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Infection process and resistance in
the weed pathosystem Senecio vulgaris -

Puccinia lagenophorae and implications
for biological control

Gabriela S. Wyss and Heinz Miiller-Schirer

Abstract: The infection process and the level and type of resistance in the pathosystem of a native weed and a
naturalized rust fungus, Senecio vulgaris L. — Puccinia lagenophorae Cooke, were examined. Four inbred plant lines
from Switzerland (2), The Netherlands, and the United Kingdom, each at two stages of devolpment, were exposed to
corresponding rust lines under controlled conditions. Fluorescence and light microscopy were used to assess the
infection process and to quantify genotype effects. Component analysis was used to partition disease development and
define the infection process. Germinating aeciospores of P. lagenophorae showed all the characteristics of the
monokaryotic parasitic stage of rust infection with direct penetration and monokaryotic haustoria formation. Haustoria
formed between 3 and 6 days after inoculation at low frequency. The highest level of resistance, for which differences
between plant lines were detected, occurred at penetration peg formation. All the studied host-pathogen interactions
were compatible. The Dutch plant line was most susceptible to all rust lines, and the Dutch rust line was the most
aggressive. Susceptibility of leaves increased with the leaf developmental stage. There was a continuous range of
variation in susceptibility without differential genetic interactions, thus indicating race-nonspecific quantitative
resistance. The use of the more aggressive Dutch rust line may increase the level of disease, thus stimulating
epidemics for biological control. Over the long term, less susceptible genotypes of the weed may be selected, although
differences in susceptibility among plant lines were relatively small.

Key words: rust fungus, infection structures, direct penetration, component analysis, race-nonspecific quantitative
resistance.

Résumé : Les auteurs ont examiné le processus d’infection ainsi que le niveau et le type de résistance dans le
pathosystéme d’une mauvaise herbe et d’une rouille fongique naturalisée, Senecio vulgaris L. — Puccinia lagenophorae
Cooke. Les auteurs ont exposé quatre lignées de plantes autofécondées provenant de Suisse (2), de Hollande et

d’ Angleterre, chacune & deux stades de développement, aux lignées de rouille correspondantes, sous des conditions
contrdlées. Ils ont utilisé la microscopie photonique et en fluorescence pour évaluer le processus d’infection et pour
quantifier les effets des génotypes. Ils ont aussi utilisé ’analyse par composantes pour diviser le développement de la
maladie et définir les processus d’infection. Les aeciospores en germination de P. lagenophorae montrent toutes les
caractéristiques du stade parasitaire monocaryotique de l'infection par la rouille avec la pénétration directe et la
formation d’haustéries monocaryotes. Les haustéries se forment entre 3 et 6 jours aprés I'inoculation & faible
fréquence. Le degré le plus élevé de résistance, pour lequel on observe des différences entre les lignées de plantes, se
manifeste au moment de la formation de la cheville d’infection. Toutes les interactions hdte-pathogéne étudiées sont
compatibles. La lignée de plante hollandaise s’est avérée la plus susceptible 2 toutes les lignées de rouille et la lignée
hollandaise de rouille est la plus aggressive. La susceptibilité des feuilles augmente avec le stade de développement
foliaire. Il y a une gamme continue de variation dans la susceptibilité sans interactions génétiques différentielles, ce qui
indique une résistance quantitative non-spécifique a la race. L'utilisation de la lignée de rouille hollandaise Elus
aggressive peut augmenter le degré de maladie, stimulant ainsi les épidémies en vue de la lutte biologique. A long
terme, on pourrait sélectionner des génotypes moins susceptibles de la plante hote, bien que les différences de
susceptibilité entre les lignées de plantes soient relativement faibles.

Mots clés : rouille fongique, structures d’infection, pénétration directe, analyse par composantes, résistance quantitative
non-spécifique a la race.
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Introduction

A pathosystem is an ecosystem which involves parasitism
and may be natural (wild pathosystem) or artificial (crop
pathosystem) (Robinson 1976). The interest in studying
plant-pathogen interactions in natural plant communities has
increased during the last two decades, mainly because of the
search for disease resistance genes to gain a better under-
standing of disease epidemics (Dinoor and Eshed 1984).
Furthermore, such studies are important where natural ene-
mies are deliberately used in a biological control program to
reduce and stabilize the density of a target weed population
below an economic threshold (Charudattan 1988). In crops,
weed pathosystems may have characteristics of both natural
and crop pathosystems as some of them originated in natural
plant populations and have adapted to a crop habitat.

