem colonization by oomycetes than non-
transformed plants (Chapter 2).TGGE analysis of the amplification products
revealed similar banding patterns in both replicates (Fig. 5; lanes 3 and 4),
indicating that the stems had been colonized by the same oomycete species.
Disease severity of the Tetr plants grown in non-autoclaved soil increased with
time. To investigate if the diseased plants were colonized by different
oomycetes, DNA samples from individual plants were subjected to oomycete-
specific PCR, and the products were analyzed by TGGE. For comparison with
the previously isolated Pythium isolates Nt15d and Nt59d (Chapter 2), PCR
products of these isolates, grown in pure culture, were included in the analysis.
These isolates displayed 6 and 3 bands, respectively, with differing intensities
(Fig. 5; lanes 6 and 5, respectively), indicating that both isolates contain
multiple alleles of the amplified ribosomal region.
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TABLE 3. Oomycete-specific amplification, using primers P1-GC and P2 on genomic DNA of root and

stem material from non-transformed or Tetr tobacco plants 29, 36, 43, and 57 days after sowing in

non-autoclaved or autoclaved soil.a

days after non-transformed Tetr18

sowing non-autoclaved autoclaved non-autoclaved autoclaved

root 29 - + - - +A - - -

DNA 36 - - + - + + - +

43 + + - - + - - -

57 + + + - + + +A -

stem 29 - - - - - - - -

DNA 36 - - - - - - - -

43 - - - - - - - -

57 - - - - +B +B - -

a All treatments consisted of 2 replicate DNA samples of 5 plants each; + : amplification product; 

- : no amplification product. 
A,B Same letters indicate similar banding patterns of the PCR products after TGGE.



From root and stem material of single diseased plants, oomycete-specific PCR
products were obtained that showed various TGGE banding patterns. In one
Tetr plant, the pattern was different from those of Pythium isolates Nt15d and
Nt59d (Fig. 5; lanes 1, 6 and 5), but similar to the one from a Pythium-like
microorganism (designated Nt65) that had been isolated from the stem of
another diseased Tetr plant (Fig. 5; lanes 1 and 7). In the stem of a third diseased
plant, a Pythium-like microorganism (designated Nt72) was present of which
the TGGE banding pattern matched the pattern of Pythium isolate Nt59d (Fig.
5; lanes 8 and 5).These data confirm that various Pythium-like microorganisms
can infect Tetr tobacco growing in non-autoclaved soil (Chapter 2). Usually,
non-transformed tobacco plants did not spontaneously develop disease, but in
this particular experiment one control plant did.TGGE analysis of oomycete-
specific rDNA from the stem of this plant showed the same banding pattern
as Pythium isolate Nt15d (Fig. 5; lanes 2 and 6), confirming that this species
can infect both Tetr and non-transformed tobacco (Chapter 2).

M i c r o o r g a n i s m s  i n  d i s e a s e d  Te t r  t o b a c c o

Although Pythium spp. seem to be the predominant group of microorganisms
infecting Tetr tobacco plants growing in non-autoclaved soil, in some cases
oomycete-specific PCR on stem DNA of diseased Tetr plants failed to reveal
a signal.This suggests that other microorganisms were involved as well. Indeed,
besides Pythium spp., several true fungi were demonstrated to cause disease in
Tetr plants (Chapter 2). Whereas Pythium spp. are known to cause disease
primarily in young plants (Martin and Loper 1999), true fungi might play a
role in older plants.
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F i g u re  5 .  TGGE of oomycete ITS1/5.8S rDNA amplification

products. Template DNAs were extracted from 1: the root

system of a 64-days-old diseased Tetr plant; 2: the stem of a 36-

days-old diseased, non-transformed tobacco plant; 3 and 4: the

stems of five pooled 57-days-old Tetr plants, of which some

were diseased; 5: Pythium isolate Nt59d; 6: Pythium isolate

Nt15d; 7: Pythium-like microorganism (designated Nt65)

isolated from the stem of a 40-days-old diseased Tetr plant

within the same experiment as the sample from lane 1; 8:

Pythium-like microorganism (designated Nt72) isolated from

the stem of a 56-days-old diseased Tetr plant within the same

experiment as the samples from lanes 2, 3 and 4.
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To examine diseased Tetr plants for the presence of other microorganisms as
well, Tetr plants were grown in non-autoclaved soil, and stem tissue of
individual plants was sampled when they showed severe symptoms of disease
(all leaves wilting and necrosis of stem tissue; Chapter 2). From these samples,
both oomycetes and fungi were isolated. In agreement with the previous
results, Pythium-like microorganisms were isolated from most Tetr plants that
showed relatively severe symptoms of disease by 21 to 52 days after sowing
(Table 4). Except for one sample, all stems from which a Pythium-like
microorganism was isolated, also revealed an oomycete-specific PCR signal.
These results indicate that most Tetr stems were colonized by Pythium-like
oomycetes within 3 to 8 weeks after sowing. From the stems of two plants, a
Pythium-like oomycete as well as a true fungus were isolated, indicative of co-
infection.
A significant group of Tetr plants developed moderate to severe symptoms of
disease only more than 52 days after sowing, or developed weak to moderate
symptoms of disease only (not all leaves wilting; Chapter 2). By 66 days after
sowing, these plants were sampled. No Pythium-like microorganisms were
isolated from the stems of these plants and no oomycetes were detected by
PCR (Table 4). In contrast, Fusarium-like, Botrytis-like, and other, unidentified
fungi were isolated, demonstrating that stems of older, spontaneously diseased
Tetr tobacco are colonized by true fungi (Chapter 2).
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TABLE 4. Presence of oomycetes and true fungi in stem material from diseased Tetr plants grown in

non-autoclaved soil.a

microorganisms isolated c

days number oomycete-

after of specific PCR true fungi

sowing plants signals b Pythium -

like Fusarium - Botrytis - un-

like like identified

21 - 42 9 9 9 1 0 1

43 - 52 6 3 3 2 0 1

53 - 66 6 0 0 3 2 2

a Stem material was sampled from individual plants showing moderate to severe symptoms of 

disease by 21-66 days after sowing. 
b PCR performed with primers P1-GC and P2 on total DNA.
c Mycelial outgrowth from surface-sterilized stems. 



D i s c u s s i o n

Tetr plants that are grown in non-autoclaved soil develop symptoms of wilting
and stem necrosis due to natural infections by various oomycetes and fungi
(Knoester et al. 1998; Chapter 2).This was demonstrated previously by using
culture-based techniques that rely on the microbial outgrowth from diseased
plant material. In this study PCR-based techniques were used, in which total
DNA from diseased plants, containing plant and associated microbial DNA,
was used as template.These techniques enable detection of culturable as well
as non-culturable microorganisms. Although oomycetes and fungi share
morphological characteristics, such as hyphal growth and production of spores,
ribosomal RNA sequence analysis has demonstrated that the oomycetes,
together with heterokont algae, form a monophyletic group which is distinct
from the true fungi (Van der Auwera et al. 1995; Agrios 1997). PCR primers
were developed that are specific for Pythium and closely related oomycetes
(Chapter 2). As the specificity of these primers had not been determined
before, the range of oomycetes that is amplified by the primer pair was
examined. Computer analysis of DNA sequences in the NCBI database
revealed that of all retrieved sequences that matched primer P1, 99% were
from genera belonging to the oomycetes or the closely related heterokont
algae.The sequence of primer P2 was only present within genera that belong
to the oomycete order Peronosporales. In addition, computer analysis of
different species within the Peronosporales, revealed that the ribosomal
sequences of 66-100% of the species contained both primer sequences.These
results indicate that the use of primer pair P1 and P2 amplifies species
belonging to the latter order only.
As expected, primers P1-GC and P2 efficiently amplified DNA of most
oomycetes tested, but not of true fungi. Although computer analysis indicated
that primer P2 did not match the ribosomal sequence of P. parasitica at three
base pairs (data not shown), genomic DNA of the oomycete still revealed a
weak PCR product when primers P1-GC and P2 were used (Fig. 1). As a few
mismatches appear to be tolerated under the conditions employed, the number
of species detected may be higher than predicted by computer analysis. Six
out of the 20 selected Pythium species were shown not to match primer P2
(Table 2) at the same single base pair. Probably, these species are still amplified
quite efficiently by the primers.
Primers P1-GC and P2 amplified a fragment of approximately 400 bp (Fig. 1)
that contains the highly variable ITS1 region and complete 5.8S subunit
(Chapter 2).TGGE of the PCR products from the oomycete isolates Nt15d,
Nt59d, or Nt65 revealed between 3 and 6 bands with different intensities,
depending on the isolate. As each band is supposed to represent a ribosomal
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allele, this suggests that the oomycetes contain several, heterogeneous rRNA
genes. Similarly, Nübel et al. (1996) observed various bands after TGGE of a
16S rDNA amplicon from a single bacterial strain, due to sequence divergence
among multiple 16S rRNA genes. Indeed, Pythium ribosomal RNA genes are
reported to occur in multiple rDNA repeat units and / or at different genomic
locations (Belkhiri et al. 1992). Moreover, the inheritance of chromosomes
containing the ribosomal alleles indicated aneuploidy for ribosomal DNAs in
Pythium (Martin 1995).Therefore, it is likely that heterogeneity of multiple
ribosomal alleles causes the observed TGGE banding patterns.
The results obtained with the oomycete-specific primers confirm and explain
several results described earlier. Oomycetes were detected by PCR in roots of
plants growing in non-autoclaved soil, which mediates natural infection of
Tetr tobacco, but not of plants growing in autoclaved soil.This confirms that
disease development correlates with (root) colonization by oomycetes. In
addition, oomycetes appeared to colonize tobacco roots in autoclaved soil
within 36 days (Table 3). Recolonization of autoclaved soil might explain
observations by others that Tetr plants can spontaneously develop symptoms
of disease when grown in soil that had been autoclaved a long time before
sowing (H. Linthorst, personal communication).
TGGE revealed that most root samples contained different oomycete species.
The variability of the banding patterns probably reflects early root infections
by these oomycetes. As the root tissue offers a nutrient source that can be
utilized only by infecting organisms, a root-infecting species can increase its
biomass to levels far above that of the saprophytes present in the rhizosphere
soil. Consequently, PCR on root DNA will amplify mainly DNA of invading
microorganisms. As variable banding patterns were apparent with oomycete-
specific primers only, the oomycetes seem to be the dominant group of
microorganisms that invade the tobacco roots.
However, also several true fungi, i.e. F. oxysporum, F. solani, R. stolonifer, and
T. basicola, were isolated from diseased Tetr plants and demonstrated to cause
disease on Tetr plants (Chapter 2). Examination of diseased Tetr plants, using
both PCR analysis and culturing-based techniques, confirmed that the
transgenic tobacco plants were colonized by oomycetes as well as fungi.Young
plants were mainly infected by Pythium-like microorganisms, whereas older
plants appeared to be infected by Fusarium- and Botrytis-like species.Although
Botrytis spp. had not been isolated from spontaneously diseased Tetr plants
before, B. cinerea was shown to display increased virulence on Tetr plants, as
compared to non-transformed tobacco (Chapter 4).These results suggest that
Tetr plants, when grown in non-autoclaved soil, are infected by different
microorganisms, depending on plant age. In addition, an individual Tetr plant
might be colonized by more than one species.This was demonstrated in two
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cases, in which both a Pythium-like microorganism and a true fungus were
isolated from the same stem tissue. Pythium infection sites have been described
as important entry points for other pathogens (Martin and Loper 1999).
Coinfections with Pythium spp. might explain why Fusarium spp., that were
isolated from naturally infected Tetr plants earlier, were not as virulent as would
be expected from the disease severity observed in the original, diseased plants
(Chapter 4). Although the stems of several older, naturally infected Tetr plants
appeared to be colonized by Fusarium sp. only (Table 4), the roots could have
been infected also by Pythium spp., resulting in more severe disease than caused
by Fusarium sp. alone.
The advantage of directly analyzing DNA samples from plant material is that
it can reveal also plant-associated microorganisms that are non-culturable.
DGGE analysis of bacterial populations and TGGE analysis of oomycete
populations indicated that the microflora of the Tetr root system differed from
that of the root system of non-transformed plants. Although the differences in
oomycete root populations in non-autoclaved soil might be caused by early
root infections, the bacterial populations revealed differences in autoclaved
soil as well.As Tetr plants that grow in autoclaved soil do not suffer from natural
infections, the bacterial populations must be affected by differences in the
rhizosphere of non-transformed and Tetr plants. Differences in rhizosphere
populations from different plant species have been described (Lemanceau et
al. 1995; Clays-Josserand et al. 1999). However, differences in the rhizosphere
microflora due to a single transformation seems less likely, as the transgene
forms the only genotypic difference between the non-transformed and the
transgenic plant. Indeed, various transgenic plants have been reported to not
or hardly influence the soil microflora (Glandorf et al. 1997). However,
transgenic tobacco plants overexpressing a gene encoding acidic PR-2 (β-1,3-
glucanase) were demonstrated to display delayed colonization by the
mycorrhizal fungus Glomus mosseae (Vierheilig et al. 1995).
In the transgenic Tetr tobacco plants, the ethylene insensitivity seems to cause
differences in the rhizosphere that influence bacterial growth. Such differences
might include altered root morphology or root exudation. Changed root
morphology in ethylene-insensitive plants has been described by Clark et al.
(1999), who showed that tomato mutant Never r ipe produced more
belowground root mass, but less adventitious roots. Although ethylene is
involved in certain exudation processes that rely on schizogenous and /or
lysigenous tissue formation (Abeles et al. 1992), to our knowledge specific
effects of ethylene insensitivity on root exudation are not known.Thus, besides
affecting disease resistance, ethylene insensitivity might affect the micro-
environment of potential, saprophytic pathogens, and, therefore, alter disease
pressure. Clarifying which components contribute to the enhanced disease
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susceptibility of ethylene-insensitive plants, will greatly contribute to our
understanding of plant disease resistance.

M a t e r i a l s  a n d  m e t h o d s

P l a n t  m a t e r i a l  a n d  i s o l a t i o n  o f  m i c r o o r g a n i s m s

Transgenic ethylene-insensitive Tetr18 (Knoester et al. 1998) and non-
transformed tobacco (Nicotiana tabacum cv. Samsun NN) plants were grown
in a temperature-regulated greenhouse at 24°C during the day and 21°C at
night, and a photoperiod of 16 h. Plants were grown either in non-autoclaved
potting soil, permitting natural infections of Tetr tobacco by opportunistic
pathogens, or in autoclaved (2 × 20 min with a 24 h interval) potting soil, to
prevent natural infections. Seeds were sown on soil wetted with half-strength
Hoagland nutrient solution (70 ml per kg), and plants were grown for two
weeks at RH 100%.The two-weeks-old seedlings were planted out at a density
of approximately 380 plants / m2, after which RH was maintained at 70%.
After another two weeks individual plants were transplanted into 0.6-liter pots.
Plants were supplied with half-strength Hoagland nutrient solution once a
week, and watered whenever necessary.
Culturable oomycetes and fungi were isolated from stem tissue by incubating
surface-sterilized pieces on 2% malt extract (Difco), potato dextrose (Difco),
or water agar medium, as described previously (Chapter 2).Total (culturable
and non-culturable) microorganisms were examined by PCR analysis on DNA
samples from stems or roots, which were taken at specific time intervals.
Depending on the experiment, samples were taken from individual plants, or
from two or three replicates of pools of five plants. Stems and roots were rinsed
twice in tap water and patted dry on paper tissues. Stems were cut in pieces
of 3-6 mm. All root samples still contained some adhering rhizosphere soil.
The samples were frozen in liquid nitrogen and stored at -80 °C until DNA
extraction.

E x t r a c t i o n  o f  D N A  f r o m  p l a n t  m a t e r i a l

Frozen roots and stems were ground in liquid nitrogen, and 0.5-1.0 g of the
powder was suspended in 1 ml extraction buffer (2% N-cetyl-N,N,N,-
trimethyl-ammoniumbromide, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-HCl
[pH 8.0], 0.2% β-mercaptoethanol) and incubated at 60 °C for 30 min.The
suspension was centrifuged at 9,000 × g for 10 min and the DNA in the
supernatant was washed twice by mixing with an equal volume of choroform
/ isoamylalcohol (24:1 [v/v]) and centrifugation at 9,000 × g for 10 min.The
DNA in the water phase was then precipitated by incubation with an equal
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volume of isopropanol for 5 min. After centrifugation at 9,000 × g for 5 min,
the precipitated DNA was washed with 70% ethanol, 10 mM NH4Ac, and
dissolved in 250 µl TE-buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA),
containing 10 µg/ml RNase to remove RNA. DNA was precipitated by adding
50 µl 3 M NaAc (pH 5.2) and 500 µl isopropanol, and incubating for 5 min.
After centrifugation at 9,000 × g for 5 min, the pellet was washed with 70%
ethanol and dissolved in 50 µl TE-buffer.

