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Abstract .

The effects of light and host volatiles on teliospore germination in Uromyces appendi-
culatus var. appendiculatus were studied.

1. Light intensities ranging 15—26 000 lux supported teliospore germination and basi-
diospore formation. The optimum light intensity was 17000 lux under the described condi-
tions. Light-dark alternation was necessary for teliospore germination: no germination
occurred under continuous light or continuous dark conditions. The process of teliospore
germination, basidiospore formation, and basidiospore release followed a synchronous, rhyth-
mic pattern of development. Teliospore germination was triggered by the phase change
light — dark (i.e. “light off”). Under long-day conditions basidiospore release exhibited a
nocturnal periodicity with peak maxima occurring ~ 7 h after light was turned off.

2. Fifteen days after a 10 d exposure to host volatiles, 70—80 % of the treated spores
germinated; minor increases in spore mortality were observed. Inoculations made with
seedling-treated teliospores resulted in heavy pycnial infections.

3. The heat and seedling activation methods developed for teliospores of bean rust
proved ineffective when applied to dormant teliospores from six other unrelated rust species,
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Zusammenfassung

Die Aktivierung der Teleutosporenkeimung
bei Uromyces appendiculatas var. appendicalatas durch Licht
und fliichtige Substanzen aus Bohnen

Die Aktivierung der Teleutosporenkeimung bei Uromyces appendiculatus var. appen-
diculatus durch Licht, Lichtrhythmen und fliichtige Substanzen aus Bohnenkeimlingen wurde
untersucht.

1. Gute Teleutosporenkeimung wurde bei 17000 lux beobachtet. Ein Licht-Dunkel-
Wechsel war fiir den Keimprozef notwendig; unter Dauerlicht- oder Dauerdunkelbedingungen
fand keine Keimung statt. Teleutosporenkeimung, Basidiosporenausbildung und -abschleude-
rung verliefen in strenger Gesetzmifigkeit. Das auslésende Signal fiir die Keimung war der
Beginn der Dunkelperiode (d. h. der Phasenwechsel von Licht — Dunkel), wobei die maximale
Basidiosporenabschleuderung ~ 7 h nach dem Ausschalten des Lichtes stattfand. Unter Lang-
Tag-Bedingungen wies die Abschleuderung der Basidiosporen eine nocturnale Periodik auf.

2. Fiinfzehn Tage nach einer 10tigigen Behandlung mit fliichtigen Substanzen aus kei-
menden Bohnensamen waren 70—80 % der behandelten Teleutosporen ausgekeimt. Inokula-
tionen mit Basidiosporen von behandelten Teleutosporen fiihrten zu hohen Infektionsraten.

3. Die Behandlung mit Wirme und Bohnenkeimlingen hatte auf ruhende Teleutosporen
von sechs anderen Rostpilzarten keinen signifikanten Einfluf} auf ihre Keimung.

Fresh teliospores of bean rust (Uromyces appendiculatus var. appendi-
culatus) are dormant (see MENDGEN 1983). Teliospore dormancy in bean rust
may be broken by an indoor or outdoor storage period or by a heat treat-
ment (GoLp and MENDGEN 1983 a). Activation of teliospore germination by
exposure to host substances (Krisiewicz 1972, 1973) or light (NeuHAUSs 1969,
Papy and CraMmER 1971, SiBiLia 1931) has been reported for Gymnosporan-
gium and Puccinia species. In the present study, the effects of light and host
volatiles on the activation and pattern of teliospore germination in U. appen-
diculatus var. appendiculatus are reported.

Materials and Methods

1. Fungal isolates and host plants

The rust isolates and host plants studied were described in the first part of this study
(GoLp and MEnDGEN 1983a). The results were analysed using Wilcoxon’s rank test (Figs.
5, 6) or linear regression (Fig. 2a).