One form of biological control is the system management
approach (Miiller-Schirer and Frantzen 1996). The weed
pathosystem is manipulated to shift the balance between the
host and an indigenous pathogen population in favour of
the pathogen. Weed control is achieved by stimulating the
buildup of a disease epidemic on the target weed population,
thus reducing the competitiveness of the weed. This ap-
proach might be suitable where immediate and complete
control of the weed is not required, where the natural enemy
cannot be mass-produced, and where the introduction of an
exotic natural enemy is excluded. Therefore, this approach
complements the bioherbicide (Charudattan 1988) and the
classical approaches (Watson 1991) of weed biocontrol.

Resistance in host plant populations may delay or slow
epidemics. This could be a limiting factor for successful ap-
plication of biological control with the system management
approach and the other methods. Resistance mechanisms
operate after parasitic contact between the host and the
pathogen, to reduce the development and (or) growth of the
pathogen (Parlevliet 1989). For the purpose of this study, re-
sistance is expressed as differences among plant lines in sus-
ceptibility to the pathogen. In case of qualitative resistance,
differences between plant lines can be separated into dis-
crete categories that do not overlap and are governed by one
or a few effective resistance genes (Ennos 1992). Quantita-
tive resistance shows a continuous range of variation from
no resistance (extremely susceptible) to good levels of resis-
tance (incomplete resistance). Environmental conditions
may influence quantitative resistance relatively strongly
(Parlevliet 1989). Specific interactions among plant and
pathogen lines may be determined for both qualitative and
quantitative resistance.

Differences among host genotypes or among pathogen
isolates can be found with respect to various phases of the
infection process such as spore germination, penetration,
colonization, and sporulation (Zadoks and Schein 1979). In
this context, component analysis is a quantitative approach
aimed at partitioning disease defence into its components
and to define the stage of the infection process at which the
defence mechanism of the plant becomes effective and fun-
gal growth is inhibited (Zadoks and Schein 1979). Jacobs et
al. (1996), for instance, used components of resistance to
P. recondita f.sp. tritici to define differences in various host
genotypes and plant developmental stages of bread wheat,
Triticum aestivum L., its resistant parent line, and suscepti-
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ble recurrent parent line Triticum monococcum L. Compo-
nent analysis was reported first for cereal-rust relationships
(Zadoks 1972) and only recently for herbaceous plants
(Hatcher et al. 1995).

We have chosen the weed pathosystem Senecio vulgaris -
Puccinia lagenophorae as a research model (Miiller-Schirer
and Frantzen 1996). Senecio vulgaris is a self-fertile and
strongly self-pollinating annual (Kadereit 1984) and consig-
ered as a weed in Switzerland (Miiller-Schirer and Wyss
1994) and many other countries (Holm et al. 1997). This is
mainly due to resistance to s-triazine herbicides (Holt and
LeBaron 1990) and the use of herbicides with limited range
of activity (G. Wyss, personal observation). Besides, it
shows the characteristics of a successful weed invader
(Kadereit 1984). Plants of S. vulgaris may compete strongly
with crops for resources (Miiller-Schirer and Rieger 1998;
Paul and Ayres 1987).

The autoecious rust fungus P lagenophorae, widely
distributed in Australia, was first detected in Europe on
S. vulgaris in the early 1960s (Viennot-Bourgin 1964). Since
then it has spread rapidly from France to the United King-
dom (Wilson et al. 1965), Ireland (Kavanagh 1964), and
to whole of central Europe (Scholler 1993 and 1997). It
is now common throughout Europe. The life cycle of
P. lagenophorae on S. vulgaris lacks the stages of uredinia
and pycnia in Europe even though the latter might be ex-
pected because of the presence of basidiospores (N. Paul,
University of Lancaster and J. Frantzen, University of
Fribourg, personal communication). The rust colonizes
leaves, stems, and capituli by way of typical orange colored
aeciospores and causes severe malformations and distor-
tions.

The physiological consequences of the rust infection on
S. vulgaris were reviewed by Paul et al. (1993). The poten-
tial of P lagenophorae infection to reduce the competitive-
ness of S. vulgaris plants and, thus, maintain crop yield has
been demonstrated by Paul and Ayres (1987) for lettuce
(Lactuca sativa L.) and by Miiller-Schérer and Rieger (1998)
for celeriac (root celery, Apium graveolens L.). The present
knowledge of biolgical control of S. vulgaris has been com-
piled recently by Frantzen and Hatcher (1997). To develop
the system management approach further on S. vulgaris us-
ing the rust fungus P. lagenophorae, the following objectives
were addressed in this study: description of the infection
process to divide it into successive stages and to localize re-
sistance mechanisms (experiment 1); quantification of the
effects of plant and rust lines from a wide geographic range
using component analysis (experiment 2); and determination
of host—pathogen interactions to identify the type of resis-
tance mechanisms involved (experiment 3). The implications
of the results for biological control of S. vulgaris are dis-
cussed.