P r i m e r  d e s i g n ,  P C R  c o n d i t i o n s ,  a n d  D G G E  /  T G G E

Previously, primers were developed that are specific for ribosomal DNA of
Pythium spp. (Chapter 2). The selected forward (P1: 5’-GAAGGATCAT-
TACCACAC-3’) and reverse (P2: 5’-TACGGACACTGATACAG-3’) primers
amplify a fragment of approximately 400 bp that contains the ITS1 region and
the 5.8S subunit. A 37 bp GC-rich sequence (GC clamp; Kowalchuk et al.
1997), was attached to the 5’ site of the forward primer to stabilize the melting
behavior of the fragment during TGGE (P1-GC: 5’-CGCCCGCCGCGCGC
GGCGGGCGGGGCGGGGGCACGGGGAAGGATCATTACCACAC-3’;
GC clamp underlined).
To amplify oomycete ITS1/5.8S rDNA from plant tissue, one micro liter of
template-DNA solution was added to 49 µl PCR reaction mix, containing
one unit Taq polymerase (Pharmacia, New Jersey, USA) in the recommended
reaction buffer, 10 pmol of primer P1-GC, 10 pmol of primer P2, 10 nmol
dNTP’s and 5 µg bovine serum albumin. The mixture was subjected to the
following thermocycling program: 5 min at 95 °C (1 cycle); 30 s at 95 °C, 30
s at 52 °C, and 1 min at 72 °C (40 cycles).
Fungal 18S rDNA was amplified using a nested approach, as described by Smit
et al. (1999).An initial PCR was performed with primers EF3 and EF4, specific
for fungi. A subsequent reaction was done with primers EF4 and NS3-GC,
using the amplicon from the first reaction as template (Smit et al. 1999).
Eubacterial 16S rDNA was amplified using primers F-968-GC and R-1401,
described by Nübel et al. (1996), and the following thermocycling program: 5
min at 94 °C (1 cycle); 1 min at 94 °C, 1 min at 60 °C, and 1 min at 72 °C
(40 cycles).
The oomycete- and fungi-specific PCR products were analyzed by TGGE as
described by Smit et al. (1999), using a temperature gradient from 36 to 44
°C.The bacterial amplification products were analyzed by DGGE as described
by Muyzer et al. (1993), using a denaturing gradient of 30-60% (100% = 7 M
urea and 40% [v/v] formamide).
The resulting banding patterns were used to construct similarity dendrograms
with UPGMA cluster analysis, using the Bionumerics program version 2.0 of
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Applied Maths (Belgium). Clustering was performed with the Jaccard
algorithm (and fuzzy logic) and a tolerance of 1.5%.
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A b s t r a c t

Transgenic tobacco plants (Tetr) expressing the mutant etr1-1 gene from Arabidopsis are
insensitive to ethylene and develop symptoms of wilting and stem rot when grown in non-
autoclaved soil. Several isolates of Fusarium, Thielaviopsis and Pythium were recovered from
stems of diseased Tetr plants. Inoculation with each of these isolates of six-weeks-old plants
growing in autoclaved soil, caused disease in Tetr plants, but not in non-transformed plants.
Also when two-weeks-old seedlings were used, non-transformed tobacco appeared non-
susceptible to the Fusarium isolates, whereas Tetr seedlings did develop disease.Tetr seedlings
were not susceptible to several non-host Fusarium isolates. In contrast to results with Fusarium,
inoculation of two-weeks-old seedlings with Thielaviopsis resulted in equal disease development
of non-transformed and Tetr tobacco. In order to explore the potential range of pathogens to
which Tetr tobacco plants display enhanced susceptibility, the pathogenicity of several root and
leaf pathogens was tested.Tetr plants were more susceptible to the necrotrophic fungi Botrytis
cinerea and Cercospora nicotianae, and the bacterium Erwinia carotovora, but only marginally more
to the bacterium Ralstonia solanacearum. In contrast, the biotrophic fungus Oidium neolycopersici,
the oomycete Peronospora tabacina, and tobacco mosaic virus, caused similar or less severe
symptoms on Tetr plants than on non-transformed plants.Total peroxidase activity of Tetr plants
was lower than that of non-transformed plants, suggesting a role for peroxidases in resistance
against necrotrophic microorganisms. A comparable range of pathogens was examined on
Arabidopsis and its ethylene-insensitive mutants etr1-1 and ein2-1.With the exception of one
Fusarium isolate, ethylene insensitivity increased susceptibility of Arabidopsis plants to a similar
spectrum of necrotizing pathogens as in tobacco.Thus, both ethylene-insensitive tobacco and
Arabidopsis plants appear to be impaired in their resistance to necrotrophic pathogens.
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I n t r o d u c t i o n

The plant hormone ethylene is a simple hydrocarbon that regulates many
diverse metabolic and developmental processes. Ethylene is involved in seed
germination, influences plant growth, stimulates senescence of plant organs
and induces ripening of fruits. In addition, ethylene is functional during biotic
and abiotic stresses, such as extreme temperatures, drought, wounding and
infection by different pathogens (Abeles et al. 1992; Bleecker and Kende 2000).
The role of ethylene in plant-pathogen interactions is complex. Ethylene can
induce resistance and ethylene perception is often required for basal resistance,
but the production of ethylene upon infection can aggravate disease symptom
development.Treatment with ethylene induced biochemical defense reactions
in various plants (Boller 1991) and ethylene pretreatment of tomato increased
resistance to the fungus Botrytis cinerea (Díaz et al. 2002). However,
exogenously applied ethylene was shown to stimulate gray mold, caused by B.
cinerea, on tomato, pepper, cucumber, bean, rose, and carnation (Boller 1991).
Similarly, increased ethylene levels stimulate lesion expansion after infection
of NN tobacco leaves with tobacco mosaic virus (TMV; Knoester et al. 2001).
Moreover, ethylene-insensitive ein2-1 mutants of Arabidopsis showed reduced
disease severity after inoculation with the bacterial leaf pathogens Pseudomonas
syringae or Xanthomonas campestris (Bent et al. 1992).The ethylene-insensitive
Never ripe mutant of tomato displayed fewer symptoms after inoculation with
P. syringae, X. campestr is, or the fungal root pathogen Fusarium oxysporum
(Lund et al. 1998), but similar symptoms after infection with B. cinerea (Díaz
et al. 2002). Soybean mutants with reduced sensitivity to ethylene were less
susceptible to P. syringae and the oomycete Phytophthora sojae (Hoffman et al.
1999).
Besides reducing disease severity, ethylene insensitivity can also enhance disease
severity. For example, Arabidopsis mutant ein2-1 showed enhanced
susceptibility to B. cinerea (Thomma et al. 1999), the bacterium Erwinia
carotovora (Norman-Setterblad et al. 2000), and several Pythium spp. (Chapter
2). In apparent conflict with results of Bent et al. (1992), ein2-1 was also
demonstrated to be more susceptible to P. syringae and X. campestris (Ton et
al. 2002). Mutants of soybean with reduced sensitivity to ethylene showed
enhanced susceptibility to the fungal pathogens Septor ia glycines and
Rhizoctonia solani (Hoffman et al. 1999). These examples indicate that the
effect of altered ethylene perception on disease severity depends on the host-
pathogen interaction.
Resistance of Arabidopsis to the necrotrophic pathogens B. cinerea (Thomma
et al. 1999), E. carotovora (Norman-Setterblad et al. 2000), and Pythium spp.
(Chapter 2) is dependent on jasmonate (JA) signaling as well. In contrast,
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resistance to the biotrophic oomycete Peronospora parasitica does not depend
on ethylene or JA signaling, but requires salicylic acid (SA) signaling (Thomma
et al. 1998, 1999). Likewise, resistance to the biotrophic fungus Erysiphe orontii
depends on SA-, but not on JA-dependent signaling (Reuber et al. 1998).
Thomma et al. (2001) suggested that resistance to necrotrophs depends largely
on ethylene and JA signaling, whereas resistance to biotrophs is mostly
dependent on SA signaling. Both necrotrophic and biotrophic classes of
pathogens include bacteria, fungi and oomycetes.Therefore, with respect to
the role of ethylene, it is likely that the nature of the interaction with the host
plant is more important than the relatedness of the pathogens (Thomma et al.
2001).
Tobacco plants that are transformed with the mutant etr1-1 gene from
Arabidopsis (Tetr) display strong insensitivity to ethylene (Knoester et al. 1998).
When such Tetr plants are grown in non-autoclaved soil, symptoms of wilting
and stem necrosis develop spontaneously between three and twelve weeks after
seed germination. From these diseased plants, several necrotizing oomycetes
and fungi were isolated and demonstrated to be pathogenic on Tetr, but not
on non-transformed tobacco plants (Chapter 2; Knoester et al. 1998).These
isolates were identified as Pythium sylvaticum, Pythium sp.“group HS”, Pythium
sp. “group G”, Thielaviopsis basicola, F. oxysporum, Fusarium solani and
Rhizopus stolonifer.These results suggest that ethylene-insensitive plants are
unable to activate (a subset of) defense mechanisms that are normally active
against different oomyceteous and fungal pathogens.
Recently, the oomycetes that were isolated from naturally infected Tetr plants
were studied in detail on tobacco and Arabidopsis (Chapter 2). In this paper,
the analysis was extended to the fungi that were isolated from these plants. In
addition, several other pathogens were tested for pathogenicity on non-
transformed and ethylene-insensitive tobacco.To determine the generality of
the results obtained, the same or comparable pathogens were examined on
Arabidopsis and its ethylene-insensitive mutants etr1-1 and ein2-1.

R e s u l t s

F u n g i  i s o l a t e d  f r o m  n a t u r a l l y  i n f e c t e d  Te t r  t o b a c c o

When oomycetes and fungi that were previously isolated from spontaneously
diseased Tetr plants were used to inoculate non-transformed and Tetr tobacco
plants of six weeks old, only the latter developed symptoms of disease (Chapter
2). However, when two-weeks-old seedlings were inoculated with two of these
isolates (both Pythium spp.), a small percentage of the non-transformed control
plants also developed symptoms of disease, indicating that the Pythium spp.
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are weak, opportunistic pathogens for non-transformed tobacco under seedling
conditions. Therefore, it was tested in how far the other previously isolated
fungi T. basicola, F. oxysporum, and F. solani can cause disease not only in Tetr,
but also in non-transformed seedlings.
When two-weeks-old tobacco seedlings were inoculated by dipping the roots
in a spore suspension of T. basicola isolate Nt29, both control and Tetr plants
developed severe symptoms of wilting and necrosis within two days. The
percentages of diseased control and Tetr plants stabilized by five days after
inoculation at about 80% and finally most plants died. The disease progress
curves of control and Tetr plants in Figure 1A reflect the percentages of plants
with disease symptoms, varying from wilting to dead. As tested with repeated
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F igure  1 .  Disease development of control and Tetr tobacco plants after inoculation of two-weeks-

old seedlings with T. basicola isolate Nt29 (A), F. oxysporum isolate Nt32d (B), or F. solani isolate

Nt34b (C). 
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time measures, there was no significant difference in disease development
between the control and Tetr plants. Almost all Thielaviopsis-inoculated plants
remained minute or died at the seedling stage, resulting in final shoot fresh
weights below 0.5 grams per plant (Table 1).
In contrast to the rapid disease development in both control and Tetr plants
infected with T. basicola, inoculation of tobacco seedlings with F. oxysporum
isolate Nt32d (Fig. 1B) or F. solani isolate Nt34b (Fig. 1C) resulted in a slow
development of wilting symptoms in a relatively small percentage of the Tetr
plants only. Non-transformed control plants did not develop any symptoms.
Therefore, there was too little homogeneity of variances to perform statistics
using repeated time measures. However, t-tests revealed that the percentage of
diseased Tetr plants was significantly increased by 44 days after infection with
F. oxysporum isolate Nt32d (P<0.01) or F. solani isolate Nt34b (P=0.06). Both
isolates reduced shoot fresh weights of Tetr plants, but not of non-transformed
plants (Table 1).These results agree with the enhanced susceptibility of Tetr
plants to these isolates observed previously (Chapter 2).
To elucidate if ethylene insensitivity results in enhanced susceptibility to these
fungi in other plant species as well, the isolates were inoculated on two-weeks-
old seedlings of Arabidopsis and its ethylene-insensitive mutants etr1-1 and
ein2-1.The isolate of T. basicola was less pathogenic on Arabidopsis than on
tobacco and no more than half of the plants developed symptoms of disease
(Fig. 2). Wild-type plants started to wilt earlier than the etr1-1 and ein2-1
mutants (Fig. 2), and by five days after inoculation, the percentage of wilted
wild-type plants was higher than that of the mutants. However, all wild-type
plants recovered within the subsequent 3 weeks, whereas about 50% of both
mutants eventually developed disease and did not recover.Ten percent of the
etr1-1 and 30% of the ein2-1 mutants died.The transient wilting of the wild-
type plants was associated with a reduction in final shoot fresh weight similar
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TA B L E  1 . Average shoot fresh weights (g) of non-transformed (control) and Tetr tobacco plants

infected with Thielaviopsis at 29 days after inoculation or with Fusarium at 44 days after

inoculation.a

control Tetr18

mock 27.0 22.0

T. basicola isolate Nt29d < 0.5 P<0.01 < 0.5 P<0.01

mock 84.0 87.0

F. oxysporum isolate Nt32d 86.0 P=0.38 67.0 P=0.06

F. solani isolate Nt34b 86.0 P=0.34 68.0 P=0.05

a P indicates the level of difference from the non-infected (mock) plants.



to the reduction in shoot fresh weights of the ethylene-insensitive mutants
(data not shown). Apparently, T. basicola acts as a weak, opportunistic pathogen
on wild-type Arabidopsis seedlings, but is more virulent on the ethylene-
insensitive mutants.
Inoculation of Arabidopsis seedlings with F. oxysporum isolate Nt32d or F.
solani isolate Nt34b did not cause any symptoms of disease in either wild-type
plants or the ethylene-insensitive mutants (Table 2).

F o r m a e  s p e c i a l e s  o f F.  o x y s p o r u m

Many soil-borne pathogens are able to infect and cause disease in a broad
range of host plants. In contrast, specific formae speciales of F. oxysporum are
adapted to infect one or a few plant species only. To investigate whether
ethylene insensitivity results in susceptibility to formae speciales that are specific
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F igure  2 .  Disease development of wild-type, etr1-1 and ein2-1 Arabidopsis plants after inoculation

of two-weeks-old seedlings with T. basicola isolate Nt29. 
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TA B L E  2 . Fusarium isolates tested for pathogenicity on control and ethylene-insensitive tobacco

and Arabidopsis plants.a

tobacco Arabidopsis

host control Tetr18 host Col-0 etr1-1 ein2-1

F.  oxysporum isolate Nt32d ? - + no - n.d. -

F. solani isolate Nt34b ? - + no - n.d. -

F. oxysporum f. sp. dianthi no - - no - - -

F. oxysporum f. sp. l ini no - - no - - -

F. oxysporum f. sp. lycopersici no - - no - - -

F. oxysporum f. sp. matthiolae no - - yes - - +

F. oxysporum f. sp. raphani no - - yes ++ + +

a -: no disease symptoms; +: less than 50% of plants with symptoms of wilting; ++: more than 50% 

of plants with symptoms of wilting; n.d.: not determined.



to other host plants, pathogenicity of five formae speciales of F. oxysporum was
tested in control and ethylene-insensitive seedlings of tobacco and Arabidopsis.
In tobacco, none of the selected non-host pathogens caused symptoms of
disease in either control or Tetr plants (Table 2). Similarly, the non-host
pathogens of Arabidopsis were virulent neither on wild-type Arabidopsis, nor
on its ethylene-insensitive mutants.
The Fusarium isolates from naturally infected Tetr tobacco did not cause disease
in Arabidopsis.Therefore, Fusarium isolates that are pathogenic on Arabidopsis
were selected in addition to the non-host pathogens (Table 2). F. oxysporum f.
sp. raphani has been demonstrated to cause vascular wilt in Arabidopsis (Pieterse
et al. 1996) and appeared to be significantly more virulent on wild-type plants
than on its ethylene-insensitive mutants etr1-1 and ein2-1 (Table 2; Fig. 3A).
Initially, wild-type plants and the mutants developed symptoms of wilting and
necrosis to similar extents. In addition, strong leaf chlorosis around the veins
was noticed in infected wild-type plants. In the ethylene-insensitive mutants
chlorosis was less obvious or absent. By five weeks after inoculation disease
development in the etr1-1 and ein2-1 mutants stabilized at approximately 40%
diseased plants.Within another two weeks all wild-type plants died, as clearly
reflected by the final average fresh weight of less than 0.1 g per plant (Table 3).
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F igure  3 .  Disease development of wild-type, etr1-1 and ein2-1 Arabidopsis plants after inoculation

of two-weeks-old seedlings with F. oxysporum f. sp. raphani (A) or F. oxysporum f. sp. matthiolae

(B).  
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Because F. oxysporum f. sp. matthiolae has been described as a necrotrophic
pathogen on Arabidopsis (Epple et al. 1997), it was tested as well.The isolate
did not cause disease symptoms in wild-type plants or in the etr1-1 mutants,
but a few ein2-1 plants showed clear symptoms of necrosis (Table 2; Fig. 3B).
In the etr1-1 mutants a slight reduction in fresh weight was observed (Table
3), even though symptoms of disease were not apparent. These data suggest
that F. oxysporum f. sp. matthiolae interacts differently with Arabidopsis than F.
oxysporum f. sp. raphani. Apparently, ethylene signaling in Arabidopsis can
increase or reduce susceptibility to F. oxysporum, depending on the kind of
interaction between the fungus and its host. Ethylene signaling does not seem
to impair resistance to non-host Fusarium species.