2. Influence of light on teliospore germination
2.1. Light intensity

Refrigerator-stored teliospores of SWBR were spread onto water agar plates, with
minimal exposure to yellow/orange safe light. Using various photometrically defined gray
filters the following light intensities were established for incubation of the spores: 0, 15, 35,
70, 150, 350, 675, 1350, 2100, 3400, 6800, 9600, 13500, 17 000, and 26000 Ix. Teliospores
were scored for percentage germination and mortality after 7 and/or 15 d incubation at 18 °C
under a 16 h photoperiod.

2.2. Photoperiod

Teliospores of SWBR which had been stored at 4 °C for ~ 40 mo were used to study the
rhythmic germination process. In some experiments, heat- or seedling-treated spores were
tested for comparison. The spores were incubated at 18 °C under 1000 Ix (16 h/d) as described
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earlier (GoLp and MeNDGEN 1983a). After 4 d of incubation, the microscopical observations
of percentage germination and mortality began. Separate spore lots were scored at 08.00 and
22.00 h on the fourth day and at 00.00, 01.00, 02.00, 03.00, 04.00, 05.00, 06.00, and 08.00 h
on the fifth day of incubation. Precautions were taken to avoid exposing the spores to light
between 22.00 and 06.00 h.

The effect of various photoperiods on basidiospore release was determined using a
modified 24 h hygrothermograph according to methods described by Beca (1959). Teliospores
were applied as 1 mm wide and ~ 2—3 cm long line onto a Sartorius filter on agar and fixed
over the rotating drum of the hygrothermograph. The space between the line of spores and
the agar surface in a Petri dish attached to the drum was adjusted to 1—2 mm; this small
distance insured that 100 % RH was maintained in the Petri dish and minimized the lateral
cast of basidiospores. The entire apparatus was incubated in a lighttight chamber at 1841.0°C
under 1000 Ix. The photoperiod was controlled by a switch clock. The plates were exchanged
daily and basidiospores on the agar surface were fixed and stained immediately after removal
with a fine mist of 2% acid fuchsin in a chloral hydrate-ethanol solution. Half-hourly or
hourly spore counts with an accuracy of 5 min were made possible by counting basidiospores
along the length of predetermined increments at X125 (bright field optics) in a microscope.
The formation of secondary basidiospores was only rarely observed on the agar surface.

The active period of basidiosporé release from teliospores incubated under a long-day
photoperiod was investigated in vivo using time course host infection studies.

3. Influence of host volatiles on teliospore germination

Ten grams of bean seeds (dry weight) per treatment were first washed for 1—2 h in cold
running tap water. The seeds were then drained and transferred to a plastic Petri dish bottom
lined with filter paper. Ten ml of tap water were added and a miniaturized incubation chamber
was formed by inverting a second bottom containing the teliospores on agar onto the first and
sealing with adhesive tape. Figure 1 illustrates the chamber construction used throughout all
experiments. Seeds of the bean cultivars 017, Golden Gate Wax, and Favorit were tested.

2°/, water agar

4 !
Teliospores on cellulose AR MR R R AL

nitrate filter — by

Adhesive tape seal— —wf--~-----------~--~"----“-“---

Fiz. 1. Diagrammatic repre- Germinating bean seedlings
sentation of seedling treat- —
ment chamber Moist filter paper -

Following assembly, the chambers were incubated at 18 +0.5°C under 1000 Ix (16 h/d).
Two days after beginning of the treatment, the fully imbibed seeds had already absorbed the
original 10 ml of water and had begun to germinate. The chambers were opened every 2d for
3—5min in order to rinse the developing seedlings thoroughly in running tap water and
to aerate the teliospores. The chambers were then carefully resealed and returned to incubation
conditions. At 10 d the seeds were removed and the spores were incubated further with normal
unsealed lids.