Materials and methods

Plant and fungal material

Full sibship plant lines of S. vulgaris (when outbreeding did not
occur) were used from Unterehrendingen, Switzerland (referred to
as pCH I), from Charrat, Switzerland (pCH II), from Leiden, the
Netherlands (pNL II) and from Lancaster, U.K. (pUK). The plant
lines were cultured under similar conditions in the climate room as
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described below (see infection process) for one to four generations
to eliminate potential maternal effects because of differences in en-
vironmental conditions among the sites of origin.

Pure rust lines were obtained from single-aeciospore cultures
maintained on host plants of the corresponding origin, separated by
transparent plastic boxes. They were cultured under controlled con-
ditions as described below (see infection process). The Swiss rust
lines rELS and rCH I, the Dutch line rNL II, and the British line
fUK were all collected from the corresponding plant population
from which the plant lines were selected, except the Dutch rust
line, which had its origin in an orchard at Lienden, the Nether-
lands. Aeciospores were applied freshly or after storage at —18°C
in Eppendorf vials.

Infection process (experiment 1)

The plant line pCH II and the rust line rELS were used to study
the infection process. Seeds were germinated in plastic trays con-
taining nutrient-amended peat (Floragard, TKS 2) and transplanted
individually into 9 cm diameter pots when they were at the 4-leaf
stage. Plants were grown under controlled conditions at 23 + 1°C
in the day and 17 + 1°C at night, at relative humidity (RH) of 40—
60% and a photoperiod of 16 h light (260 umol- m=2s~!) : 8 h
dark. Plants at the six-leaf stage were selected for use in experi-
ment 1.

For studying infection structures formed within 2 days after in-
oculation, discs of 3.14 cm? were punched out from the third and
fourth true leaf of a plant using a stainless steel cork-borer. The
discs were inoculated with aeciospores using a camel-hair brush.
The leaf discs were placed in a tray on wet blotting paper and cov-
ered with transparent plastic. They were kept at 100% RH in the
dark at 18 + 1°C and stained (see below) at 4-h intervals until 48 h
after inoculation.

For studying infection structures formed 2 days after inocula-
tion, plants were inoculated with a suspension of 0.5 mg aecio-
spores in 1 mL distilled water using a DeVilbiss hand atomizer.
The plants were placed in a tray and covered by a transparent plas-
tic bag during the night at 17 + 1°C. After removing the plastic
bag, plants were grown under the conditions mentioned above.
Discs of 3.14 cm? were punched out from the third and fourth true
leaf of a plant, which is the second true leaf pair, at 3, 6, and
9 days after inoculation and were stained immediately.

Some leaf discs were stained using a modified method of
Bruzzese and Hasan (1983). To allow for the thin leaf structure of
S. vulgaris plants, tissue was placed for 24 h (instead of 48 h) in
the decolorizing—staining solution and cleared in the concentrated
chloral hydrate solution over 20 h (instead of 24 h).

Other leaf discs were stained following Rohringer et al. (1977)
as modified by Kuck et al. (1981) for better dye effects. The opti-
cal brightener calcofluor was replaced by 0.2% (w/v) diethanol
(Uvitex 2B, Ciba Geigy, Basel, Switzerland).

All leaf samples were mounted in polyviny! alcohol (Omar et al.
1978). Observations were made with a light microscope (Leica,
Wild M3Z) or a Leitz, Ortholux II incident fluorescence micro-
scope (excitation filter UG3, barrier filter K430/K460 and dichroic
mitror TK 400), using UV light, respectively. Photographs were
taken with Kodak Color, 100 ISO film.