N e c r o t r o p h i c  p a t h o g e n s

To investigate whether the differences in disease susceptibility between non-
transformed and Tetr tobacco also occur after infection with other necrotizing
pathogens, two fungal and two bacterial pathogens of tobacco were tested. As
fungal leaf pathogens, the gray mold fungus B. cinerea and the leaf spot fungus
Cercospora nicotianae were used. Upon inoculation with B. cinerea, a necrotic
lesion developed under the inoculation droplet in both control and Tetr plants
within two days. In control plants these lesions almost always remained limited.
In contrast, on Tetr plants the majority of the lesions quickly spread (Fig. 4A).
Frequently, the fungus fully colonized the Tetr leaves, and grew further into
the stem. If the pathogen colonized the stem tissue,Tetr plants eventually died
due to progressive stem necrosis. In those rare cases where the fungus colonized
a complete leaf and reached the stem of a non-transformed plant, it did not
grow further and was restricted to a black lesion at the base of the petiole
(Fig. 5).
After spraying leaves with a spore suspension of C. nicotianae, lesions developed
in control and Tetr plants within two weeks.The lesions spread and after three
weeks those on leaves of Tetr plants were over 50% larger than those on leaves
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TABLE 3 . Average shoot fresh weights (g) of wild-type (Col-0), etr1-1 and ein2-1 Arabidopsis plants

infected with pathogenic F. oxysporum at 49 days after inoculation.a

Col-0 etr1-1 ein2-1

mock 1.8 1.6 1.9

f. sp. matthiolae 1.9 P=0.23 1.2 P=0.03 1.9 P=0.65

f. sp. raphani < 0.1 P<0.01 0.5 P<0.01 0.4 P<0.01

a P indicates the level of difference from the non-infected (mock) plants.



of control plants (Fig. 4B).Thus, ethylene-insensitive Tetr plants are less capable
of restricting leaf colonization by B. cinerea and C. nicotianae than non-
transformed control plants.
Inoculation with E. carotovora, causal agent of soft rot in numerous plant
species (Agrios 1997), was performed by applying droplets of bacterial
suspension onto the leaves. Patches of rotting tissue developed within 24 h in
both control and Tetr plants, but enlarged faster in leaves of Tetr plants.The
percentage of decayed leaves by three days after inoculation was significantly
higher in the ethylene-insensitive Tetr plants (Fig. 4C). Occasionally, the
bacterium colonized the stem, sometimes resulting in plant death. By eight
days after inoculation, 55% of the Tetr plants had decayed completely, whereas
all non-transformed plants were still alive.Thus, the reduced capability of Tetr
plants to restrict colonization by necrotizing pathogens extends to this
bacterium as well.
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F i g u re  4 .  Disease development of control (black bars) and Tetr (white bars) tobacco plants after

inoculation of the leaves with different pathogens. A: Percentage of spreading lesions by eight days

after droplet inoculation with B. cinerea. B: Lesion diameter by three weeks after inoculation with

C. nicotianae . C: Percentage of completely rotten leaves by three days after inoculation with E.

carotovora. D: Disease index indicating the percentage leaf area covered with O. lycopersici by 15

days after inoculation. E: Numbers of sporangia present on the leaves by seven days after inoculation

with P. tabacina. F: Lesion diameter by six days after inoculation with tobacco mosaic virus. Different

letters indicate significant differences (P<0.05) between control and Tetr plants.
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The bacterial root pathogen Ralstonia solanacearum, causal agent of bacterial
wilt, was inoculated onto two-weeks-old seedlings. First symptoms of wilting
were observed in both non-transformed and Tetr plants by five days after
inoculation. Disease developed faster on Tetr plants than on non-transformed
plants. Disease development of Tetr plants stabilized at approximately 70% of
wilted plants by 10 days after inoculation. Disease development of non-
transformed plants reached a similar level only after 3 weeks (Fig. 6). Thus,
Tetr plants appear to be more sensitive to R. solanacearum. Although this
tendency was observed in all of three experiments, differences were rather
small and non-significant as tested by repeated measures.
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F i g u re  5 .  Control and Tetr tobacco stem pieces bearing a leaf that has completely decayed as a

result of infection by B. cinerea. In control plants fungal invasion was stopped when it reached the

stem, whereas Tetr plants were colonized completely and developed severe stem rot.

non-transformed Tetr18

F igure  6 .  Disease development of control and Tetr tobacco plants after inoculation of two-weeks-

old seedlings with R. solanacearum. 
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B i o t r o p h i c  p a t h o g e n s

In contrast to necrotrophic pathogens that produce cell wall degrading
enzymes and / or toxins to invade and destroy host cells, biotrophic pathogens
essentially avoid triggering host defense responses. To investigate whether
ethylene-insensitive tobacco plants are more susceptible to biotrophs as well,
the powdery mildew fungus of tomato, Oidium neolycopersici, and the downy
mildew oomycete Peronospora tabacina, were tested. For comparison, TMV,
that triggers a hypersensitive response (HR) in Samsun NN tobacco, was tested
as a representative virus.
When tobacco plants were transferred to a greenhouse with a high natural
disease pressure of O. neolycopersici, colonies of white mycelium developed on
leaves of both control and Tetr plants. Using a disease index that reflects the
percentage of leaf area covered by the fungus, no significant difference in
susceptibility between control and Tetr tobacco plants was evident (Fig. 4D).
Colonization of the plants by P. tabacina was estimated by counting the number
of sporangia that were produced on the leaves.Tetr plants allowed significantly
less sporulation than control plants did (Fig. 4E), suggesting reduced
colonization by Peronospora. Apparently, ethylene insensitivity results in
increased resistance to this oomyceteous pathogen.These results indicate that
loss of ethylene perception in tobacco does not enhance susceptibility to
biotrophic pathogens.
Tobacco cv. Samsun NN contains the resistance gene N and, consequently,
displays a HR after infection with TMV. In agreement with previous findings
(Knoester et al. 1998), both control and Tetr leaves that were inoculated with
TMV developed necrotic lesions within two days. By six days the lesions on
Tetr leaves had remained significantly smaller than those on leaves of control
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F igure  7 .  A: Basal peroxidase activity in leaves of control (black bar) and Tetr (white bar) tobacco

plants. Different letters indicate a significant difference (P<0.05) between control en Tetr plants. B:

Peroxidase activity in mock-inoculated leaf tissue (triangles) and leaf tissue surrounding lesions

caused by B. cinerea (circles) on non-transformed (black symbols) and Tetr (white symbols) tobacco

plants. 
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plants (Fig. 4F), confirming that ethylene perception does not contribute to
lesion limitation during TMV infection (Knoester et al. 2001).

P e r o x i d a s e  a c t i v i t y

Total peroxidase activity can serve as a useful marker for disease resistance
(Reuveni 1995). Tobacco plants that are infected with different necrotizing
pathogens show enhanced levels of peroxidase activity (Montalbini et al. 1995).
Therefore, it was investigated whether peroxidase activity of Tetr plants differed
from that of non-transformed plants. Indeed, basal peroxidase activity in leaves
of Tetr plants was only about 40% of that in leaves of non-transformed control
plants (Fig. 7A). After inoculation with B. cinerea,Tetr plants were still able to
activate peroxidase activity in the leaf cells bordering the site of infection (Fig.
7B).Whereas the peroxidase activity in non-transformed plants increased 15
times upon Botrytis infection,Tetr plants even showed a 25-times increase in
activity. However, the final enzyme activity in Tetr plants was still significantly
lower (73%) than in control plants.

D i s c u s s i o n

Ethylene-insensitive tobacco plants were demonstrated to be naturally infected
by at least three unrelated genera of root pathogens present in the same batch
of potting soil (Chapter 2; Knoester et al. 1998). In this study, we investigated
how wide the range of pathogens is to which ethylene-insensitive tobacco
plants display enhanced disease susceptibility. Besides the Pythium isolates
studied earlier (Chapter 2), T. basicola, F. solani, and F. oxysporum were tested,
as well as various selected, non-related fungal and bacterial pathogens.
The oomycetes and fungi that were isolated from diseased Tetr plants were
not pathogenic on six-weeks-old, non-transformed tobacco plants (Chapter
2). However, two-weeks-old seedlings of non-transformed tobacco were also
susceptible to two of the Pythium isolates. Apparently, the Pythium spp. are
virulent on non-transformed tobacco seedlings, but not on older plants. In
contrast, ethylene-insensitive plants remain susceptible in the mature stage.
A similar difference between six-weeks-old plants and two-weeks-old seedlings
was observed after inoculation with T. basicola. Although inoculation of six-
weeks-old plants resulted in diseased Tetr plants only (Chapter 2), root
inoculation of two-weeks-old seedlings resulted in equally high percentages
of diseased non-transformed and Tetr plants within a few days.An equal disease
development of control and Tetr seedlings was also observed after inoculation
of two-weeks-old seedlings with Pythium aphanidermatum (Chapter 2).These
findings may be related to the fact that both P. aphanidermatum and T. basicola
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have been described as real pathogens, rather than weak, opportunistic
pathogens, of tobacco seedlings (Cartwright et al. 1995; Chen et al. 1996;
Agrios 1997).
Unlike inoculation with Pythium or Thielaviopsis, inoculating two-weeks-old
seedlings with F. solani or F. oxysporum isolate Nt32d caused disease in Tetr
plants, but not in non-transformed plants.This indicates that these isolates are
weak, opportunistic pathogens of tobacco, that display increased virulence on
ethylene-insensitive Tetr plants. Five formae speciales that are pathogenic on
other host plants did not cause disease in either control or Tetr tobacco.
Apparently, ethylene-insensitive tobacco displays enhanced susceptibility to
pathogenic and opportunistic Fusaria, but is not affected by non-host
pathogens.
In order to further explore the range of pathogens to which ethylene-
insensitive tobacco shows altered disease resistance, several root and leaf
pathogens of tobacco were selected. Infection with R. solanacearum indicated
that Tetr plants tend to be more susceptible to this bacterial root pathogen.
Ethylene-insensitive tobacco plants proved more susceptible to different leaf
pathogens as well. Inoculation with the fungi B. cinerea or C. nicotianae, or
the bacterium E. carotovora, resulted in more disease in Tetr than in control
plants.Apparently,Tetr tobacco plants display enhanced susceptibility to a broad
range of necrotizing pathogens.These data indicate a role for ethylene signaling
in defense against necrotrophic pathogens, irrespective of the site of infection
or relatedness of the pathogens.
Enhanced disease susceptibility of ethylene-insensitive tobacco plants was not
observed for biotrophic pathogens.When tobacco leaves were inoculated with
the biotrophic fungus O. neolycopersici, disease development in control and
Tetr plants was similar. Inoculation with the biotrophic oomycete P. tabacina
resulted in even less disease development in Tetr plants. Also the reaction to
TMV infection was not impaired. These data demonstrate that ethylene-
insensitive tobacco plants are not more susceptible to biotrophic pathogens,
and confirm that they are still able to establish the HR. Apparently, ethylene
plays a significant role in resistance to necrotrophic pathogens, but not in
resistance to biotrophic pathogens.
To determine whether ethylene insensitivity results in similar alterations in
susceptibility to pathogens in other plant species as well, the same set of
oomycetes, fungi and bacteria was examined in Arabidopsis. Inoculation of
ethylene-insensitive mutants etr1-1 and ein2-1 with T. basicola resulted in
substantial disease development, whereas wild-type plants developed symptoms
only transiently.A similar phenomenon was observed for Pythium spp. (Chapter
2). Whereas wild-type plants recovered after initial disease development, a
significant percentage of ein2-1 plants developed disease and did not recover
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after inoculation with Pythium spp. Etr1-1 mutants reacted similarly as wild-
type plants to Pythium infection, presumably because etr1-1 is less insensitive
to ethylene than ein2-1 (Chapter 2). Inoculation with Thielaviopsis revealed
no difference in disease development between etr1-1 and ein2-1 (Fig. 2).
Apparently, in Arabidopsis the difference in ethylene insensitivity results in
differential susceptibility to Pythium spp., but not to T. basicola. These data
demonstrate that Pythium spp. and T. basicola, previously isolated from
naturally-infected Tetr tobacco, act as opportunistic pathogens on Arabidopsis
under seedling conditions. Similar to Tetr tobacco, ethylene-insensitive
Arabidopsis mutants display enhanced susceptibility to these isolates.
The Fusaria that were isolated from naturally infected Tetr tobacco plants were
pathogenic neither on wild-type Arabidopsis nor on its ethylene-insensitive
mutants. However, an isolate of F. oxysporum f. sp. matthiolae, described as a
necrotrophic pathogen of Arabidopsis (Epple et al. 1997), proved to cause
disease in a few ein2-1 mutant plants. Although there was some growth
reduction in mutant etr1-1, wild-type and etr1-1 plants were not diseased.This
indicates that, similar to Tetr tobacco, ethylene-insensitive Arabidopsis shows
enhanced susceptibility to a necrotrophic Fusarium that causes root rot. In
seeming contrast, inoculation with F. oxysporum f. sp. raphani resulted in a
smaller percentage of diseased ethylene-insensitive mutants than wild-type
plants. The chlorosis observed in the leaves of symptomatic wild-type
Arabidopsis plants indicated that this isolate causes vascular wilt, typical of F.
oxysporum, rather than root rot. Likewise, the ethylene-insensitive Never ripe
mutant of tomato displays increased tolerance to the vascular wilt pathogen F.
oxysporum f. sp. lycopersici (Lund et al. 1998). Possibly, ethylene insensitivity
reduces disease development of Fusarium wilt, but increases disease
development of Fusarium root rot. These data indicate that the effect of
ethylene signaling on disease development depends on the kind of interaction,
rather than the pathogen species involved.
Our results with ethylene-insensitive tobacco are in line with the earlier
reported enhanced susceptibility of ethylene-insensitive Arabidopsis mutants
to specific pathogens. Ethylene-insensitive ein2-1 mutants of Arabidopsis are,
like Tetr tobacco, more susceptible to B. cinerea (Thomma et al. 1999) and E.
carotovora (Norman-Setterblad et al. 2000).Tetr tobacco plants showed similar
and less symptoms after infection with the biotrophic pathogens O.
neolycopersici and P. tabacina, respectively.The ethylene-insensitive Arabidopsis
mutants etr1-1 and ein2-1 are as susceptible as wild-type plants to the
biotrophic oomycete P. parasitica (Lawton et al. 1994). The HR upon
inoculation with TMV was unaltered in ethylene-insensitive Tetr tobacco, as
was the HR after inoculation with turnip crinkle virus in ethylene-insensitive
Arabidopsis (etr1-1 [Col-0] ( Di-17; Kachroo et al. 2000). Our results support
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the idea that ethylene signaling in tobacco and Arabidopsis functions in a
similar fashion in defense against a broad spectrum of necrotizing pathogens
(Chapter 2). Thomma et al. (2001) also recognize that ethylene signaling is
involved in defense against necrotrophic, but not biotrophic pathogens,
although they stress that different signal-transduction routes might interfere
with each other. In addition, ethylene can modulate the expression of disease
symptoms (Boller 1991; Lund et al. 1998; Knoester et al. 2001).
Peroxidase activity is often used as a marker for disease resistance (Reuveni
1995).Tetr tobacco plants possess reduced peroxidase activity, which has also
been demonstrated for ethylene-insensitive Arabidopsis mutant etr1-1 (Bleecker
et al. 1988). Transgenic tobacco plants with enhanced levels of peroxidase
activity have been shown to be more resistant to a C. nicotianae (Way et al.
2000), E. carotovora (Elfstrand et al. 2002), and Phytophthora parasitica (Kazan
et al. 1998; Way et al. 2000). As demonstrated in tobacco with different
necrotizing pathogens (Montalbini et al. 1995), infection with B. cinerea
resulted in increased peroxidase activity. However, the increase in Tetr plants
did not reach the level observed in non-transformed control plants. These
results suggest that Tetr plants may be impaired in defense reactions involving
peroxidase activity. Clarifying the mechanisms of resistance that are impaired
in these plants may contribute to the development of strategies to increase
resistance against necrotrophic pathogens.

M a t e r i a l s  a n d  m e t h o d s

P l a n t  m a t e r i a l

Seeds of transgenic ethylene-insensitive Tetr18 (Knoester et al. 1998) and its
corresponding control (Nicotiana tabacum cv. Samsun NN) plants were sown
in autoclaved potting soil mixed with half-strength Hoagland nutrient solution
(70 ml / kg soil). Plants were grown in a temperature-regulated greenhouse
maintained at 24°C during the day and 21°C at night. If necessary, the
photoperiod was extended to 16 hours by additional illumination. Generally,
in assays with root pathogens, two-weeks-old seedlings were uprooted,
inoculated as described below, and transplanted individually into 0.6-liter pots
containing autoclaved soil. In assays with leaf pathogens, two-weeks-old
seedlings were planted out at a density of approximately 380 plants / m2. After
another two weeks the plants were transplanted into 0.6-liter pots containing
autoclaved soil.
For bioassays with P. tabacina, tobacco seeds were surface-sterilized by
immersion in 4% NaClO for 20 min, rinsed with sterile water and sown on
Murashige-Skoog (MS; Murashige and Skoog 1962) agar medium. After three
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weeks, the seedlings were transplanted into microtiter plate wells containing
MS agar medium and inoculated.
Bioassays with R. solanacearum were performed in a growth chamber with an
8-h light / 23°C and 16-h dark / 20 °C cycle. Two-weeks-old tobacco
seedlings were inoculated and transplanted into 0.1-liter pots.
Seeds of wild-type Arabidopsis and its ethylene-insensitive mutants etr1-1 and
ein2-1 were sown in autoclaved sand mixed with half-strength Hoagland
nutrient solution (300 ml / kg). Plants were grown in a growth chamber with
an 8-h light / 24°C and 16-h dark / 21°C cycle. Two-weeks-old seedlings
were inoculated and transplanted into 0.1-liter pots containing an autoclaved
mixture of potting soil and river sand (12:5 [v/v]).

P a t h o g e n  c u l t u r e s  a n d  i n o c u l u m  p r e p a r a t i o n

T. basicola isolate Nt29 (Chapter 2) was grown on potato dextrose agar (PDA,
Difco) medium at 23 °C for 2 weeks. Conidia were washed off the agar plates
with 10 mM MgSO4 and the suspension was adjusted to a concentration of
106 conidia / ml. Inoculation was performed by dipping seedling roots for
approximately 1 s in the conidial suspension.
F. solani isolate Nt34b, F. oxysporum isolate Nt32d (Chapter 2), F. oxysporum
f. sp. nicotianae (CBS 179.32), F. oxysporum f. sp. lycopersici (Mes et al. 1999),
F. oxysporum f. sp. matthiolae (CBS 247.61), F. oxysporum f. sp. dianthi strain
WCS816 (Van Peer et al. 1991), F. oxysporum f. sp. lini Foln3 (Lemanceau and
Alabouvette 1991), and F. oxysporum f. sp. raphani WCS600 (Leeman et al.
1995) were grown in liquid Czapek Dox medium on an orbital shaker at 100-
150 rpm and 24 °C for one week. Mycelium was removed by filtering through
glass wool.The conidia-containing filtrates were centrifuged at 8,000 × g for
20 min. The pellets were washed by resuspension in 10 mM MgSO4 and
centrifugation at 8000 × g for 20 min.The pellets were then suspended in 10
mM MgSO4 and adjusted to a concentration of 106 conidia / ml. Root
inoculation was performed by dipping seedling roots for approximately 1 s in
the conidial suspension.
B. cinerea isolate R16 (Faretra and Pollastro 1991) was grown on PDA at 23
°C for 2 weeks. Conidia were washed off the agar plates with half-strength
potato dextrose broth (PDB, Difco) medium. The suspension was filtered
through one layer of Miracloth (Calbiochem) to remove mycelium, and
adjusted to a concentration of 106 conidia / ml. Four-weeks-old plants were
inoculated by pipetting a 20 µl droplet of the suspension on each of four leaves
per plant, and placed at 100% RH for 2-4 days.
C. nicotianae (ATCC 18366) was plated onto clarified V8 juice (20% [v/v] V8
juice + 0.05 M CaCO3, pH 7.3) agar medium and grown at 18 °C for 6 days.
Spores were harvested by flooding the agar plates with sterile water and
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brushing gently with an artist’s brush.The suspension was filtered through a
layer of cheesecloth to remove mycelium, and adjusted to a concentration of
2-3 × 104 spores / ml. Seven-weeks-old plants were inoculated by spraying
three leaves per plant with about 0.8 ml spore suspension per leaf, and placed
at 100% RH for four days.
Spores of P. tabacina isolate Ky79 (Li et al. 2001) were obtained by rinsing
infected tobacco leaves, carrying sporangiophores of the pathogen, with sterile
water. Inoculation was performed by spraying sterile-grown three-weeks-old
plants with a suspension of 5 × 104 spores / ml water.
R. solanacearum isolate Rrp (Ran 2002) was grown on modified Kelman
(Kelman 1954) agar medium (1% [w/v] proteose peptone [Oxoid], 0.5% [w/v]
casamino acids [Oxoid], 1% [w/v] glucose, 1.2% [w/v] agar) at 28 °C for 48
h. Agar plates were rinsed with sterile 10 mM MgSO4, the bacterial density
was determined spectrophotometrically at 660 nm (Ran 2002), and the
suspension was adjusted to 108 colony forming units (cfu) / ml. Inoculation
was performed by dipping seedling roots for about 1 s in the bacterial
suspension. As R. solanacearum prefers relatively high temperatures, after
inoculation the day and night temperatures for plant growth were shifted to
28 °C and 25 °C, respectively.
E. carotovora pv. carotovora strain SSC3193 (Pirhonen et al. 1988) inoculum
was prepared as described by Norman-Setterblad et al. (2000). Plants of 4-5
weeks old were inoculated by pipetting a 20 µl droplet containing 8 × 106 cfu
at the center of each of four leaves per plant, and placed at 100% RH for three
days.
O. neolycopersici (Jones et al. 2001) inoculation was performed by transferring
nine-weeks-old plants to a heavily infested greenhouse compartment (Ghent
University, Belgium) where the pathogen is maintained on tomato cv.
Moneymaker.
TMV inoculation was performed by rubbing carborundum-dusted leaves of
eight-weeks-old plants with purified virus solution (2 µg / ml) and rinsing
with water (Knoester et al. 1998).