A series of experiments using the standard seedling treatment were conducted; unless
otherwise noted, teliospores of SWBR and seeds of Golden Gate Wax were used. The influence
of (1) spore age (fresh versus refrigerator-stored spores) on percentage germination and
mortality, (2) spore isolate (SWBR versus GBR, RBR 1, KBR 1) on percentage germination,
(3) dark incubation on percentage germination and mortality, and (4) the length of seedling
treatment on percentage germination and mortality was determined. In the latter set of exper-
iments, seeds of 017 were initially surface sterilized (3 min in 1% sodium hypochloride) and
then incubated in sealed Petri dishes without rinse or aeration breaks for either 0 (control),
4, 8, 10, 12, 16, or 20 d. Microscopical evaluations of percentage germination and mortality
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were made up to 20d after each respective treatment and the controls, The infectivity of
basidiospores produced by seedling treated teliospores was tested as described earlier (GoLp
and MENDGEN 1983a).

4. Influence of heat and seedling treatments on teliospore germination
of selected rust species

Several rusts (see GoLp and MENGDEN 1983a) with constitutionally dormane teliospores
were tested. The heat treatment was conducted at 32£0.1°C for 4 d and the seedling treat-
ment for 10 d using seeds of Golden Gate Wax. The treatments were carried out as described
for the bean rust isolates. A minimum of 2 experiments per treatment were conducted for
each rust. Microscopical evaluations were made at 15d after each respective treatment or
plating out of the controls.

Results

1. Influence of light on teliospore germination

Fifteen 1x (16 h/d) were sufficient for teliospore germination and de-
velopment of basidiospores (Fig. 2 a). Light intensities ranging from 15—
17 000 Ix caused a gradual increase in germination (r = 0.95, P < 0.05). At
26 000 Ix a small inhibition of germination was observed. Spore mortality was
not significantly influenced by incubation in darkness or under light up to
26 000 Ix (r = 0.16, P > 0.05).

The density of teliospores incubated on agar had, in all experiments re-
ported above, no significant influence on the rate of germination or mortality.
Spore densities up to 900/mm? (= dark brown layer) were tested.

Teliospore germination began 3—5 d after rehydration (= plating out
of the spores on water agar) when the spores were incubated at 18 °C under
1000 Ix (16 h/d). A typical time-course of the germination process (see GOLD
and MENDGEN 1983 b) is shown graphically and schematically in Figure 2 b.
In this experiment trace amounts of development occurred during the third
night of incubation, giving rise to ~ 3 % germination. During the course of
the fourth day no new germmatlon (1. e. spores with newly developing meta-
basidia) developed until the time between 22.00 and 00.00 h. The greatest in-
crease in new germination occurred between 00.00 and 01.00 h. Thereafter, the
level increased slightly until ~ 06.00 h. The formation and release of basidio-
spores was predominant in the period between 01.00 and 08.00 h.

When subjected to alternating 16 h light and 8 h dark (= long-day
photoperlod), with temperature (18 °C) and RH (100 %) held constant, telio-
spore germination and basidiospore release occurred rhythmically with a noc-
turnal periodicity of ~ 24 h (Fig. 3a). During the fourth dark period basidio-
spore release began 5—6 h after the light was off, sharply rose to a peak at
04.00—06.00 h, then declined equally sharp to reach the zero level soon after
the light had switched on. Similar but progressively smaller peak maxima oc-
curred in the dark during the following days after which spore release fell
to a minimum (Figs. 3, 4). The same nocturnal periodicity was maintained
when spores were subjected to a short-day or ultra short-day photoperiod
(Figs. 3 b—c). In the latter case the maximum peak occured 1 d later and arose
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during the fifth dark period. The teliospores required a minimum of 3—4 h
darkness dark for normal teliospore germination and basidiospore release; a
daily exposure to 1000 Ix for 0.5 h was sufficient for the germination process
(Fig. 3 o).
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Fig. 2. (a) Effect of light intensity on teliospore germination and mortality of SWBR.

Spores were incubated under various intensities ranging from 0—26 000 lx (16 h photoperiod).