Component analysis of resistance (experiment 2)

In this experiment, the plant lines pCH I and pNL II, and the
rust lines TCH I and rNL II were used. Seeds were assigned ran-
domly to peat pots (5 x 5 x 5 ¢m) filled with nutrient-amended
beat (Floragard TKS 2). One seed was placed in a pot and 120 pots
were used for each plant line. The experiment was conducted in a
climate room with a 16 h light : 8 h dark photoperiod and a
photosynthetically active radiation of 260 pmol - m~-s™!, Tempera-
ture was maintained at 23 + 1°C in the day and 17 + 1°C at night,
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with relative humidity (RH) of 30-60%. The developmental stage
of plants was determined by counting the number of true leaves.
Two categories of plants with either two or four leaves were se-
lected at one day and inoculated with aeciospores using a settling
tower. After inoculation, plants were enclosed in transparent plas-
tic to retain humidity and placed in an incubation chamber for 15 h
in the Qark at 17°C. When the plastic was removed, plants were
grown in a climate room under the conditions described above.

The first or second true leaf of plants was cut off 48 h after in-
ocula}ion. A leaf disc of 0.28 cm? was punched out close to the
margin of the lower left side of the leaf using a stainless steel cork
bgr«::r. Afterwards, plants were placed back in the climate room.
Fixing, clearing of pigments, and staining of the leaf discs for fluo-
rescence microscopy were performed following Kuck et al. (1981).
The number of the following clearly distinguishable infection
structures were counted on each leaf disc: non-germinated spores
(M), germinated spores (M), appressoria (N3), penetration pegs
(Ny), intra-epidermal vesicles (Ns), and primary hyphae, or incipi-
ent colonies (N).

The fractions of successive stages of rust development were
computed as

Ny + N3+ N, +Ns + N
Ny +Ny +Ns + Ny +Ns + N

(11 gsp/sp=

N3+ N, +Ns+N,
Ny +N3+ N, + N + N,

[2]  app/gsp=

Ny + N5+ Ng
N3 +N,+Ns+Ng

(31  peg/app=

N<+N
4 — 536
[4] ves/peg N4+ N5+ Ng

Ng
5 =0
[5] ph/ves Ny + N,

where gsp is germinated spores, sp is total number of spores, app
is appressoria, peg is penetration pegs, ves is intra-epidermal vesi-
cles, ph is primary hyphae, and N,~Ng are the numbers of the vari-
ous infection structures as defined above.

Ten days after inoculation when sori were open, the first or sec-
ond leaf was cut off, and total leaf area and leaf area occupied by
mycelium were measured using image analysis (Quantimet 500,
Leica, Glattbrugg, Switzerland). Disease severity was assessed by
calculating the fraction of leaf area occupied by mycelium.

The experiment was set up with 12 replicated plants and
repeated three times (I-III). The experiments were analysed
separately, as there were differences in test conditions between ex-
periments. Data were subjected to a three-way analysis of variance
with plant line (two categories), plant stage (two categories), and
rust line (two categories) as the main factors and the various infec-
tion structures as the dependent variables. The mean values and
standard errors were calculated for each transition of each plant
line. Bartlett’s test was used to test homogeneity of variance and
the Scheffé F test to test differences among means. Variances were
balanced, if required, with In transformation. The nonparametric
test of Kruskal-Wallis was used if transformation did not result in
normality or homogeneity of variances (Sokal and Rohlf 1981). All
statistical tests were performed on SPSS (Norusis 1990).

Host-pathogen interactions (experiment 3)

The plant lines pCH I, pNL II, and pUK and the rust lines rCH
1, INL II, and rUK were used to further detect specific interactions
between plant and rust lines. The experiment was set up as de-
scribed above, only disease severity was determined at 10 days af-
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Figs. 1~6. Infection process of P. lagenophorae on S. vulgaris as seen with light (LM) a{’ld ﬂuorf:scence (FM)' mi.croscopies.. Fig. 1.
Germinated aeciospore with appressorium on the leaf surface; FM. Sce'lle bar' = 10 um. Fig. 2. Direct penetration into the.epxdem}al
cell at an epidermal cell junction and plugging the intra-epidermal vesicle with a glucan plug; LM. Scale bar = 10 um. Fig. 3. Direct
penetration and view on intra-epidermal infection structures at cell level; FM. Scale bar = 10 um..Flg. 4. Young colony 48 h after
inoculation (ai.); FM. Scale bar = 10 um. Fig. 5. Intercellular fungal growth. Colony at 6 days a.i.; LM: Scale bar = 50 um. Fig. 6.
M-Haustorium in a mesophyll cell; LM. Scale bar = 10 pm. as, aeciospore; gt, germ tube; ap, appressorium; s, septum; p, glucan plug;
cew, cell wall; ec, epidermal cell; ve, intra-epidermal vesicle; ph, primary hypha; h, haustorium; ih, intercellular hypha; m, mesophyll
cell.