A s s e s s m e n t  o f  d i s e a s e  s y m p t o m s  a n d  s t a t i s t i c a l  a n a l y s i s

After inoculation of seedling roots with T. basicola, Fusarium spp. or R.
solanacearum, percentages of plants showing symptoms of wilting and necrosis
were determined at different time intervals.At the last time point fresh weights
of the shoots were determined. Twelve tobacco and between 15 and 20
Arabidopsis plants were used for each treatment. Percentages of diseased plants
were statistically analyzed using the repeated measures option of SPSS for
Windows, release 8.0. Fresh weights were statistically analyzed by independent
samples t-tests with Bonferroni correction.
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In the bioassays with leaf pathogens, symptoms were scored and analyzed
depending on the nature of the pathogen. Eight days after inoculation of 12
non-transformed and 12 Tetr plants with B. cinerea, the percentage of lesions
per plant that had spread from the point of inoculation was determined and
statistically analyzed by independent samples t-test. Disease severity after
infection with C. nicotianae and TMV was quantified by measuring lesion
diameters at three weeks and six days after inoculation, respectively. For each
treatment three leaves on four (C. nicotianae) or three (TMV) plants per
treatment were used. Data from over 50 lesions per treatment were statistically
analyzed using the General Factorial ANOVA option, to take into account
possible effects of leaf age.Three days after inoculation with E. carotovora the
percentage of inoculated leaves that had completely rotten was determined of
20 plants per treatment, and data were statistically analyzed by independent
samples t-test.A leaf was considered entirely rotten when decay had progressed
up to the stem. Disease development upon infection with O. neolycopersici was
quantified after 15 days, using disease classes (Hennin et al. 2001) that reflect
the percentage of leaf area covered by the fungus: 0: no symptoms, 1: less than
5% of the leaf surface covered with fungal mycelium, 2: 6-25% covered, 3: 26-
50% covered, 4: more than 50% covered. Disease indexes were calculated as
described by Hennin et al. (2001) and statistically analyzed using the Mann-
Whitney U-test. Disease severity upon infection with P. tabacina was
determined by counting the numbers of sporangia that were rinsed from six
individual plants per treatment at seven days after inoculation. Data were
analyzed by independent samples t-test.
All bioassays were repeated at least once with similar results. All statistics were
performed using the software of SPSS for Windows, release 10.0.

P e r o x i d a s e  a c t i v i t y

From eight plants, six leaf discs (0.5 cm diameter) per plant were sampled and
frozen in liquid nitrogen. In case of infection with B. cinerea, the leaf discs
were cut at a distance of 2-4 mm from the edge of the (spreading) lesion. Leaf
discs were homogenized in 1 ml ice-cold 10 mM sodium phosphate buffer
pH 6.0, and centrifuged at 9,000 × g for 10 min. Fifty microliters of the
supernatant were added as crude enzyme extract to a mixture of 1.35 ml 10
mM sodium phosphate buffer pH 6.0, 50 µl of a saturated solution of guaiacol
in water, and 50 µl 0.5% H2O2.The formation of tetraguaiacol was followed
spectrophotometrically and peroxidase activity was expressed as the change in
absorbance at 470 nm per mg fresh weight per minute.
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A b s t r a c t

Transgenic, ethylene-insensitive tobacco (Tetr) plants are more susceptible to several
necrotrophic pathogens than non-transformed plants. To investigate if this enhanced
susceptibility can be reduced,Tetr plants were treated with agents that induce resistance, or with
antagonistic rhizobacteria. Treatments with β-aminobutyric acid (BABA), benzo-(1,2,3)-
thiadiazole-7-carbothioic acid S-methyl ester (BTH), methyl jasmonate (MeJA), or salicylic acid
(SA), did not reduce spontaneous wilting of Tetr plants growing in non-autoclaved soil. Neither
did they reduce disease development when Tetr seedlings growing in autoclaved soil were
inoculated with Pythium, even though the chemicals each induced expression of at least one of
the defense-related genes PR-1g, PR-5a, or PR-5c. However, the induction of PRs in Tetr plants
by the chemicals was quantitatively less than in non-transformed seedlings, indicating that
ethylene is required to stimulate PR gene expression. In transgenic Tetr lines overexpressing
PR-1g, PR-5c, or both, no significant reduction in disease development was apparent.Treatments
with Bacillus cereus UW85, Pseudomonas aeruginosa 7NSK2, Pseudomonas fluorescens WCS417r
or Q8r-196, Pseudomonas putida WCS358r, or antibiotic-producing derivatives of WCS358r,
did not reduce symptoms caused by Pythium, even though all isolates were capable of inhibiting
growth of the pathogen in vitro. These results indicate that ethylene insensitivity impairs
enhancement of resistance to Pythium and that ethylene signaling plays a central role in disease
resistance of tobacco against necrotrophic pathogens.
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I n t r o d u c t i o n

Transgenic, ethylene-insensitive tobacco plants (Tetr) have lost non-host
resistance to Pythium sylvaticum (Knoester et al. 1998) and are hyper-
susceptible to various necrotrophic pathogens (Chapters 2, 3). In contrast to
non-transformed plants, Tetr plants that were grown in non-autoclaved soil
developed symptoms of wilting and stem rot due to infection by soil-borne
microorganisms. Inoculation studies revealed that Tetr plants were less resistant
to Botrytis cinerea, Cercospora nicotianae, Erwinia carotovora, Fusarium
oxysporum, Fusarium solani, Pythium spp., and Thielaviopsis basicola, but
resistance to several biotrophic pathogens, i.e. Oidium neolycopersici and
Peronospora tabacina, was not reduced (Chapters 2, 3). This indicates that
resistance to some pathogens is impaired in ethylene-insensitive Tetr tobacco,
but defense against other pathogens is still fully functional. In Arabidopsis,
resistance to biotrophic and viral pathogens has been demonstrated to depend
on salicylic acid (SA) signaling (Reuber et al. 1998; Thomma et al. 1998;
Kachroo et al. 2000), whereas resistance to several necrotrophic pathogens
requires jasmonic acid (JA) and ethylene signaling (Thomma et al. 1999;
Norman-Setterblad et al. 2000). Moreover, treatment of Arabidopsis with either
SA, methyl jasmonate (MeJA), or ethylene, increased resistance to selected
pathogens. One might envisage, therefore, that Tetr tobacco plants can be
protected against soil-borne pathogens by inducing resistance through the
activation of defense pathways that do not depend on ethylene.
Systemic acquired resistance (SAR) is a SA-dependent mechanism that is
triggered upon infection by necrotizing pathogens and enhances the plants
defensive capacity against a broad spectrum of pathogens (Van Loon 1997).
The induction of SAR is associated with the accumulation of pathogenesis-
related (PR) proteins (Van Loon 1975). Exogenous treatment of tobacco with
SA induced the expression of PR genes (Ward et al. 1991) as well as resistance
to tobacco mosaic virus (TMV) (White 1979), the fungus B. cinerea (Chivasa
et al. 1997), the bacterium E. carotovora (Palva et al. 1994), and oomycete
Pythium spp. (Chen et al. 1996). In addition, treatments with the SA-analog
benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester (BTH) or with
β-aminobutyric acid (BABA), which induces accumulation of SA, also
triggered PR expression and SAR to TMV in tobacco (Siegrist et al 2000). In
contrast, culture filtrates of E. carotovora induced resistance to this pathogenic
bacterium in a SA-independent manner (Vidal et al. 1998). Apparently, in
tobacco resistance to E. carotovora can be induced through SA-dependent, as
well as SA-independent defense signaling pathways.
Also several non-pathogenic, root-colonizing bacteria can induce disease
resistance through either SA-dependent or -independent pathways. In tobacco,
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the rhizobacterium Pseudomonas aeruginosa strain 7NSK2 has been
demonstrated to induce resistance to TMV in a SA-dependent fashion (De
Meyer et al. 1999), whereas induced resistance against Pseudomonas syringae
pv. tabaci by Serratia marcescens operated through a SA-independent pathway
(Press et al. 1997). In Arabidopsis, root colonization by Pseudomonas fluorescens
strain WCS417r or Pseudomonas putida strain WCS358r induced resistance to
P. syringae pv. tomato independent of SA accumulation, but dependent on
JA/ethylene signaling (Van Wees et al. 1997; Pieterse et al. 1998).
Antagonistic rhizobacteria can also protect plants against pathogens by
competing for iron through the production of siderophores or by producing
antibiotics (Bakker et al. 1991; Agrios 1997). 7NSK2 protected tomato against
Pythium damping-off, whereas its non-siderophore producing mutant KMPCH
had lost most of its biocontrol activity (Buysens et al. 1996). Likewise,
WCS417r and WCS358r have been demonstrated to antagonize F. oxysporum
by competition for iron in the rhizosphere of carnation (Duijff et al. 1993,
1994). Other rhizobacteria antagonize root pathogens through the production
of antibiotics. Bacillus cereus UW85 produces at least two antibiotics, i.e.
zwittermicin A and antibiotic B (Silo-Suh et al. 1994), and reduced damping-
off of tobacco seedlings caused by Pythium aphanidermatum, Pythium torulosum
and Phytophthora parasitica (Chen et al. 1996). P. fluorescens Q8r1-96 produces
the antibiotic 2,4-diacetylphloroglucinol (DAPG), a compound that was shown
to reduce Pythium diseases in several plant species, and antagonized the root
pathogen Gaeumannomyces graminis in wheat (Raaijmakers and Weller 2001).
Phenazine-1-carboxylic acid (PCA) production by P. aeruginosa strain PNA1
contributed to the suppression of Pythium damping-off in bean (Anjaiah et
al. 1998).
In this study it was investigated if the increased disease susceptibility of Tetr
tobacco plants can be counteracted either by applying chemicals that induce
resistance, or by growing the plants in soil containing root-colonizing bacteria
that were demonstrated to possess antagonistic and resistance-inducing
properties.

R e s u l t s

C h e m i c a l  t r e a t m e n t s

To examine whether chemical inducers of resistance can rescue ethylene-
insensitive tobacco from spontaneous disease development, Tetr plants were
grown in non-autoclaved soil and sprayed every two weeks with the chemicals
BABA, BTH, MeJA, or SA. Since Tetr plants are insensitive to ethylene, the
ethylene-precursor 1-aminocyclopropane-1-carboxylic acid (ACC) was
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included as a negative control. In time, individual plants spontaneously
developed wilting symptoms, leading to a gradual increase in the percentage
of diseased plants from day 41 onwards. Disease development was similar in
all treatments: neither BABA, MeJA, or SA (Fig. 1A), nor BTH (Fig. 1B)
significantly reduced the percentage of Tetr plants developing symptoms of
wilting compared to control plants that were sprayed with water, ACC (Fig.
1A), or wettable powder (ingredient of BTH formulation; Fig. 1B). Although
MeJA and SA showed a slight, and BTH a strong, tendency to reduce the
percentage of diseased plants, results were not consistent and showed high
variation. This high variation was due to the unpredictable outcome of the
natural infection and spontaneous disease development.When applied as a soil
drench every two weeks, SA and BTH similarly tended to reduce the
percentage of spontaneously diseased Tetr plants, although effects were again
non-significant (data not shown). Under the same conditions, both chemicals
were effective in inducing SAR against TMV, reducing lesion sizes by 15-50%
(data not shown).Thus, the chemicals effectively induced SAR to TMV, but
did not protect Tetr plants from spontaneously wilting.
Wilted Tetr plants that were grown in non-autoclaved soil might have been
infected by root pathogens already before the chemical treatments had
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F igure  1 .  Disease development in Tetr tobacco plants growing in non-autoclaved soil. Plants were

sprayed every two weeks with A: water, 3 mM ACC, 30 ppm BABA, 0.5 mM MeJA, or 3 mM SA, and

B: 180 ppm wettable powder, or 60 ppm BTH. 
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effectively induced resistance. To control infection and reduce variation in
disease development, plants were grown in autoclaved soil and inoculated with
Pythium isolate Nt59d (Chapter 2) three days after chemical treatment. Eleven-
day-old seedlings were sprayed with water, ACC, wettable powder, BABA,
BTH, MeJA, or SA.To verify that the chemical treatments had been effective,
expression of genes encoding acidic and basic PR-proteins was studied in both
non-transformed and Tetr seedlings.Water-treated control seedlings of non-
transformed tobacco had low background expression of basic PR-1g and acidic
PR-5a, and a significant expression of basic PR-5c (Fig. 2). In the ethylene-
insensitive Tetr seedlings no expression was observed, indicating that these
basal levels are controlled by ethylene. ACC treatment induced PR-1g
expression in non-transformed seedlings as compared to the water treatment,
but not in Tetr seedlings. PR-5c expression might have been slightly induced
in non-transformed tobacco as well, but this was hard to differentiate due to
the high background level. MeJA treatment slightly induced PR-5c expression
in Tetr seedlings. BABA induced expression of PR-1g, PR-5a, and PR-5c in
non-transformed and in Tetr seedlings. However, expression in Tetr seedlings
was considerably lower (Fig. 2), indicating that ethylene signaling stimulates
induction of these genes.Treatment with BTH induced the expression of PR-
5a and PR-5c in non-transformed and in Tetr seedlings, as compared to the
wettable powder control treatment, but again expression levels were lower in
Tetr. Similar to BTH, SA induced PR-5a and PR-5c expression. However,
upon treatment with SA expression levels were almost as high in Tetr seedlings
as in non-transformed seedlings. Apparently, induction of PR genes by BABA,
BTH, or SA is differentially dependent on ethylene perception.
When non-transformed tobacco seedlings were inoculated with Pythium, some
plants initially developed disease symptoms, but almost all of them fully
recovered within 18 days (data not shown; cf. Chapter 2). For this reason, it
was not possible to study induced resistance against this pathogen in non-

E n h a n c e d  d i s e a s e  s u s c e p t i b i l i t y  c a n n o t  b e  c o u n t e r a c t e d • 8 7

F igure  2 .  PR-1g, PR-5a, and PR-5c expression in hypocotyls of two-weeks-old non-transformed (n)

or Tetr (T) tobacco seedlings. Three days before RNA extraction, seedlings were sprayed with water,

3 mM SA, 0.5 mM MeJA, 3 mM ACC, 30 ppm BABA, 180 ppm wettable powder (w.p.), or 60 ppm BTH.

PR-1g

PR-5a

PR-5c

rRNA

T
BTH

nT
w.p.

nT
BABA
nT

ACC
nT

MeJA
nT

SA
nT

water
n



transformed seedlings. In contrast, of the Tetr seedlings an average of 20%
already showed symptoms of disease within one day after inoculation (Fig. 3).
The percentage of diseased seedlings increased linearly during the first week
after inoculation and stabilized thereafter at approximately 85% diseased plants.
As expected, ACC had no effect on disease development (Fig. 3A). Neither
did treatment with MeJA (Fig. 3B), BABA (Fig. 3C), BTH (Fig. 3D), or SA
(Fig. 3E), reduce disease in the Tetr seedlings to a significant extent. Similar
to the observations in naturally infected full-grown Tetr plants, SA tended to
reduce disease development, but this was not significant (Fig. 3E).
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F i g u re  3 .  Disease development after inoculation of two-weeks-old Tetr tobacco seedlings with

Pythium sp. Nt59d. Three days prior to inoculation seedlings were sprayed with A: water or 3 mM

ACC , B: water or 0.5 mM MeJA , C: water or 30 ppm BABA , D: 180 ppm wettable powder or 60 ppm

BTH, or E: water or 3 mM SA.  



O v e r e x p r e s s i o n  o f  P R - 1 g a n d  P R - 5 c

Basic PR-1 and PR-5 proteins have been reported to possess anti-oomycete
activity in vitro (Vigers et al. 1992; Niderman et al. 1995). Therefore, it was
investigated if overexpression of genes encoding these PR-proteins enhances
resistance to Pythium in Tetr plants. Three-weeks-old Tetr seedlings
constitutively overexpressing PR-1g (lines EPRO1-16 and EPRO1-31), PR-
5c (EPRO5-7 and EPRO5-12), or both PR-1g and PR-5c (EPRO15-17), were
inoculated with Pythium and transplanted into autoclaved soil. Overexpression
of the PR genes at the time of inoculation was confirmed by Northern blotting
(Fig. 4). In all transgenic lines plants developed wilting symptoms within two
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F i g u re  4 .  PR-1g and PR-5c expression in hypocotyls of

three-weeks-old Tetr tobacco seedlings transformed with

PR-1g (EPRO1-16 and EPRO1-31), PR-5c (EPRO5-7 and

EPRO5-12), or PR-1g and PR-5c (EPRO15-17). Line 22-11

was transformed with the empty vector (pMOG22).
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days (Fig. 5). In two independent experiments (Fig. 5A, B), the disease
development curves for the seedlings overexpressing PR-1g, PR-5c, or both,
did not differ significantly from the curve of the control seedlings (line 22-
11), as tested with repeated measures. Nevertheless, in the first experiment
(Fig. 5A), disease development of EPRO1-16 plants stabilized already by day
7 at approximately 36% of diseased plants, whereas the percentages of diseased
plants in the other lines kept increasing. By 18 days the percentage of diseased
EPRO1-16 plants (32%) was significantly lower than that of the control plants
(82%), as tested with t-test and Bonferroni correction (P=0.02). In the second
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Strain

Bacil lus cereus UW85

Pseudomonas

P. f luorescens Q8r1-96

P. f luorescens WCS417r

P. putida WCS358r

P. putida WCS358r::phl

P. putida WCS358r::phz

P. aeruginosa 7NSK2

P. aeruginosa KMPCH

Relevant characteristics

Produces zwittermicin A and

antibiotic B; reduces damping-

off caused by Pythium and

Phytophthora

Produces DAPG a

Competes for iron and induces

resistance

Competes for iron and induces

resistance

DAPG-producing derivative of

WCS358r

PCA b-producing derivative of

WCS358r

Competes for iron and induces

resistance

Siderophore mutant of 7NSK2;

can still induce resistance
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TABLE 1 . Rhizobacterial strains used in this study with their relevant characteristics.

a DAPG: 2,4-diacetylphloroglucinol.
b PCA: Phenazine-1-carboxylic acid.



experiment (Fig. 5B), disease developed much faster and no reduction was
observed in any of the overexpressing lines.Therefore, overexpression of PR-
1g and / or PR-5c appears to be insufficient to significantly reduce disease
development of Tetr tobacco after inoculation with Pythium.