ter inoculation on both the whole first and second true leaf of the  RE€SUlts
plant. The number of replicated plants was nine and the experiment

was conducted once. The conditions in the climate room for photo-  Infection process of P lagenophorae o
synthetic active radiation was 130 wmol - m2-s™! and relative hu- Aeciospores were swollen and germinated within 4 h after
midity was 55-80%. inoculation (Fig. 1). A single, unbranched germ tube
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Fig. 7. Quantification of the infection process of
P lagenophorae on plants of two S. vulgaris lines (experiment 2,
replications I-11I). Entries are mean fractions for two plant
developmental stages and two rust lines per plant line each with
12 replicated plants (total 48 plants per plant line). Bars indicate
standard error. Infection structures were analysed 48 h after
inoculation on a leaf area of 0.28 cm?. sp, total spores; gsp,
gemﬁnated spores; app, appressoria; peg, penetration pegs; ves,
intra-epidermal vesicles; ph, primary hyphae.
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Transitions of the infection process

emerged from one of the germ pores. The germ tube elon-
gated and swelled terminally to form an irregularly, ellipsoi-
d,aI. appressorium only slightly smaller than the spore from
which it had arisen. A septum separated the appressorium
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f‘rom thg germ tube. Appressoria present at 8 h after inocula-
th.l‘l (a.i.) usually were positioned over the anticlinal walls of
epidermal cell junctions but never over stomata (Fig. 2). The
host was penetrated directly through the cuticle of the epi-
denqal cell by an extremly short penetration peg. Some pen-
etration pegs failed to enter the epidermal cell and ceased
growing. Exceptionally, the rust penetrated through stomatal
openings into the substomatal cavity. In these cases, germ
tpb;s elongated and entered without morphological differen-
tiation. This hypha continued intercellularly in the palisade
layer and then stopped growing.

The small penetration peg elongated and plugged the neck
of an intra-epidermal vesicle by a glucan plug (Xu and
Mendgen 1991) at about 16 h a.i. (Figs. 2 and 3). For conve-
nience, this stage will be referred to as penetration peg in-
stead of glucan plug, when presenting and discussing the
component analysis. At 24 h a.i., a primary hypha was pres-
ent, which was separated by a septum from the intra-
epidermal vesicle (Figs. 2 and 3). At 48 h a.i., the primary
hypha was branched and septated (Fig. 4). Hyphae grew
from the epidermal cell into the intercellular space in the
palisade mesophyll. Colonies of the rust were visible at
6 days a.i. (Fig. 5). At 9 days a.., aecia were produced and
erupted through the upper epidermis.

Haustoria were visible 6 days a.i. within the cells located
in the mesophyll as longish, fingerlike structures (Fig. 6).
They were observed at low frequency, i.e., not every cell of
a particular group of cells was involved. Haustorial mother
cells could not be observed by fluorescence or light micros-
copy.

The following infection stages could be clearly distin-
guished: non-germinated spore (1), germinated spore (2),
appressorium (3), penetration peg (glucan plug) (4), intra-
epidermal vesicle (5), and primary hypha (6).

Component analysis of resistance

No major factor could be detected as influencing the total
number of infection structures, (2, N; —Ng) when assessed
48 h ai. The analysis of variance (ANOVA) of replication I
indicated significant effects of all three treatment factors (P
< 0.05), but only plant line and rust line accounted for a sig-
nificant amount of the variation in total number of infection
structures in replications II and III, respectively. Less spores
and subsequent infection structures were counted on plants
of line pCH I (101.6 + 7.3 spores per 0.28 cm?% mean = SE)
than on plants of line pNL II (mean of 133.3 + 8.0 spores
per 0.28 cm? P < 0.01).

The lowest transition between infection stages was de-
tected between the stages of appressorium and penetration
peg (Fig. 7) indicating a bottleneck in the infection process.
The factor plant line had a significant effect (P < 0.001) on
that transition in all three replications (I-III) of experiment 2
(Table 1). The fraction of appressoria producing a penetra-
tion peg was in all three repeats significantly lower on plants
of line pCH I than on pNL II plants (Table 2). After the es-
tablishment of penetration peg, further development of in-
fection structures was likely.

Plant line also had a significant effect on disease severity
in replications I and II (Table 3). In replication I, disease se-
verity was higher on line pCH I than on pNL II (Table 4A).
In contrast, disease severity was higher on pNL II than on
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Table 1. Effects of treatment factors (two plant lines, two plant
stages, and two rust lines) on the transition from appressorium to
penetration peg (peglapp) of P. lagenophorae 48 h after
inoculation (based on a leaf area of 0.28 cm?; experiment 2).

Can. J. Bot. Vol. 77,1999

Table 2. The effect of plant line on the transition from
appressorium to penetration peg (peg/app) of P. lagenophorae as
assessed 48 h after inoculation on a leaf area of 0.28 cm?
(experiment 2).

Replication Factor or interaction df F Replication Plant line peg/app (mean + SE)
1 Plant line (L) 1 25,04k I pCH I 0.49+0.02%%**
Plant stage (S) 1 4.07* pNL II 0.63+0.02
Rust line (R) 1 3.44ns I pCH I 0.12£0.01 *3#x*
LxS$S 1 <0.01ns pNL II 0.39+0.03
LxR 1 2.75ns I pCH I 0.10+0.071 sk
S xR 1 1.56ns pNL II 0.40£0.04
LxRxS 1 <0.01ns ***Significant difference among the plant lines (P < 0.001, ANOVA),
11 Error ‘ 9? 00 g1 %k** Table 3. The effects of the treatment factors (two plant lines,
S 1 3.85ns two plant stages, and two rust lines) on disease severity of
R 1 5.12% P. lagenophorae on the first or second true leaf assessed on
Lx§ 1 0.37ns S. vulgaris 10 days after inoculation (experiment 2).
LxR i é.ggns Replication Factor or interaction af F
i : ﬁ xS 1 2:622: I Plant line (L) 1 8.69%+
Error 86 Plant stage (S) 1 39,67k
I L 1 90,17k Rust line (R) 1 10.92%%:x
S 1 1.82ns LxS 1 1.82ns
R 1 1.70ns LxR 1 1.40ns
Lx$ 1 0.61ns S xR 1 3.31ns
LxR 1 0.21ns LxRx3S 1 0.12ns
S xR 1 0.02ns Error 95
LxRxS$ 1 3.11ns I L 1 11,15%#x
Error 91 S 1 55.76%%*
Note: The ANOVA for replication III was carried out on In (x + 0.5) Ilf %S i gégg:
transformed data. ns, not significant; *, P < 0.05; *** P < 0.001.
LxR 1 1.03ns
S xR 1 0.33ns
pCH I in replications IT and III. Plant stage had significant LxR xS ] 2 96ns
effects on disease severity in all three replications (Table 3). Error %6
Plants inoculated at an early stage were less diseased than m L ] 3.20ns
plants inoculated at an older stage (Table 4B). A significant S 1 18.15%%%
effect of the rust line on disease severity was detected only R ) | 86ns
in replication I (Table 3). Disease severity caused by rust Lxs . 0,160
line rCH I was less (mean fraction 0.31 + 0.03) than disease LxR ) 0,020
severity caused by line rNL II (mean fraction 0.41 + 0.02: S xR . 0.70as
P < 0.00D). LxRxS 1 0.57ns
Error 94

Host-pathogen interactions

In experiment 3, plant line, plant stage, and rust line had
significant effects on disease severity (Table 5). No signifi-
cant interactions were detected. Plant line pNL II was the
most susceptible with respect to all three rust lines tested
(Table 6). Puccinia lagenophorae line tNL II was the most
aggressive, irrespective of the host plant concerned. Disease
severity was higher at older (mean fraction 0.23) than at
younger plant stages (mean fraction 0.19).

Discussion

Infection process

Appressoria of P lagenophorae attached preferentially
near or at epidermal cell junctions such as it has been shown
for appressoria formed by basidiospores (Gold and Mendgen
1984) and by uredospores of Physopella zeae (Mains)
Cumm. & Ramachar (Hunt 1968). Cutler et al. (1982) as-
sumed greater availability of nutrients and moisture at cell

Note: Disease severity is defined as leaf area occupied by mycelium.
ns, not significant; **, P < 0.01; ***, P < 0.001.

Junctions because of a higher rate of exosmosis and (or)
chemical composition and the physical structure of wax
layer that affects both pH and wettability of the leaf surface.

The life cycle of P. lagenophorae on S. vulgaris has not
yet been understood completely and the nuclear conditions
remain to be studied. Based on the initial assumption that
this study has been carried out with the dikaryotic stage of
infection (aecial stage; Baka and Losel 1992), the observed
direct penetration of aeciospores of P. lagenophorae is rather
unusual. Direct penetration of the leaf cuticle by means
of germinated aeciospores has been reported only for
Arthuromyces peckianus (E. Howe) Cummins & Y.
Hirutsaka (syn. Gymnoconia interstitialis (Schl.) Lagerh.) on
Rubus spp. (Pady 1935). Unfortunately, no results are avail-
able on the infection process of this rust on its native host
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Table 4. The effects of plant line and plant stage on disease
severity of P lagenophorae (experiment 2).