R h i z o b a c t e r i a l  t r e a t m e n t s

In view of the ineffectiveness of the chemical inducers, it seems unlikely that
Tetr plants can be protected against natural infections by inducing resistance.
To reduce disease caused by Pythium spp., root-colonizing bacteria that directly
antagonize soil-borne pathogens were tested. A selection of siderophore- and
/ or antibiotic-producing bacteria (Table 1) was tested for in vitro antagonism
against Pythium isolate Nt59d.The antibiotic-producing bacteria P. fluorescens
strain Q8r1-96, P. putida WCS358r::phl, and WCS358r::phz, inhibited mycelial
growth of Pythium on all media tested, whereas B. cereus UW85 did so only
on King’s B (KB) agar medium, but not on potato dextrose agar (PDA)
medium (Table 2). Bacteria that are able to compete for iron by producing
siderophores, i.e. P. fluorescens WCS417r, P. putida WCS358r, and P. aeruginosa
7NSK2, all inhibited Pythium growth on KB medium under iron-limiting
conditions, but not when an excess of iron was added to the medium. In
addition, the non-siderophore producing mutant of 7NSK2, KMPCH, did not
inhibit Pythium growth on iron-limited KB agar, confirming the involvement
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TA B L E  2 .  In vitro growth inhibition of Pythium isolate Nt59d and in planta colonization of Tetr

tobacco roots by Bacillus cereus and fluorescent Pseudomonas strains with resistance-inducing and

/ or antagonistic properties.

in vitro inhibition a in planta root

PDA KB KB + FeCl3 colonization b

log (cfu / g) ± S.E.

B. cereus UW85 - + / - ++ 7.1 ± 0.3

P. f luorescens Q8r1-96 ++ ++ ++ 6.8 ± 0.2

P. f luorescens WCS417r - ++ - 4.9 ± 1.2

P. putida WCS358r - ++ - 6.2 ± 0.1

P. putida WCS358r::phl ++ ++ ++ 4.7 ± 1.2

P. putida WCS358r::phz ++ ++ + 6.7 ± 0.1

P. aeruginosa 7NSK2 ++ ++ - 7.3 ± 0.2

P. aeruginosa KMPCH ++ - - 6.5 ± 0.2

a Assays on in vitro inhibition of Pythium were performed on potato dextrose agar (PDA) medium 

or King’s B (KB) agar medium with or without 500 µM FeCl3. -: no inhibition of mycelial growth; 

+: reduced mycelial growth around bacterial colony; ++: no mycelial growth around bacterial colony. 
b Root colonization of Tetr plants was determined two weeks after root dip inoculation with Pythium. 



of competition for iron. Interestingly, both 7NSK2 and its mutant KMPCH
inhibited growth of Pythium on PDA medium (Table 2), suggesting secretion
of an antibiotic by both strains on this medium.
These rhizobacteria were tested in planta for their capacity to suppress disease
of Tetr tobacco upon inoculation with Pythium isolate Nt59d.To maximize
the potential antagonistic activities, plants were bacterized at the seed stage,
the seedling stage, and prior to pathogen inoculation. In control plants that
were not inoculated with Pythium, none of the bacterial treatments had any
significant effect on plant growth. Whereas in previous experiments
inoculations with Pythium were performed by dipping the roots of two-weeks-
old seedlings into a suspension of the pathogen, the rhizobacteria-treated plants
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F igure  6 .  Disease development after inoculation of four-weeks-old, bacterized Tetr tobacco plants

with Pythium sp. Nt59d. Before transplanting into Pythium-infested soil, plant roots were treated

with MgSO4 or bacterial strains UW85, Q8r1-96, or WCS417r (A), WCS358r, WCS358r::phz, or

WCS358r::phl (B), or 7NSK2, or KMPCH (C).
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were inoculated when they were four weeks old by transplanting them into
soil infested with Pythium. Under the same conditions, non-transformed plants
did not develop any symptoms of disease, confirming earlier results (Chapter
2). In Tetr plants, disease symptoms were apparent within 4 days after
transplantation, and disease severity increased to varying levels thereafter. None
of the bacterial treatments reduced the percentage of diseased plants to any
significant extent, as tested with repeated measures (Fig. 6).The lack of disease
reduction by the bacteria was probably not due to poor root colonization,
since all strains had maintained population densities of approximately 105 cfu
/ g root or higher at 14 days after inoculation (Table 2).

D i s c u s s i o n

Ethylene-insensitive Tetr tobacco plants that are grown in non-autoclaved
potting soil spontaneously develop symptoms of disease due to natural
infection by soil-borne microorganisms, notably Pythium spp. (Knoester et al.
1998; Chapters 2, 3). Spray treatments with chemicals that are known to induce
resistance did not prevent spontaneous wilting of Tetr plants, although BTH,
MeJA, and SA tended to delay disease development. Since the experimental
set-up used generally resulted in high variations in disease severity and
pathogen infection was not controllable, a standardized bioassay was developed,
in which seedlings were grown in autoclaved soil and inoculated with Pythium
three days after chemical treatment. Also under these conditions disease
development was not reduced significantly by any of the chemicals used,
although SA again tended to lower disease of the Tetr seedlings.
It is unlikely that the concentrations of the chemicals used were too low to
be effective. Application of much lower concentrations induced resistance in
Arabidopsis (Van Wees et al. 1999; Zimmerli et al. 2001). Moreover, higher
concentrations were toxic to both non-transformed and Tetr plants (data not
shown). All chemical treatments induced PR gene expression in the non-
transformed seedlings, and to a lesser extent in the Tetr seedlings. In Arabidopsis
concentrations of MeJA and SA that were too low to induce PR gene
expression, were sufficient to induce full resistance (Van Wees et al. 1999).
Therefore it is likely that in the tobacco seedlings defense-related signal
transduction pathways had been activated at the time of inoculation.
When seedlings were sprayed with ACC, basic PR-1g was induced in non-
transformed, but not in Tetr tobacco, confirming the ethylene insensitivity of
Tetr18 (Knoester et al. 1998). MeJA induced some expression of basic PR-5c
in Tetr seedlings. Although it was hard to distinguish in how far PR-5c
expression was induced in non-transformed seedlings, MeJA has been reported
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to induce PR-5c expression in full-grown tobacco (Niki et al. 1998).The fact
that resistance to Pythium was not increased in Tetr seedlings by treatment
with MeJA may be explained by a requirement for ethylene signaling.
Alternatively, Pythium may not be sensitive to the defense mechanisms that
are induced by MeJA. In Arabidopsis the MeJA-induced resistance to B. cinerea
was still functional in ethylene-insensitive mutant ein2-1 (Thomma et al.
1999), but MeJA-induced resistance to P. syringae in the ethylene-insensitive
etr1-1 mutant was abolished (Pieterse et al. 1998).
Similar to MeJA, BABA induced the expression of PR-5c in Tetr seedlings,
but no resistance to Pythium. As described previously (Siegrist et al. 2000),
BABA induced acidic PR gene expression as well in the tobacco seedlings,
demonstrating that SA-dependent defense must have been effectively activated.
Treatment of the seedlings with SA or BTH induced acidic PR gene
expression, although to different extents (Fig. 2). The BABA- and BTH-
induced expression of PR genes was lower in Tetr seedlings than in non-
transformed seedlings. Likewise, in Arabidopsis reduced PR-1 expression was
observed in the ethylene-insensitive etr1-1 mutant (Lawton et al. 1995),
indicating that ethylene signaling is required for full expression of acidic PR
genes.
Soil application of SA or BTH reduced lesion expansion upon TMV infection
of leaves of full-grown Tetr plants (data not shown), confirming that SA-
dependent defense to TMV is not impaired in Tetr tobacco (Knoester et al.
2001). Although SA did not induce resistance to Pythium in Tetr tobacco, in
non-transgenic tobacco SA has been reported to induce resistance to two
Pythium spp. (Chen et al. 1996). Apparently, SA-dependent resistance to
Pythium is abolished in Tetr plants, whereas resistance to TMV is still
functional, indicating that ethylene signaling is required for the expression of
some, but not all SAR-related responses.
Some PR-1 and PR-5 proteins have been reported to possess anti-oomycete
activity (cf.Van Loon 1997).Tobacco PR-1g (Niderman et al. 1995) and PR-
5c (Woloshuk et al. 1991;Vigers et al. 1992) inhibited growth of the oomycete
Phytophthora infestans.To investigate if overexpression of the genes encoding
these proteins contributes to Pythium resistance in ethylene-insensitive
tobacco,Tetr seedlings that constitutively express basic PR-1g, basic PR-5c, or
both PR-1g and PR-5c were tested. The two PR-5c overexpressors were as
susceptible as control Tetr seedlings that were transformed with the empty
vector. This indicates that overexpression of PR-5c does not contribute to
resistance against Pythium. In line with this result, overexpression of PR-5c in
tobacco cv. Wisconsin-38 did not increase resistance to the oomycete
Phytophthora parasitica (Liu et al. 1994). In contrast, overexpression of acidic
PR-1a was shown to increase resistance to P. parasitica and Peronospora tabacina
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in tobacco (Alexander et al. 1993), although the effect was fairly small.
Niderman et al. (1995) reported that the basic PR-1g protein was far more
effective in inhibiting in vitro growth of Phytophthora infestans than the acidic
PR-1a. Overexpression of PR-1g in Tetr seedlings reduced disease severity in
one of the two transgenic lines (EPRO1-16), but only when disease developed
relatively slowly (Fig. 5). In radish rhizobacteria-mediated induced systemic
resistance to F. oxysporum was effective at moderate, but not at high disease
incidence (Leeman et al. 1995). Apparently, the induced resistance is
overwhelmed when disease pressure is high. Because disease of naturally
infected Tetr plants growing in non-autoclaved soil generally develops more
slowly than upon inoculation, overexpression of PR genes might still have
some protecting effect under the former conditions.
Because the induction of resistance appeared to be insufficient to protect Tetr
tobacco, rhizobacterial strains that possess antagonistic properties against soil-
borne pathogens were tested for suppression of Pythium. To check the
effectiveness of root colonization by the bacteria, their population levels on
bacterized roots were examined. Population densities of 105 cfu / g root were
demonstrated to be sufficient for pseudomonads to control Fusarium wilt in
radish and take-all in wheat (Raaijmakers et al. 1995; Raaijmakers and Weller
1998).All strains used had colonized the Tetr tobacco roots to at least this level
14 days after transplanting the seedlings in Pythium-infested soil, suggesting
that the requirement for effective biocontrol was met.The bacterial isolates
7NSK2,WCS417r, and WCS358r, which have been demonstrated to compete
for iron with soil-borne pathogens in different pathosystems (Duijff et al. 1993,
1994; Raaijmakers et al. 1995; Buysens et al. 1996), did not reduce disease
severity, although they effectively inhibited growth of Pythium in vitro under
iron-limited conditions. Possibly, the iron concentration in the soil used was
not limiting. Similarly, the antibiotic-producing bacteria B. cereus UW85, P.
fluorescens Q8r1-96, and WCS358r derivatives WCS358r::phl and
WCS358r::phz, inhibited Pythium growth in vitro, but did not reduce disease
severity in Tetr plants. Perhaps, the antibiotic concentrations in the rhizosphere
did not reach levels that are required to suppress the pathogen.
In summary, none of the tested chemicals or biocontrol agents reduced Pythium
disease in Tetr tobacco, even though some bacteria were capable of expressing
different antagonistic mechanisms (Table 1). As Pythium is a major pathogen
infecting Tetr plants that are grown in non-autoclaved soil (Knoester et al.
1998; Chapters 2, 3), counteracting the spontaneous disease development of
these plants appears to be very difficult. Some of the agents might induce
resistance dependent on ethylene signaling or induce mechanisms that require
ethylene for the expression of resistance. Other agents might be active in Tetr
tobacco, but the mechanisms could be ineffective against soil-borne pathogens.
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In order to develop treatments or biocontrol agents that counteract enhanced
disease susceptibility of ethylene-insensitive plants, more insight in which
mechanisms are impeded is indispensable.

M a t e r i a l s  a n d  m e t h o d s

P l a n t  m a t e r i a l

T2 seeds of transgenic, ethylene-insensitive Tetr18-5 tobacco (Knoester et al.
1998), homozygous for the Arabidopsis etr1-1 transgene, and seeds of
corresponding non-transformed tobacco (Nicotiana tabacum cv. Samsun NN)
were sown on either autoclaved (2 × 20 min with a 24 h interval) or non-
autoclaved potting soil.The seedlings were grown for two weeks at RH 100%
in a temperature-regulated greenhouse, at 24 °C during the day and 21 °C at
night, and a photoperiod of 16 h.
All PR-overexpressing lines were developed in the Tetr18-5 genomic
background.The cDNAs corresponding to tobacco PR-1g and PR-5c (AP24)
were obtained by RT-PCR using upstream and downstream primers
containing KpnI and HindIII sites. After digestion with KpnI and HindIII, the
resulting PCR fragments were cloned between the cauliflower mosaic virus
35S promoter/alfalfa mosaic virus RNA4 leader (35S) and potato inhibitor
terminator (Term) of pMOG843.The identity of the cDNAs was confirmed
by sequencing. The 35S-PR-cDNA-Term cassettes from the pMOG843
constructs were obtained after digestion with EcoRI and XbaI, and
subsequently cloned in the T-region of the pMOG22 transformation vector
(hygromycin-resistance).The resulting transformation plasmids were named
pMOGPRb1 and pMOGPRb5. A double construct containing both the PR-
1g and the PR-5c genes was obtained by ligation of an XbaI fragment with
the 35S-basic PR-5c-cDNA-Term cassette to XbaI-digested pMOGPRb1.
This resulted in transformation plasmid pMOGPRb15. All transformation
plasmids were electroporated into Agrobacter ium tumefaciens LBA4404.
Agrobacterium-mediated leaf disc transformation was performed as described
previously (Linthorst et al. 1989). Primary transformants were allowed to self-
pollinate.The PR-overexpression lines were selected on the basis of PR gene
expression.
T1 seeds of Tetr18-5 overexpressing PR-1g (designated EPRO1-16 and
EPRO1-31), PR-5c (EPRO5-7 and EPRO5-12), both PR-1g and PR-5c
(EPRO15-17), or no PR genes (22-11; empty vector), were sterilized by
immersion in 1% NaClO for 20 min, washed three times with sterile water,
and sown on MS agar medium, containing 1% (w/v) glucose and 20 µg / ml
hygromycin.The seedlings were grown with an 8-h light / 24 °C and 16-h
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dark / 21 °C cycle at RH 70% for three weeks. Hygromycin-resistant seedlings
were selected for the bio-assays, in which they were inoculated and
transplanted into autoclaved soil.

C h e m i c a l  t r e a t m e n t s ,  n a t u r a l  i n f e c t i o n ,  a n d  i n o c u l a t i o n  w i t h

P y t h i u m

To obtain natural infections,Tetr plants were grown in non-autoclaved soil.
Two-weeks-old seedlings were planted out at about 380 plants / m2 in non-
autoclaved soil and their leaves were sprayed evenly with either water (control),
3 mM ACC, 30 ppm BABA, 60 ppm BTH (applied as 240 ppm Bion
[Syngenta]: 75% wettable powder + 25% BTH), 180 ppm wettable powder
(control for Bion formula), 0.5 mM MeJA, or 3 mM SA. After another two
weeks, 16 individual plants were transplanted into 0.6 l pots and sprayed
according to schedule.
For controlled infection, plants were grown in autoclaved soil. When
applicable, chemical treatments were performed by spraying 11-days-old
seedlings as described above.Two-weeks-old chemically treated seedlings or
three-weeks-old seedlings overexpressing PR genes were inoculated by dipping
the roots for 1 s into a suspension containing 15 g / l mycelium of Pythium
sp. isolate Nt59d, as described previously (Chapter 2). Seedlings were
transplanted into autoclaved soil at four plants per pot and seven pots per
treatment.

Q u a n t i f i c a t i o n  o f  d i s e a s e  s y m p t o m s  a n d  s t a t i s t i c a l  a n a l y s i s

At specific time points, disease severity was assessed based on the percentage
of plants developing disease symptoms, as described previously (Chapter 2).
Data were statistically analyzed using the repeated measures option of SPSS
for Windows, release 10.0.All bioassays were repeated at least once with similar
results.

P R g e n e  e x p r e s s i o n :  R N A  i s o l a t i o n  a n d  N o r t h e r n  b l o t t i n g

Total RNA from 20 seedling shoots per treatment was extracted, blotted onto
Hybond-N+ membrane (Amersham, The Netherlands), and hybridized as
described previously (Chapter 2). Hybridization was performed at 62 °C with
random-primed-α-32P-labeled (Ready-To-Go labeling kit, Amersham
Pharmacia Biotech,The Netherlands) probes of tobacco PR-1g cDNA (Hooft
van Huijsduijnen et al. 1986), PR-5a cDNA (Cornelissen et al. 1986), PR-5c
cDNA (Stintzi et al. 1991), or 5.8S rDNA (RNA-loading control; Chapter 2).
After hybridization, the membrane was rinsed once with 0.3 M NaCl, 0.037
M Na-citrate, 0.5% SDS, washed three times for 15 min in the same solution
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at hybridization temperature, and exposed to a Molecular Imager® FX screen
(Bio Rad).

I n  v i t r o a n t a g o n i s m  o f  P y t h i u m

Four different bacterial isolates per Petri dish (diameter 9 cm) were inoculated
with a sterile needle at regular distances onto potato dextrose agar (PDA;
Difco), King’s B (KB) agar, and KB agar supplemented with 500 µM FeCl3.
After incubation at 28 °C for 3 days, a PDA plug containing freshly-grown
mycelium of Pythium isolate Nt59d was put in the middle of the agar plate.
After incubation at 24 °C for 4 days, the mycelial growth of Pythium
surrounding the bacterial colonies was determined visually. All bacteria were
tested in triplicate, and the experiments were repeated at least once with similar
results.