P

(A) Plant line.

Replication Plant line Disease severity? (mean + SE)
I pCH I 0.40+0.03%*
pNL II 0.32+0.02
I pCH I 0.19£0.03#%*
pNL II 0.32+0.03
m pCH I 0.16+0.02ns
pNL II 0.21£0.02

(B) Plant stage.
Replication
I

Plant stage® Disease severity? (mean + SE)

0.27+0.03%**
0.45+0.02
0.12+0.02%**
0.37+0.02
0.13+0.02%**
4 0.24+0.02
"Disease severity is defined as the leaf area occupied by mycelium. ns,

not significant; **, P < 0.01; ***, P < 0.001.
bplant stage was expressed as two leaf stage (2) or four leaf stage (4).

I

N AN RN

it

Table 5. Influence of plant line, plant stage, rust line, and their
interactions on disease severity® of P. lagenophorae measured
10 days after inoculation (experiment 3).

Factor and interaction df F?

Plant line (L) 2 21,87
Rust line (R) 2 7T THEE
Plant stage (S) 1 4.71%
LxS 2 2.02ns
LxR 4 1.66ns
SxR 2 0.06ns
LxSxR 4 0.29ns
Error 143

“Disease severity is defined as the leaf area occupied by mycelium.
bns, not significant; *, P < 0.05; *** P < 0.001.

Table 6. Disease severity on the S. vulgaris lines pCH I, pNL II,
and pUK infected by three different rust lines of
P. lagenophorae (rCH, rNL II, rUK).

rUK rCH I rNL 1T Mean + SE
pCHI 0.14+0.02  0.13£0.02 0.21x0.03  0.16+0.01
pUK 0.17+¢0.03  0.15+0.03  0.23x0.03  0.17+0.01
pNL II 0.22+0.03 0.32+0.02 0.33x0.02 0.27+0.02
Mean + SE  0.18+0.02 0.20+0.02 0.26x0.02 0.21

Note: Disease severity is defined as the leaf area occupied by
mycelium. Values are means of the fraction of leaf area occupied by
mycelium + SE of 18 replicated plants.

%gggnophora billardieri Cass. in Australia (Wilson et al.
).

The morphological features of the investigated infection,
such as the small penetration peg and the direct penetration
are all typical of the basidiospore-derived monokaryotic par-
asitic stage of other rust fungi (Xu and Mendgen 1991).
Moreover, the haustorial mother cells were not clearly seen
indicating again characteristics of the monokaryotic parasitic
stage, where haustorial mother cells are not well differenti-
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In many rusts the haustorium formation occurs within
24 h al. (e.g., Stark-Urnau and Mendgen 1993), and one or
two haustoria are developed in each cell relative to the area
of the colony (Kneal and Farrar 1985). This is in contrast to
P. lagenophorae where haustoria developed only between 3
and 6 days after inoculation and at low frequency. The
fingerlike shapes of the observed haustoria corresponded
with the so called M-haustoria, typical for monokaryotic
parasitic stages, detected and reported by Baka and Losel
(1992). They investigated especially late infection of vascu-
lar tissues of S. vulgaris by P. lagenophorae.

Component analysis of resistance

Low infectivity of S. vulgaris plants by the rust can be at-
tributed mainly to a reduced formation of penetration pegs.
It seems likely that the inhibition of penetration peg forma-
tion is the most important mechanism of resistance in the
infection process considering the stages investigated. The
generally low transition in all three experiments and its de-
pendence on plant line suggests that defence mechanisms
are effective near the leaf surface, i.e., in or at the epidermal
cell.

Differences in resistance between plant lines (experiments
2 and 3) may be due to anatomical or morphological differ-
ences. Russell (1975) reported that a dependence on leaf-
angle orientation resulted in a significant difference in the
amount of P. striiformis spores deposited. Moreover, Niks
(1983) attributed differences in plant lines to differences in
leaf surface (e.g., hardness, hairiness, or composition of wax
layer).