R h i z o b a c t e r i a l  t r e a t m e n t s  a n d  i n o c u l a t i o n  w i t h  P y t h i u m

The rhizobacterial strains used and their relevant characteristics are listed in
Table 1.All Pseudomonas spp. were grown on KB agar and Bacillus cereus UW85
was grown on half-strength tryptic soy agar (TSA; Difco) at 28 °C for 48
hours. Bacteria were washed off the agar plates with 10 ml 10 mM MgSO4,
and the numbers of bacteria in the suspensions were determined
spectrophotometrically at 660 nm.
Tetr tobacco seeds were sown in autoclaved soil mixed with 50 ml bacterial
suspension (2 × 109 bacteria / ml) per kg, and transplanted in similarly
bacterized soil when two weeks old. After another two weeks, 20 plants per
treatment were uprooted and bacterized again by dipping the roots for 1 s in
a suspension containing 109 bacteria / ml. Subsequently, plants were inoculated
with Pythium isolate Nt59d by transplanting them individually into pots
containing autoclaved soil mixed with the pathogen (100 mg mycelium / kg).

D e t e r m i n a t i o n  o f  r o o t  c o l o n i z a t i o n

Two weeks after inoculation with Pythium, roots from seedlings treated with
rhizobacteria as described above, were examined for rhizobacterial
colonization. For each treatment, five replicate root samples from pools of four
plants were analyzed. One gram of roots was vortexed in a glass tube containing
5 ml 10 mM MgSO4 and 0.5 g of glass beads (0.56-0.80 mm) for 30 s.
Dilutions of the resulting suspensions were plated on agar medium. The
samples from plants treated with rifampicin-resistant Pseudomonas strains
WCS358r,WCS358r::phz,WCS358r::phl,WCS417r, or Q8r1-96, were plated
on KB agar + rifampicin (150 mg / l), and incubated at 28 °C for 48 h. Strains
7NSK2 and KMPCH were enumerated on KB + ampicillin (40 mg / l) +
chloramphenicol (13 mg / l), after incubation at 37 °C for 14 h. Numbers of
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B. cereus UW85 were determined on half-strength TSA + polymyxin β-sulfate
(12.5 mg / l), after incubation at 28 °C for 48 h. For comparison, suspensions
obtained from non-bacterized roots (10 mM MgSO4) were plated on all media.
None of the applied rhizobacterial strains was detected in the control root
samples.
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C h a p t e r  6

Genera l  d i s cuss ion

The role of ethylene signaling in plant disease resistance seems to be diverse.
Enhanced ethylene levels can increase or reduce disease severity, depending
on the plant and the pathogen (Boller 1991; Diaz et al. 2002;Thomma et al.
1999; Knoester et al. 2001). To study the role of ethylene signaling in
pathogenic interactions, plants with either impaired ethylene perception, or
altered ethylene synthesis could be used. Since the first report on the ethylene-
insensitive mutant etr1-1 of Arabidopsis (Bleecker et al. 1988), various mutants
and transformants with reduced sensitivity to ethylene have been selected or
constructed in different plant species. Such ethylene-insensitive plants allow
analysis of the role of ethylene in plant disease resistance without the need to
use chemical inhibitors of ethylene synthesis or perception that are likely to
have side effects.Transgenic tobacco lines expressing increased or decreased
mRNA levels for ACC synthase and / or ACC oxidase displayed only
moderately modulated ethylene production (Knoester et al. 1997). Upon
inoculation of these transgenic lines with tobacco mosaic virus (TMV) lesion
sizes were not affected (Knoester et al. 2001). In contrast, tobacco lines (Tetr)
that were transformed with the gene encoding the dominant mutant ethylene-
receptor protein etr1-1 from Arabidopsis, displayed strong insensitivity to
ethylene and showed significantly smaller lesions upon infection with TMV
(Knoester et al. 1998).
The effect of impaired ethylene perception on symptom development and
disease resistance has been studied most extensively in Arabidopsis, because a
large number of ethylene-signaling mutants is available in this plant species.
Notably, ethylene-insensitive Arabidopsis mutants display enhanced
susceptibility to necrotrophic pathogens, such as the gray mold fungus Botrytis
cinerea and the soft rot bacterium Erwinia carotovora (Thomma et al. 1999,
2001; Norman-Setterblad et al. 2000). However, these mutants generally are
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at least as resistant as wild-type plants to biotrophic pathogens, such as
Peronospora parasitica, and turnip crinkle virus (TCV) (Lawton et al. 1994;
Thomma et al. 1999; Kachroo et al. 2000). Apparently, ethylene signaling is
important for resistance to necrotrophic, but not to biotrophic pathogens
(Thomma et al. 2001).
When ethylene-insensitive Tetr tobacco plants were grown in non-autoclaved
soil, they spontaneously developed symptoms of wilting and stem rot due to
root infection by opportunistic pathogens, whereas non-transformed plants
did not. Several microorganisms were isolated from such naturally infected
Tetr plants, i.e. the fungi Rhizopus stolonifer and Chalara elegans (=Thielaviopsis
basicola), and the oomycetes Pythium sylvaticum, Pythium splendens, and two
other Pythium spp. When inoculated on non-diseased Tetr tobacco plants
growing in autoclaved soil, P. sylvaticum caused disease symptoms, whereas
non-transformed control plants were unaffected by this oomycete.Therefore,
Knoester et al. (1998) concluded that the transgenic Tetr plants had lost non-
host resistance to P. sylvaticum. However, in this study it was demonstrated that
Pythium spp. (Chapter 2) and T. basicola (Chapter 4), isolated from diseased
Tetr plants, were virulent also on non-transformed tobacco when inoculated
onto young seedlings.This indicates that the Tetr plants do not lack non-host
resistance, but rather display enhanced susceptibility to weakly virulent
pathogens.

I m p a i r e d  e x p r e s s i o n  o f  r e s i s t a n c e  i n  e t h y l e n e -
i n s e n s i t i v e  p l a n t s

S o i l  m i c r o o r g a n i s m s  t h a t  i n f e c t  Te t r  t o b a c c o

A major goal of this project was to examine in how far Tetr tobacco is impaired
in resistance against different types of pathogens.To this end, changes in the
root-associated microflora of Tetr plants were investigated, as well as the
spectrum of opportunistic pathogens that can infect Tetr plants. Moreover,
various tobacco pathogens and non-pathogens were tested for their ability to
cause disease in Tetr plants.
Denaturing (DGGE) or temperature (TGGE) gradient gel electrophoresis of
bacteria-, oomycete-, and fungi- specific PCR products was used to analyze
the total microbial community, including culturable and non-culturable
microorganisms, on roots of tobacco plants growing in either non-autoclaved
or autoclaved soil (Chapter 3). In non-autoclaved soil, oomycetes were present
in roots of both non-transformed and Tetr plants, and TGGE patterns were
diverse. Bacterial DGGE and fungal TGGE patterns were rather similar, but
bacterial populations in the roots of Tetr plants were different from those in
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the roots of non-transformed plants growing in the same soil, indicating that
certain root characteristics, which influence microbial development, depend
on ethylene signaling. Although bacteria and fungi were also detected in all
root samples from plants growing in autoclaved soil, oomycetes were detected
only by more than five weeks after autoclaving. The observations that
autoclaving initially reduces the abundance of oomycetes as well as
spontaneous disease development, suggests a role for oomycetes in the
pathogenesis of Tetr plants. Moreover, TGGE analysis of samples from non-
diseased and diseased Tetr plants in non-autoclaved soil indicated that
oomycetes infect roots at early stages and play a major role in the spontaneous
disease development of young Tetr plants.
When culturing stem pieces from diseased Tetr plants on agar media, various
oomycetes and fungi were isolated (Chapter 2), in agreement with previous
results of Knoester et al. (1998). Inoculation of each of these isolates on non-
diseased Tetr plants growing in autoclaved soil caused similar symptoms of
wilting. However, whereas infection with Pythium spp. or T. basicola caused
severe symptoms, inoculation with Fusarium oxysporum isolate Nt32d or
Fusarium solani isolate Nt34b resulted in less disease than expected from the
symptom severity of the plants from which they were isolated (Chapter 4).
Fusarium spp. were isolated mainly from the stems of older diseased Tetr plants,
whereas younger diseased plants were primarily colonized by oomycetes
(Chapter 3). Possibly, roots of the older diseased Tetr plants had already been
infected by Pythium spp. at younger stages and were infected later by Fusarium
spp., resulting in the severe disease development. Indeed, Pythium infection
sites can be important entry points for other pathogens (Martin and Loper
1999). If the observed colonization of the stems by Fusarium spp. reflects
secondary infections only, the role of Fusaria in the disease development of
Tetr plants growing in non-autoclaved soil is of minor importance.
The pathogens Pythium spp., T. basicola and F. solani have broad host ranges
and can cause root rot in many plant species (Agrios 1997). In contrast, many
formae speciales of F. oxysporum can infect one or a few host plant species only
and cause vascular wilt. Interestingly, a F. oxysporum isolate (Nt32d) was
recovered from the stem of a diseased Tetr plant.This isolate was not pathogenic
on non-transformed tobacco (Chapter 2, 4), and therefore, by definition, does
not represent a forma specialis nicotianae. Other formae speciales of F. oxysporum
that cause vascular wilt in various plant species, but not in non-transgenic
tobacco, did not cause symptoms of disease in Tetr tobacco (Chapter 4).
Therefore, it seems unlikely that isolate Nt32d represents a forma specialis from
another plant species. Rather, the isolate may represent a root-rot-causing form
of the pathogen, as has been described for F. oxysporum more often (Agrios
1997). Preliminary results indicated that the non-host Fusaria could be re-
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isolated from the stems of the root-inoculated non-transformed and Tetr plants
(Table 1). Arabidopsis plants that were inoculated with non-host Fusaria were
similarly colonized, but not visually affected, by these isolates.Apparently, non-
pathogenic Fusaria can still enter plant roots and grow into the stem tissues.
The contribution of some of the other isolated fungi to disease development
of Tetr tobacco is not clear. As also described by Knoester et al. (1998),
Rhizopus was isolated from spontaneously diseased Tetr plants (Chapter 2).
Inoculation of non-diseased Tetr plants growing in autoclaved soil with R.
stolonifer, only sporadically resulted in diseased plants. However, if a plant did
develop disease, severe wilting and stem rot developed within two days, and
typical Rhizopus mycelium with sporangia was observed within the stem.
These extreme differences indicate that the fungus is not a weakly virulent
pathogen, but rather that it can infect under certain conditions only. Possibly,
the fungus was not capable of infecting Tetr plants, unless the roots were
wounded or another infecting microorganism provided entry points for
invasion of the roots.
Botrytis was isolated only rarely from stems of older diseased Tetr plants
growing in non-autoclaved soil (Chapter 3). Although these Botrytis isolates
were not further tested for pathogenicity on Tetr plants growing in autoclaved
soil, Tetr plants did show increased susceptibility to B. cinerea (Chapter 4).
Thus, Pythium spp. and T. basicola appear to be the primary agents causing
disease in Tetr plants.The other fungi may be pathogenic, but seem to play a
minor role.
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TA B L E  1 . Shoot colonization of control and ethylene-insensitive tobacco and Arabidopsis by

pathogenic and non-pathogenic Fusaria (see Chapter 4) after inoculation onto the roots.a

tobacco Arabidopsis

control Tetr18 b Col-0 c etr1-1 d ein2-1 d

F. oxysporum isolate Nt32d + + + n.d. +

F. solani isolate Nt34b + + + n.d. +

F. oxysporum f. sp. dianthi n.d. n.d. 0 + 0

F. oxysporum f. sp. l ini n.d. n.d. + + +

F. oxysporum f. sp. lycopersici n.d. n.d. + + +

F. oxysporum f. sp. matthiolae + + + + +

F. oxysporum f. sp. raphani + + + + +

a Mycelial outgrowth from surface-sterilized stems (tobacco) or petioles (Arabidopsis) incubated on 

Fusarium-specific Komada medium was determined at least five weeks after root-dip inoculation. 

+: outgrowth of Fusarium, 0: no outgrowth of Fusarium, n.d.: not determined.
b Tetr18: ethylene-insensitive transformant.
c Col-0: control.
d etr1-1 and ein2-1: ethylene-insensitive mutants.



P a t h o g e n s  o f  t o b a c c o

In order to explore the range of pathogens to which Tetr plants display
increased disease susceptibility, a selection of tobacco pathogens was tested
(Chapter 4).Table 2 summarizes the response of Tetr tobacco to the various
pathogens and compares the effects of the ethylene insensitivity to those in
ethylene-insensitive Arabidopsis and tomato. Most necrotrophic pathogens, i.e.
B. cinerea, Cercospora nicotianae, E. carotovora, Fusarium spp., Pythium spp., and
T. basicola, caused more severe symptoms in ethylene-insensitive Tetr plants
than in non-transformed plants (Table 2). Comparable observations were made
in ethylene-insensitive Arabidopsis (Chapter 4; cf. Thomma et al. 2001). In
contrast, biotrophic pathogens caused similar (Oidium neolycopersici), or even
lesser (P. tabacina) disease severity in Tetr tobacco.The hypersensitive response
(HR) upon infection with TMV resulted in smaller lesions due to the ethylene
insensitivity.These results are in agreement with observations in tobacco and
other plant species, that resistance to biotrophs (Lawton et al. 1994) and the
HR (Bent et al. 1992; Hoffman et al. 1999;Thomma et al. 1999; Kachroo et

G e n e r a l  d i s c u s s i o n • 1 0 7

TA B L E  2 . Effects of impaired ethylene signaling on disease severity in various plant-pathogen

combinations.a

type of interaction tobacco Arabidopsis tomato

Botrytis  c inerea necrotrophic + 1 + 3 0 11

Cercospora nicotianae necrotrophic + 1 n.h. n.h.

Erwinia carotovora necrotrophic + 1 + 4 n.d.

Pythium spp. necrotrophic + 2 + 2 n.d.

Thielaviopsis  basicola necrotrophic + 1,2 + 1 n.d.

Fusarium spp. necrotrophic + 1,2 + 1 + 12

Fusarium oxysporum necrotrophic (v.w.) n.d. - 1 - 13

Ralstonia solanacearum necrotrophic (v.w.) 0 1 - 5 n.d.

Pseudomonas syringae necrotrophic n.d. + 6 / - 7 - 13

Xanthomonas campestris necrotrophic n.h. + 8 / - 7 - 13

Oidium neolycopersici biotrophic 0 1 n.h. n.d.

Peronospora spp. biotrophic - 1 0 3,9 n.h.

TCV biotrophic n.h. 0 10 n.h.

TMV biotrophic - 1 n.h. n.d.

a Symptom severity in ethylene-insensitive transgenic Tetr plants (tobacco), mutants etr1 or ein2

(Arabidopsis), or mutant Nr, or in transgenic ACC deaminase overexpressor lines (tomato) as 

compared to control plants. +: increased; 0: no change; -: reduced; n.d.: not determined; 

n.h.: non-host; v.w.: vascular wilt. 

References: 1 Chapter 4; 2 Chapter 2; 3 Thomma et al. 1999; 4 Norman-Setterblad et al. 2000; 
5 Hirsch et al. 2002; 6 Pieterse et al. 1998; 7 Bent et al. 1992; 8 Ton et al. 2002; 9 Lawton et al. 1994;
10 Kachroo et al. 2000; 11 Diaz et al. 2002; 12 Klee and Clark 2002; 13 Lund et al. 1998.



al. 2000; Knoester et al. 2001) are not impaired by insensitivity to ethylene
(Table 2).

Va s c u l a r  w i l t s

Whereas ethylene insensitivity of tobacco, Arabidopsis, and tomato resulted in
enhanced susceptibility to necrotrophic Fusarium pathogens that cause root
and / or crown rot, ethylene-insensitive Arabidopsis and tomato plants were
less susceptible to Fusarium spp. that cause vascular wilt (Table 2). Ethylene-
insensitive Arabidopsis was also less susceptible to the vascular wilt bacterium
Ralstonia solanacearum (Hirsch et al. 2002). Tetr tobacco plants likewise did
not display enhanced susceptibility to R. solanacearum-mediated wilt (Chapter
4). Although wilt-causing Fusarium spp. and R. solanacearum are necrotrophic
pathogens, they are located mainly in the xylem vessels, where they interfere
with the host’s translocation of water and nutrients. Only at later stages do
they invade and destroy surrounding host cells (Agrios 1997).Their vascular
localization may be the reason that ethylene insensitivity does not enhance
susceptibility to these pathogens.

B a c t e r i a l  b l i g h t s ,  s p e c k s ,  a n d  s p o t s

Pseudomonas syringae and Xanthomonas campestris are necrotrophic pathogens
that cause bacterial blight, speck, or spot disease in various plant species (Agrios
1997). These bacteria infect through stomata, hydathodes, and injuries, and
multiply and spread in the intercellular spaces. Similar to biotrophic pathogens,
that likewise grow intercellularly, these bacteria appear to be resisted by
mechanisms that are not impaired by ethylene insensitivity. Upon inoculation
with P. syringae or X. campestris, the ethylene-insensitive tomato mutant Never
ripe (Nr) displayed unaltered pathogen growth but reduced disease severity as
compared to wild-type plants (Lund et al. 1998), indicating that the expression
of symptoms was reduced. Bent et al. (1992) demonstrated that ethylene-
insensitive ein2-1 mutants of Arabidopsis likewise were more tolerant to P.
syringae and X. campestr is. These results suggest that ethylene stimulates
symptom expression, but defense mechanisms that counteract bacterial
multiplication in the intercellular spaces do not depend on ethylene signaling.
Notably, in tobacco ethylene-dependent basic PR-proteins accumulate
intracellularly in the vacuoles (Van Loon 1997) and, thus, are spatially separated
from the bacteria in the intercellular spaces.
Such observations contrast with those of other authors, who concluded that
ein2-1 mutants of Arabidopsis displayed increased susceptibility to P. syringae
and X. campestr is (Pieterse et al. 1998;Ton et al. 2002).These contradictory
results can possibly be explained by differences in the number and rate of
multiplication of the bacteria in the intercellular space, as a threshold level is
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required for invading and killing the host cells. Because Bent et al. (1992)
performed the inoculations with 25-100 times lower bacterial densities than
the other authors (Pieterse et al. 1998;Ton et al. 2002), host cell invasion might
have started later, possibly resulting in different effects of ethylene insensitivity
on disease development.

I m p a i r e d  r e s i s t a n c e  m e c h a n i s m s

The observations that ethylene-insensitive plants are more susceptible to
pathogens that colonize plant tissues by killing and invading the host cells, but
not to pathogens that (initially) multiply intercellularly or in the vascular
system, suggest a role for ethylene in defense on the level of host cell invasion.
Most necrotrophic pathogens use cell wall-degrading enzymes and toxins to
kill and invade the host cells. Therefore, it is possible that ethylene acts by
inhibiting these pathogenicity factors and by strengthening the cell wall to
impede penetration and spread of these pathogens. Boller (1991) noted an
association between increased ethylene levels and reinforcement of cell walls
through extensin accumulation and lignification. Lignification is dependent
on peroxidase activity, as illustrated by the observation that transgenic tobacco
lines with decreased total peroxidase activity had reduced lignin content (Talas-
Ogras et al. 2001). Ethylene can increase peroxidase activity in many plant
species (Abeles et al. 1992), and transgenic tobacco plants with enhanced levels
of peroxidase activity were shown to be more resistant to a C. nicotianae (Way
et al. 2000), E. carotovora (Elfstrand et al. 2002), and Phytophthora parasitica
(Kazan et al. 1998;Way et al. 2000). Conversely, ethylene-insensitive Arabidopsis
(Bleecker et al. 1988) and tobacco (Chapter 4) plants have reduced basal
peroxidase activities, and induction of peroxidase activity upon Botrytis
infection of Tetr tobacco was reduced as well (Chapter 4).Thus, the reduced
peroxidase activity of ethylene-insensitive plants might be one of the factors
causing enhanced susceptibility to necrotizing pathogens. Further examination
of the role of ethylene signaling in cell wall reinforcement, e.g. increasing
lignin content, might help to elucidate the role of ethylene in resistance to
necrotrophic pathogens.

S t r a t e g i e s  t o  c o u n t e r a c t  t h e  r e d u c e d  b a s a l
r e s i s t a n c e

I n d u c t i o n  o f  r e s i s t a n c e

A further goal of this project was to investigate if the reduced basal resistance
of ethylene-insensitive tobacco can be counteracted by applying chemical
inducers of resistance or specific biocontrol bacteria. In Arabidopsis, systemic
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acquired resistance (SAR) after pathogen infection depends on salicylic acid
(SA) accumulation (Lawton et al. 1995), whereas induction of resistance by
rhizobacteria requires jasmonic acid (JA) and ethylene signaling (Pieterse et
al. 1998). In tobacco, SAR also depends on SA (Gaffney et al. 1993).Treatment
of tobacco plants with SA effectively reduced disease caused by the
necrotrophic pathogens B. cinerea (Chivasa et al. 1997), E. carotovora (Palva et
al. 1994) and different Pythium spp. (Chen et al. 1996). Induced resistance by
rhizobacteria seems to be more complex. Whereas some strains have been
shown to induce a systemic resistance dependent on SA accumulation, other
strains appeared to induce resistance independent of SA (Maurhofer et al. 1992;
Press et al. 1997; De Meyer et al. 1999). Due to the lack of suitable mutants,
the role of JA signaling in disease resistance in tobacco has not been properly
investigated. In Arabidopsis JA/ethylene-dependent induced resistance is
effective against various necrotizing pathogens (Pieterse et al. 1998;Thomma
et al. 1999; 2000;Ton et al. 2002). JA and ethylene operate in the same signal
transduction route(s), and some JA-induced responses depend on ethylene
perception. Methyl jasmonate (MeJA) treatment of the ethylene-insensitive
etr1-1 mutant did not induce resistance to P. syringae, whereas it did in wild-
type plants (Pieterse et al. 1998). Likewise, expression of the defense-related
gene PDF1.2 upon treatment with MeJA was impaired in the ethylene-
insensitive mutants ein2-1 (Penninckx et al. 1998) and ein2-5 (Alonso et al.
1999). On the other hand, MeJA still effectively induced resistance to B. cinerea
in ein2-1 (Thomma et al. 1999). Apparently, the actions of ethylene and JA
are interdependent only to a certain degree. This suggests that ethylene-
insensitive Tetr tobacco might be protected to some extent through JA-induced
defense mechanisms as well.
Pythium was found to be the most prominent microorganism invading Tetr
tobacco in non-autoclaved soil (Chapters 2, 3). Therefore, a representative
Pythium isolate was selected for testing treatments aimed at protecting Tetr
plants against natural infections. Of a number of chemicals known to trigger
SA- or JA-dependent defenses, i.e. β-aminobutyric acid (BABA), benzo-
(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester (BTH), MeJA, and SA,
none effectively induced resistance to Pythium in Tetr seedlings (Chapter 5).
In non-transformed seedlings, however, SA did induce resistance against
Pythium (Chen et al. 1996). In Tetr tobacco, the SAR-inducing agents BABA,
BTH, and SA all induced acidic PR gene expression, whereas MeJA induced
some basic PR gene expression. Although expression levels were reduced in
Tetr seedlings as compared to non-transformed seedlings, these results indicate
that the concentrations of the chemicals were sufficient to trigger defense
signaling. Knoester et al. (2001) demonstrated that induced resistance against
TMV is still functional in Tetr tobacco. Similarly, in our study application of
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BTH or SA to the soil reduced TMV lesion expansion in full-grown Tetr plants
(Chapter 5).The observations that SA was effective in inducing resistance to
TMV but not to Pythium, indicate that ethylene signalling has differential
effects in enhancing resistance against these two pathogens.
The induced expression of basic PR-1g (Knoester et al. 1998) and the
constitutive expression of basic PR-5c (Chapter 5) depend on ethylene
signaling.These basic PR-proteins are located intracellularly (Van Loon 1997),
and, unlike the extracellularly located acidic PR-proteins, can contact the
pathogen only when tissue is damaged, e.g. by necrotrophic pathogens.
Moreover, basic PR proteins have been shown to inhibit in vitro growth of
different oomycetes (Woloshuk et al. 1991;Vigers et al. 1992; Niderman et al.
1995). However, overexpression of PR-1g and PR-5c in Tetr seedlings did not
reduce disease severity after inoculation with Pythium. Apparently, other
ethylene-dependent defenses are required for resistance to this pathogen.

A p p l i c a t i o n  o f  r h i z o b a c t e r i a

Bacteria that are capable of directly antagonizing pathogens by competition
for iron, production of antibiotics, or both, did not significantly reduce disease
development after inoculation of Tetr plants with Pythium (Chapter 5).
Nevertheless, in vitro growth of Pythium was inhibited by all bacteria tested.
It may be that in planta the active compounds were not present in sufficient
amounts to antagonize the pathogen. Moreover, bacterial treatments often
tended to increase rather than reduce disease, indicating that rhizobacteria can
stimulate disease severity as well. Increased symptoms might be due to
phytotoxicity of bacterially-produced antibiotics. Indeed, one of the
antibiotics, i.e. 2,4-diacetylphloroglucinol, which was produced by
Pseudomonas fluorescens strain Q8r1-96 and transgenic Pseudomonas putida
strain WCS358r::phl, has been demonstrated to inhibit growth of various plant
species (Maurhofer et al. 1992).Tetr plants may display increased sensitivity to
the antibiotics, resulting in detrimental effects. In studies on biological control
of plant diseases, such hypersensitivity to antibiotics should be considered.
In accordance with the ineffectiveness of the chemical treatments, biocontrol
bacteria that can induce resistance through either SA- or JA-dependent signal
transduction routes, failed to protect Tetr plants from Pythium disease. To
investigate whether the induced resistance depends on functional ethylene
signaling, or the bacteria are not effective in tobacco at all, the chemicals and
bacteria would have to be tested in non-transformed tobacco. However, the
Pythium isolates that were recovered from naturally infected Tetr plants caused
less severe, and only transient, disease development in non-transformed tobacco
seedlings (Chapter 2). Moreover, mixing Pythium through the soil caused no
disease at all in four-weeks-old, non-transformed plants (Chapter 5). Due to

G e n e r a l  d i s c u s s i o n • 1 1 1



their low virulence, these Pythium isolates are not suitable for studying disease
suppression in non-transformed tobacco.To test for induced resistance in both
non-transformed and Tetr tobacco, a different pathogen is required. Non-
transformed tobacco seedlings developed severe symptoms of disease and did
not recover after inoculation with the oomycete Pythium aphanidermatum
(Chapter 2) or the fungus T. basicola (Chapter 4). Although P. aphanidermatum
did not appear to be involved in the spontaneous disease development of Tetr
plants, it is likely that it is resisted through similar mechanisms as the
opportunistic pathogens. After all, the difference between true pathogens of
tobacco and opportunistic pathogens of Tetr plants seems to be only gradual,
as the isolates of Pythium spp. and T. basicola were virulent on non-transformed
tobacco seedlings as well (Chapters 2, 4). Moreover, other isolates of Pythium
spp. and T. basicola have been described as real pathogens of tobacco (Agrios
1997; Chen et al. 1996).
To study rhizobacteria-mediated induced resistance, inoculation with a leaf
pathogen would be easier, as the pathogen remains spatially separated from the
bacterial inducer on the roots, thereby avoiding direct interactions.The fungi
B. cinerea and C. nicotianae, and the bacterium E. carotovora, were virulent on
leaves of both non-transformed and Tetr plants. Moreover, Tetr plants were
demonstrated to display increased susceptibility to these necrotrophic
pathogens (Chapter 4). B. cinerea and E. carotovora might be the most
convenient pathogens, as inoculation with C. nicotianae resulted in the least
obvious differences between non-transformed and Tetr tobacco.
Possibly interesting features of transgenic plants with reduced ethylene
perception, such as flower longevity and delayed fruit ripening, are
overshadowed by their enhanced susceptibility to pathogenic microorganisms
(Klee and Clark 2002). Our various efforts to counteract this enhanced
susceptibility were not successful. Clarifying the mechanisms that are affected
in ethylene-insensitive plants might enable us to better understand the nature
of plant resistance to necrotrophic pathogens and provide clues how to control
the disease.
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Summary

Ethylene is a gas that acts as a hormone in plants. It is produced by different
plant tissues and regulates many processes of growth and development, such
as seed germination, stem and root elongation, flowering, and fruit ripening.
Ethylene signaling is also involved in responses of the plant to various stress
situations, such as insect feeding and pathogen attack.The role of ethylene in
plant-pathogen interactions seems to be diverse. Exposure of plants to ethylene
can induce resistance to subsequent pathogen attack, but treatment with
ethylene during disease development can also increase symptom development.
To investigate the role of ethylene in resistance to tobacco mosaic virus
(TMV), Samsun NN tobacco plants were transformed (Tetr) with the
dominant mutant ethylene receptor gene etr1-1 from Arabidopsis thaliana,
resulting in insensitivity to the hormone.When these ethylene-insensitive Tetr
plants are grown in normal potting soil, they spontaneously develop symptoms
of wilting and stem rot due to infection of the roots by opportunistic soil-
borne pathogens.Tobacco plants that are not transformed do not. Several fungi
and oomycetes (fungus-like microorganisms) were isolated from such naturally
infected Tetr plants.When inoculated onto non-diseased Tetr plants growing
in soil that was sterilized by autoclaving, one of the oomycetes, i.e. Pythium
sylvaticum, caused similar disease symptoms. In contrast, non-transformed
tobacco plants that were inoculated with the oomycete did not develop disease.
These results proved that Tetr plants are susceptible to infection by P.
sylvaticum, whereas non-transformed tobacco is apparently not.
In this thesis it was investigated in how far other microorganisms can cause
disease in Tetr plants growing in non-autoclaved potting soil, and whether Tetr
plants are also more susceptible to various known pathogens of tobacco.
Moreover, it was examined if Tetr plants can be protected against the soil-
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borne, pathogenic microorganisms by treatments that are known to induce
systemic resistance or with bacteria that antagonize the pathogens directly.
Various fungi, i.e. Fusarium oxysporum, Fusarium solani, Rhizopus stolonifer,
and Thielaviopsis basicola, and oomycetes, i.e. Pythium species, were isolated
from spontaneously diseased Tetr tobacco plants (Chapter 2). Each isolate
caused disease in Tetr tobacco when inoculated onto plants of six weeks old
growing in autoclaved soil. Non-transformed tobacco of the same age never
developed disease when inoculated in a similar manner.When inoculation was
performed on two-weeks-old seedlings, also non-transformed tobacco
appeared to be susceptible to some Pythium isolates (Chapter 2) and T. basicola
(Chapter 4), but Tetr seedlings were more susceptible than non-transformed
seedlings. Similarly, in Arabidopsis ethylene-insensitive mutants appeared to be
more susceptible to Pythium (Chapter 2) and T. basicola (Chapter 4) than wild-
type plants. These results indicate that in tobacco and Arabidopsis similar
resistance mechanisms are impaired by insensitivity to ethylene. In addition, it
was demonstrated that Tetr plants allow more growth of Pythium than non-
transformed tobacco. When comparing plants with visually similar levels of
disease severity, stems of Tetr plants contained more Pythium than non-
transformed plants, as evidenced by higher levels of Pythium-specific 5.8S
ribosomal RNA (Chapter 2). Apparently, Tetr plants display enhanced
susceptibility to disease caused by Pythium, and show increased stem
colonization by the pathogen.
Many soil-borne microorganisms cannot be isolated and grown in culture.
Therefore, a culturing-independent, molecular approach was used to examine
the microorganisms that colonize the Tetr plants growing in potting soil
(Chapter 3).The technique used is based on amplification of selected regions
from the ribosomal DNA by polymerase chain reaction (PCR). Subsequently,
the amplified fragments are separated by denaturing (DGGE) or temperature
(TGGE) gradient gel electrophoresis, resulting in specific banding patterns. In
theory, each band represents one microorganism and the complete banding
pattern represents the dominating microbial population. Using specific primers
for PCR, bacterial, fungal, and oomycete populations were examined in the
root systems of non-transformed and Tetr plants, growing either in non-
autoclaved or autoclaved soil.When examining the roots of plants before any
symptoms of disease developed, plants growing in non-autoclaved soil
contained bacterial and fungal populations that were completely different from
those of plants growing in autoclaved soil. At early sampling times, oomycetes
were not detected at all in the roots of plants growing in autoclaved soil, in
agreement with the absence of spontaneous disease development of Tetr plants
under these conditions. Moreover, bacterial and oomycete populations on the
roots of non-diseased plants also differed between non-transformed and Tetr
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tobacco (Chapter 3).These results indicate that roots of Tetr plants differ in
morphological and / or physiological properties that affect microbial
development in the root system. Apparently, regulation of these properties
depends on ethylene signaling.
Analysis of spontaneously diseased Tetr plants growing in non-autoclaved soil
demonstrated that the stems of young plants were primarily colonized by
oomycetes, whereas stems of older plants were colonized mainly by true fungi.
These results confirmed that Tetr tobacco growing in non-autoclaved soil can
be colonized by different microorganisms. Moreover, the kind of micro-
organisms that predominate on the Tetr plants appears to depend on plant age.
To investigate in how far resistance to known pathogens of tobacco is impaired
by ethylene insensitivity, various necrotrophic and biotrophic pathogens were
tested on roots and leaves of non-transformed and Tetr plants (Chapter 4).
Generally, Tetr plants appeared to be more susceptible to necrotrophic
pathogens that cause symptoms of necrosis and / or rotting, i.e. the bacterium
Erwinia carotovora, the fungi Botrytis cinerea, Cercospora nicotianae, F. oxysporum,
F. solani, and T. basicola, and oomycete Pythium spp. In contrast, susceptibility
to the biotrophic fungus Oidium neolycopersici, oomycete Peronospora tabacina,
and TMV, which require living host tissues to develop, was similar or even
lower than in non-transformed tobacco. In accordance with published
observations, ethylene-insensitive Arabidopsis plants are likewise more
susceptible to necrotrophic, but not to biotrophic pathogens (Chapter 4). Both
ethylene-insensitive tobacco and Arabidopsis displayed reduced activity of
peroxidase, an enzyme often associated with disease resistance (Chapter 4).
Apparently, in tobacco and Arabidopsis ethylene insensitivity impairs the same
kind of disease resistance mechanisms and results in enhanced susceptibility
to a similar range of pathogens.
Finally, the question was addressed whether resistance in Tetr plants can be
restored by chemicals or bacteria that induce systemic resistance, by the
overexpression of specific defense-related genes, or by rhizobacteria that can
antagonize soil-borne pathogens directly (Chapter 5). Spray treatments of
leaves of Tetr tobacco with β-aminobutyric acid (BABA), benzo-(1,2,3)-
thiadiazole-7-carbothioic acid S-methyl ester (BTH), methyl jasmonate
(MeJA), or salicylic acid (SA) induced the expression of genes encoding
pathogenesis-related (PR) proteins, which serve as molecular markers for the
induced state. Indeed, treatment with BTH or SA induced resistance to TMV
in Tetr plants. However, none of the treatments reduced spontaneous disease
development of Tetr tobacco growing in non-autoclaved soil. Neither did they
affect disease development of Tetr plants growing in autoclaved soil upon
inoculation with Pythium. Overexpression of the PR genes PR-1g, PR-5c, or
both in the transgenic Tetr plants did not enhance resistance against Pythium
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either. Overexpression of PR-1g tended to reduce disease development after
inoculation with Pythium, but effects were small and inconsistent. In agreement
with the ineffectiveness of the chemical treatments, root colonization by
rhizobacteria that are known to induce systemic resistance in tobacco and
other plant species, i.e. Pseudomonas fluorescens strain WCS417r, Pseudomonas
putida strain WCS358r, and Pseudomonas aeruginosa strain 7NSK2, did not
effectively protect Tetr plants against Pythium either. Moreover, also root
treatments with the rhizobacteria Bacillus cereus strain UW85, P. fluorescens
strain Q8r1-96, or antibiotic-producing derivatives of WCS358r, all capable
of directly antagonizing Pythium as evidenced by growth inhibition of the
pathogen on agar media, did not protect Tetr plants against disease development
(Chapter 5). These results indicate that it is very difficult to counteract the
enhanced disease susceptibility of the ethylene-insensitive Tetr tobacco plants.
Apparently, ethylene signaling plays a central role in basal disease resistance
against necrotrophic microorganisms. Elucidating which defense-related
mechanisms are under the control of ethylene signaling will be of great
importance to help understand why ethylene-insensitive plants display
enhanced disease susceptibility and how to counteract it.
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Samenvatt ing