Resistance was localized at different phases of the infec-
tion process: (i) at spore adhesion, (ii) until the formation of
primary hyphae, and (iii) between the formation of primary
hyphae and sori. Spore adhesion, however, raises questions
because differences in resistance could be due to nonuniform
spore application. Therefore, resistance might be related to
two different mechanisms, although pleiotropic effects can-
not be ruled out. -

This study clearly showed that S. vulgaris leaves are in-
creasingly susceptible to disease with age. A similar obser-
vation was made with- Rumex crispus L. and Rumex
obtusifolius L. infected with Uromyces rumicis (Schum.)
Wint. (Hatcher et al. 1995). This contradicts findings with
regard to infection structure and uredosori development of
Hemileia vastatrix Berk. & Broome on Coffea genotypes
(Coutinho et al. 1994). In general, effects of plant stage may
vary in expression and seem to depend on the particular
host-pathogen interaction and obviously on the environment
where the interaction occurs.

Our results show the use of component analysis as a com-
prehensive approach for comparisons of plant lines and plant
stages to assess resistance. Component analysis may provide
also a tool for (i) carrying out host-specificity tests that are
fundamental for the assessment of biological control agents,
(ii) the evaluation of the influence of pesticides and adju-
vants on the compatibility of the biocontrol agent, and
(iii) the influence of secondary necrotrophs on the enhance-
ment of biological control agents.
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Host-pathogen interactions )
Results from experiment 2 were confirmed by experiment
3 where a wider range of geographical sites from central Eu-
rope to the United Kingdom was included. Disease severity
showed a continuous range of variation in resistance to
P. lagenophorae. Plant line pNL II usually was the most sus-
ceptible to all rust lines tested with rNL II being the most
aggressive. Significant differential interactions suggesting
the existence of a gene-for-gene relationship between host
resistance genes and pathogen virulence genes were not
found in this study. Therefore, the results indicate expression
of resistance to be race-nonspecific and quantitative (sensu
Parlevliet 1981, 1989) in this weed pathosystem.
Occurrence of race-specific resistance in wild and weed
pathosystems is now sufficiently well documented and race-
specific resistance seems to be widespread in many plant
species. The relatively old weed—pathogen association
S. vulgaris — Erysiphe fischeri Blumer provided evidence for
the existence of both completely and partially expressed re-
sistance (Bevan et al. 1993a) that is either race-specific or
race-nonspecific (Bevan et al. 1993b; Harry and Clarke
1986). In this association the gene-for-gene theory might be
applicable. In this context, Clarke (1997) assumed that race-
specific resistance might not be expected in a recently estab-
lished association such as S. vulgaris — P. lagenophorae.
Quantitative characters such as aggressiveness of the
pathogen and quantitative resistance in the host plant are
likely to be affected by environmental variations (Kulkarni
and Chopra 1982). Environmental factors such as tempera-
ture, humidity, or light intensity might be responsible for the
variation of resistance levels among our replications, such as
the higher susceptibility on the Swiss plant line in experi-
ment 2, replication I (when compared with replications II
and III; Table 4). In many cases, however, influences of en-
vironmental stress on disease susceptibility are usually
found during fungal development within the host plant. Paul
and Ayres (1984) demonstrated that rusted S. vulgaris plants
and additional drought stress resulted in inhibition of leaf
growth, but not in inhibition of fungal development.

Implications for biological control

Complete resistance (qualitative resistance) will prevent
multiplication of the pathogen. In the case of quantitative re-
sistance, host impact and spore production may still occur.
In none of the interactions analysed, however, was host—
pathogen incompatibility found. Quantitative resistance is
considered to be durable if it remains effective during
prolonged and widespread use of the pathogen in an envi-
ronment favourable to the disease (Johnson 1984). Unfortu-
nately, little is known about sexual reproduction and genetic
variation present in P. lagenophorae in BEurope. Great
genotypic variability might not be expected because of the
recent introduction of the rust in central Europe and the
United Kingdom. Our results, however, demonstrate an in-
crease of the level of disease on individual genotypes by the
more aggressive rust line tNL II. Assuming a conducive en-
vironment, greater severity of infection may result in larger
spore production and better stimulation of a disease epidem-
ics (Frantzen and Miiller-Schérer 1998).

On a long-term basis, consequences of differences in the
level of disease on individual plants and selection by the
more aggressive pathogens will favour the buildup of less
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susceptible weed populations (Burdon 1991). Sustainability
of biological weed control would then be reduced. Othey
factors influencing the fitness of S. vulgaris plants may,
however, alleviate or override the effects imposed by the
rust fungus (Burdon 1987). In this context, it will be mogt
important to define the level of disease that might be neces-
sary to sufficiently impact the host plant and its influence op
the speed of the epidemic.
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