Ethyleen is een gas dat als hormoon werkzaam is in planten. Het wordt in
verschillende plantenweefsels geproduceerd en reguleert diverse processen
tijdens groei en ontwikkeling, zoals zaadkieming, stengel- en wortelgroei,
bloei, en het rijpen van vruchten. Ethyleen is ook betrokken bij de reactie van
planten op verschillende stresssituaties, zoals insectenvraat en infectie door
ziekteverwekkers. De rol van ethyleen bij de interactie tussen planten en
ziekteverwekkers is niet eenduidig. Blootstelling van planten aan ethyleen vóór
infectie kan ziekteresistentie induceren, maar behandeling met ethyleen tijdens
het infectieproces kan de ziektesymptomen juist verergeren.
Om de rol van ethyleen bij de resistentie van tabak tegen tabaksmozaïekvirus
(TMV) te bestuderen, werden planten van de cultivar Samsun NN genetisch
gemodificeerd (Tetr) met het dominante, mutante gen etr1-1 uit Arabidopsis
thaliana (zandraket), dat codeert voor een ethyleenreceptor-eiwit. Dit
resulteerde in ongevoeligheid van de transgene Tetr planten voor het hormoon.
Wanneer deze Tetr tabaksplanten in gewone potgrond groeien, ontwikkelen
ze spontaan symptomen van verwelking en stengelrot, doordat hun wortels
geïnfecteerd worden door opportunistische ziekteverwekkende micro-
organismen in de grond.Tabaksplanten die niet genetisch gemodificeerd zijn
ontwikkelen geen ziektesymptomen. Uit de stengels van zulke geïnfecteerde
Tetr planten werden verschillende schimmels en oomyceten (schimmelachtige
micro-organismen) geïsoleerd. Wanneer één van deze oomyceten, Pythium
sylvaticum, geïnoculeerd werd op niet-zieke Tetr planten die groeiden in grond
die was gesteriliseerd door autoclaveren, veroorzaakte dit dezelfde ziekte-
symptomen, terwijl niet-gemodificeerde planten gezond bleven. Deze
resultaten lieten zien dat de ethyleenongevoelige Tetr planten vatbaar zijn voor
infectie door P. sylvaticum, terwijl niet-gemodificeerde tabak dat schijnbaar
niet is.
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In eerste instantie werd onderzocht in hoeverre andere in potgrond aanwezige
micro-organismen ziekte kunnen veroorzaken in Tetr planten, en of Tetr
planten ook gevoeliger zijn voor verschillende bekende ziekteverwekkers van
tabak. Bovendien werd nagegaan of Tetr planten beschermd kunnen worden
tegen de ziekteverwekkende micro-organismen in de grond door behan-
delingen waarvan bekend is dat ze ziekteresistentie in planten induceren, of
met bacteriën die direct met ziekteverwekkers kunnen concurreren of ze
remmen in hun activiteit.
Uit spontaan ziek geworden Tetr planten konden verschillende schimmels
(Fusarium oxysporum, Fusarium solani, Rhizopus stolonifer, en Thielaviopsis
basicola) en oomyceten (Pythium soorten) worden geïsoleerd (Hoofdstuk 2).
Al deze isolaten veroorzaakten ziekte in Tetr tabak wanneer ze geïnoculeerd
werden op planten van zes weken oud die in geautoclaveerde grond groeiden.
Niet-gemodificeerde controle planten van dezelfde leeftijd ontwikkelden nooit
ziektesymptomen wanneer ze op dezelfde manier geïnoculeerd werden. Echter,
wanneer twee weken oude zaailingen werden geïnoculeerd, bleek ook de niet-
gemodificeerde tabak vatbaar voor verschillende isolaten van Pythium
(Hoofdstuk 2) en T. basicola (Hoofdstuk 4). Niettemin werden Tetr zaailingen
zieker dan niet-gemodificeerde zaailingen. Ook in Arabidopsis bleken
ethyleenongevoelige mutanten vatbaarder te zijn voor Pythium (Hoofdstuk 2)
en T. basicola (Hoofdstuk 4) dan normaal ethyleengevoelige controle planten.
Deze resultaten duiden erop dat ongevoeligheid voor ethyleen tot een zelfde
verstoring van resistentie leidt in tabak en in Arabidopsis. Bovendien werd
aangetoond dat Tetr tabaksplanten meer groei van Pythium toelaten dan niet-
gemodificeerde tabak. Wanneer planten met even ernstige symptomen met
elkaar werden vergeleken, bevatten de stengels van Tetr planten meer Pythium
dan die van niet-gemodificeerde planten. Deze conclusie werd gebaseerd op
de aanwezigheid van grotere hoeveelheden 5,8S ribosomaal RNA dat specifiek
was voor Pythium in de Tetr planten (Hoofdstuk 2). Blijkbaar zijn Tetr planten
niet alleen gevoeliger voor ziekte veroorzaakt door Pythium, maar laten ze
ook verhoogde stengelkolonisatie door deze oomyceet toe.
Veel micro-organismen in de bodem kunnen niet geïsoleerd en gekweekt
worden. Om toch een indruk te krijgen van de totale microflora werd een
moleculaire benadering gebruikt die een beeld gaf van de micro-organismen
die de Tetr planten in potgrond koloniseren (Hoofdstuk 3). De gebruikte
techniek is gebaseerd op een selectieve vermeerdering van een deel van het
ribosomaal DNA van de aanwezige micro-organismen met behulp van de
zogenaamde “polymerase chain reaction” (PCR). Het vermeerderde DNA
wordt gescheiden met behulp van “denaturing” (DGGE) of “temperature”
(TGGE) “gradient gel electrophoresis”, hetgeen resulteert in specifieke
bandenpatronen. In principe is ieder bandje afkomstig van één micro-
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organisme en geeft het hele bandenpatroon een beeld van de (dominerende)
microbiële populatie. Met behulp van deze techniek werden de dominerende
bacteriën, schimmels, en oomyceten in de wortels van niet-gemodificeerde en
Tetr planten, die òf in niet-geautoclaveerde òf in geautoclaveerde grond
groeiden, met elkaar vergeleken. Voordat zich spontaan ziektesymptomen
ontwikkelden, bevatten de planten in niet-geautoclaveerde grond heel andere
populaties bacteriën en schimmels dan planten in geautoclaveerde grond. Bij
planten die in geautoclaveerde grond groeiden werden in het begin geen
oomyceten gevonden. Dit kan het uitblijven van spontane ziekteontwikkeling
van Tetr planten in geautoclaveerde grond verklaren. Ook bevatten de wortels
van nog niet zieke niet-gemodificeerde en Tetr planten verschillende populaties
bacteriën en oomyceten (Hoofdstuk 3).Wortels van niet-gemodificeerde en
Tetr planten moeten daarom verschillen in morfologische en / of fysiologische
eigenschappen die de ontwikkeling van diverse typen micro-organismen op
het wortelstelsel beïnvloeden. Blijkbaar is de regulatie van deze eigenschappen
afhankelijk van ethyleen.
Analyse van spontaan ziek geworden Tetr planten in niet-geautoclaveerde
grond liet zien dat stengels van jonge planten voornamelijk door oomyceten
werden gekoloniseerd, terwijl in stengels van oudere planten vooral schimmels
aanwezig waren. Deze resultaten bevestigen de eerdere waarnemingen dat Tetr
tabak in niet-geautoclaveerde grond gekoloniseerd kan worden door
verschillende micro-organismen. Bovendien blijkt het type micro-organisme
dat overheerst afhankelijk te zijn van de leeftijd van de Tetr planten.
Om te onderzoeken in hoeverre ook resistentie tegen bekende ziekte-
verwekkers van tabak verstoord is door ethyleenongevoeligheid werd een
aantal necrotrofe en biotrofe ziekteverwekkers getest op wortels en bladeren
van niet-gemodificeerde en Tetr planten (Hoofdstuk 4). Over het algemeen
bleken Tetr planten gevoeliger te zijn voor necrotrofe ziekteverwekkers, die
symptomen van afsterving en rot veroorzaken, namelijk de bacterie Erwinia
carotovora, de schimmels Botrytis cinerea, Cercospora nicotianae, F. oxysporum, F.
solani, en T. basicola, en enkele oomyceten (Pythium soorten). In tegenstelling
tot de verhoogde gevoeligheid voor necrotrofe ziekteverwekkers, was de
gevoeligheid van Tetr planten voor de onderzochte biotrofe ziekteverwekkers
(Oidium neolycopersici, Peronospora tabacina, en TMV), die levende gastheer-
cellen nodig hebben om zich te kunnen ontwikkelen, onveranderd of zelfs
lager dan in niet-gemodificeerde tabak. In overeenstemming met
waarnemingen van anderen bleken ethyleenongevoelige Arabidopsis planten
eveneens gevoeliger voor necrotrofe, maar niet voor biotrofe ziekteverwekkers
(Hoofdstuk 4). Zowel ethyleenongevoelige tabak als Arabidopsis hadden een
verlaagde activiteit van het enzym peroxidase, dat vaak geassocieerd wordt met
ziekteresistentie. Blijkbaar verstoort ethyleenongevoeligheid in tabak en
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Arabidopsis dezelfde soort mechanismen van ziekteresistentie en resulteert dit
in een verhoogde mate van ziekte door necrotrofe ziekteverwekkers.
Tenslotte werd onderzocht of de resistentie in Tetr planten hersteld kan worden
door behandeling met chemicaliën of bacteriën die resistentie induceren, door
overexpressie van specifieke afweergenen, of door toediening van wortel-
koloniserende bacteriën die ziekteverwekkers in de bodem direct kunnen
remmen (Hoofdstuk 5). Het bespuiten van de bladeren van Tetr tabak met β-
aminoboterzuur (BABA), benzo-(1,2,3)-thiadiazol-7-thiocarbonzuur-S-
methylester (BTH), methyljasmonaat (MeJA), of salicylzuur (SA) induceerde
de expressie van genen die coderen voor zogenaamde “pathogenesis-related”
(PR) eiwitten. Expressie van deze genen markeert de inductie van resistentie
in de plant. Behandeling met BTH of SA induceerde inderdaad resistentie
tegen TMV in Tetr planten. Echter, geen van de behandelingen reduceerde het
optreden van spontane ziektesymptomen bij Tetr tabak in niet-geautoclaveerde
grond, of ziekte na inoculatie van Tetr planten in geautoclaveerde grond met
Pythium. Ook overexpressie van de PR genen PR-1g, PR-5c, of beide in
transgene Tetr planten verhoogde de resistentie tegen Pythium niet.
Overexpressie van PR-1g leek de ziekteontwikkeling enigszins te reduceren,
maar het effect was klein en wisselend. Net als de toediening van chemicaliën
waren ook wortelbehandelingen met bacteriën, waarvan bekend is dat ze
resistentie induceren in tabak en andere plantensoorten, niet effectief:
wortelkolonisatie door Pseudomonas fluorescens isolaat WCS417r, Pseudomonas
putida isolaat WCS358r, of Pseudomonas aeruginosa isolaat 7NSK2, beschermde
de Tetr planten niet tegen Pythium. Ook wortelbehandeling met Bacillus cereus
isolaat UW85, P. fluorescens isolaat Q8r1-96, of transgene WCS358r bacteriën
die een antibioticum produceren, beschermde de Tetr planten niet tegen ziekte,
ofschoon al deze bacterie-isolaten de groei van Pythium wel remden op een
agarmedium. Deze resultaten laten zien dat het heel moeilijk is om de
verhoogde vatbaarheid van ethyleenongevoelige Tetr tabaksplanten te
reduceren. Blijkbaar spelen ethyleen effecten een centrale rol bij ziekte-
resistentie van planten tegen necrotrofe micro-organismen. Het oplossen van
de vraag welke verdedigingsmechanismen door ethyleen gereguleerd worden
is belangrijk om te kunnen begrijpen waarom ethyleenongevoelige planten
gevoeliger zijn voor ziekte en hoe resistentie kan worden bevorderd.
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Dankwoord

Zo, hier ligt-ie dan. Na vier jaar werk in de kas, in het lab en achter de
computer heb ik dan toch eindelijk alle onderzoeksresultaten gebundeld in
dit boekje. Uiteraard schrijf je zo’n proefschrift niet in je uppie. Er zijn heel
veel mensen die ik graag wil bedanken voor hun bijdrage aan het succesvol
afronden van dit promotieonderzoek. Laat ik - onder het motto “de eersten
zullen de laatsten zijn” - beginnen met de mensen die ik misschien vergeet te
bedanken. Voor diegenen die hieronder niet genoemd worden, maar wel
genoemd zouden moeten worden: bedankt voor jullie bijdrage!
Dan wil ik vervolgen met al die collega’s en medewerkers op de universiteit,
die allemaal hun steentje hebben bijgedragen aan dit proefschrift. Kees, mijn
promotor, jij zorgde er in de eerste plaats voor dat dit onderzoeksproject in
Utrecht überhaupt gerealiseerd kon worden.Vele uren hebben Peter, mijn co-
promotor, en jij besteed aan het met mij bespreken van experimenten en
resultaten, en het reviewen van grote stapels tekst. Kees en Peter, bedankt voor
alle feedback, zonder welke ik het zeker niet gered zou hebben. Ook de rest
van “de vaste staf ”, Corné, Hans, en Ientse, bedankt voor alle hulp, adviezen,
en ideeën met betrekking tot het onderzoek. Maar ook heel erg bedankt voor
de minder wetenschappelijke bijdrages, zoals Corné’s wetenswaardigheden over
mannetjesvarkens, de sterke verhalen van Hans en Ientse over hun verre
fietsvakanties, en Peters talloze, gedetaileerde beschrijvingen van de meest
exotische gerechten met hond, slang, of bamboo rat.
Naast “de vaste staf ” houden we vanzelf de grootste groep collega’s over: alle
tijdelijke analisten, aio’s, oio’s, postdocs, en gastmedewerkers bij Fytopathologie
(waarvan de meesten alweer gevlogen zijn) en ook collega’s bij andere
afdelingen met wie ik veel te maken heb gehad. Bas, Boet, Christiaan, Debbie,
Frank, Jolanda, Joost van Dongen, Joost Keurentjes, Jur, Karen, Maaike,
Mareike, Marja, Marjan, Martin, Saskia, en Vivian: bedankt voor de fijne tijd!
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Jezabel, Longxian, Maria, Mohammed, and Shu, thanks for your pleasant
company! Mijn kamergenoten wil ik nog extra bedanken voor de goede
werksfeer. Behalve talloze “na-vijf-uur-discussies” over hoe signaal transductie
dan wel niet zou werken, was er ook altijd ruimte voor slap gezwets, darts en
muziek van A(ndré Hazes) tot Z(ero Tolerance). Ook wil ik “mijn” studenten
Clara en Leon bedanken voor het onderzoek dat ze voor mij hebben
uitgevoerd, en Marlene en Annemieke die, ofschoon ze niet direct “mijn”
studenten waren, ook significant hebben bijgedragen aan het uitvoeren van
verschillende experimenten.
Natuurlijk bedank ik ook de mensen “achter de schermen”: Bor voor de
hartverwarmende koffie,Theo voor het regelen van talloze benodigdheden,
René als alleswetende vraagbaak, Bertus en Leonard voor de computer-
ondersteuning, Hans en Natasja voor de administratie en Helene, Margriet,
Petra en Tineke voor alle secretariële klussen. Ook alle medewerkers van de
kassen bedankt, waarbij Bas en Fred in het bijzonder, voor het autoclaveren
van vrachtwagens vol met potgrond en het verzorgen van mijn planten tijdens
de weekeinden en vakanties. Tenslotte nog een woord van dank voor de
medewerkers van de afdeling Beeldverwerking en Vormgeving, Marjolein en
Emy, voor het lay-outen van het proefschrift en het ontwerpen van de kaft.
Last but not least bedank ik de achterban, de mensen waar ik na mijn werk
altijd terecht kon. Met name grote dank aan Saskia voor het vele begrip en
geduld dat ze met mij had.Vele maaltijden heb jij moeten uitstellen omdat ik
“nog even iets af moest maken”.Verscheidene zondagen ging je mee naar het
lab of naar de kas, omdat ik nog “hooguit een half uurtje” iets moest doen.
En talloze keren was ik voor jou als gesprekspartner minstens zo interessant
als onze ficus, omdat ik met mijn gedachten weer zat bij enkele nieuwe
“geniale experimenten”.Veel dank aan mijn ouders, Jan en Ine, omdat jullie
altijd wilden weten hoe het “in Utrecht” ging en altijd hulp boden wanneer
ik dat nodig had. Ook bij Twan, Kathelijn, Henk, Betty en Manon kon ik altijd
rekenen op hun belangstelling en hulp. Dank jullie wel! Overige familie en
vrienden ook heel erg bedankt voor jullie interesse en steun. Talloze keren
werd mij gevraagd hoe het stond met mijn onderzoek en wanneer ik dan nu
eindelijk eens “ging afstuderen”. Bij deze dus.
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Curr i cu lum v i tae

Bart Geraats werd geboren op 16 april 1975 te Tegelen. In 1993 behaalde hij
aan het Mill Hill college in Goirle zijn VWO diploma, waarna hij in datzelfde
jaar biologie ging studeren aan de Katholieke Universiteit Nijmegen.Tijdens
zijn biologiestudie volgde hij de oecologische differentiatierichting. Hij
vervulde twee onderzoeksstages binnen de universiteit, één op de afdeling
Experimentele Plantenoecologie onder begeleiding van Drs. R. Nabben en
één op de afdeling Celbiologie van de Plant onder begeleiding van Drs. W.
Vriezen. Daarna deed hij een derde onderzoeksstage bij het DLO-Instituut
voor Plantenziektenkundig Onderzoek (IPO-DLO) in Wageningen (thans:
Plant Research International) onder begeleiding van dr. J. Postma en dr. J.D.
van Elsas. Na het behalen van zijn doctoraaldiploma in 1998 werkte hij nog
enkele maanden als analist bij het IPO-DLO.Van 1998 tot 2002 werkte hij als
Onderzoeker in Opleiding bij de leerstoelgroep Fytopathologie aan de
Universiteit Utrecht. Onder begeleiding van Dr. P.A.H.M. Bakker en Prof. dr.
ir. L.C. van Loon deed hij onderzoek naar de rol van ethyleengevoeligheid
van planten bij ziekteresistentie als onderdeel van het NWO-ALW programma:
“The role of ethylene perception in acclimation to the biotic environment of
plants: adjustment of growth during crowding and defense against
opportunistic pathogenic microorganisms”. De resultaten van dit onderzoek
staan beschreven in dit proefschrift. Per 1 maart 2003 is hij aangesteld als
Onderzoeker Zaadpathologie bij Nunhems Zaden BV. te Nunhem.
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