Spore age: 34 mo; (b) Time course of teliospore germination after 4 d of incubation. The

drawings chronologically represent characteristic stages of spore germination. Spore age:
39.5 mo
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Fig. 4. Effect of continuous light (a) and dark (b) and temporal position (c—d) of a long-day
photoperiod on basidiospore release. In (a) and (b), teliospores were first incubated under
long-day conditions until the maximum peak appeared, then under continuous light or dark,
and finally 1d under a long-day photoperiod. In (c) and (d), the temporal position of the
long-day photoperiod was shifted 4 h, plus or minus, respectively. Spore age: ~ 36 mo
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Following conditioning with a long-day photoperiod until the maximum
peak arose, spores were incubated in continuous light (Fig. 4 a) or continuous
dark (Fig. 4 b). Both conditions resulted in total inhibition of teliospore ger-
mination and basidiospore release, but on return to the original alternating
light and dark conditions, the periodic pattern was immediately reestablished
(Fig. 4 a—b, see days 8—9).

The timing of basidiospore release was dictated by the length and po-
sition of the photoperiod. The peak maxima, as averaged through all ex-
periments (= 58 samples), occurred ~ 7.0 £ 0.7 h after each respective light
off signal. A 4 h shift in the long-day photoperiod, either plus or minus, in-
duced a corresponding shift in the timing of basidiospore liberation (Fig. 4 ¢
and d).

Preliminary experiments have shown that a daily periodicity with 3
distinct peak maxima can be induced by subjecting teliospores to three 4-hour
photoperiods alternating with 3 equivalent dark periods. Under these con-
ditions spore release increased rapidly to a peak in each dark period, 7—8h
after light was off.
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2. Influence of host volatiles on teliospore germination

A 10d exposure of teliospores to bean seedlings resulted in high per-
centages of germination (70—80 %) as compared to nonexposed controls at
15—20 d after the treatment (Fig. 5 a). No differences were detected between
fresh and stored spores. Identical to the pattern observed in the heat treatment
experiments (GoLb and MENDGEN 1983 a), germination increased at 3—5d
after the treatment or plating of the controls, respectively. Likewise, the seed-
lings treatment also caused a small increase in spore mortality in most cases
(Fig. 5b).

Infection trials with seedling-treated teliospores were highly successful
yielding consistently heavy basidiospore infections. Seedlings from 3 different
susceptible varieties (cvs. Favorit, Golden Gate Wax, and 017) were all ef-
fective in stimulating germination.

The length of the treatment with seedlings played a critical role in the
relative amount of germination and mortality that resulted from the activation
process. Only spores treated with volatile substances from bean seedlings for
8, 10, or 12 d showed a significant increase over the controls (Fig. 6 a).

The relative efficiency of treatment with the seedlings was not identical
with the 4 different bean rust isolates tested. Whereas exceptionally high levels
of germination could be activated with SWBR (up to 85 %), the isolates

100~
%r a

*
S0
[ = Germination so- b
= Mortalit h
a0k | | Y * B = Seedling treated
80 [] =Untreated control
kil -
70
60
60
S0
. so| .
ol .
0 L0k
301 a0l
20+ 20+
0 *
10+ F - ]
L & ; [] I.=.
. .
0 — —— 0
0 4 2 16 20 GBR

8 10 1 SWBR RBR 1 KBR1
Length of seedling treatment (d)

-

e

Germination / Mortality at 15d after treatment

Germination at 1Sd after treatment

Fig. 6. (a) Rate of germination and mortality of SWBR teliospores as a function of seedling

treatment duration. Spore age: 2.5 mo; (b) Rate of teliospore germination as a function of

spore isolate. Spores were treated with seedling volatiles for 10d or not treated (controls).
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KBR 1, RBR 1, and GBR responded markedly weaker with average values
of 47,9, and 7 % germination, respectively, at 15 d after treatment (Fig. 6 b).
On the other hand, if each isolate is viewed singly, then it is apparent that the
seedling treatment induced in all isolates a significant increase in germination
over the controls.

The treatment with the seedlings did not affect the teliospores’ require-
ment for light to germinate. Continous incubation in the dark resulted in a
minimal amount (<1 %) of germination and a relatively high mortality rate
(~ 39 %) compared to control spores. Subsequent light exposure (16 h/d)
of the dark incubated controls and treated spores resulted in rapid increase in
germination which reached the level of light incubated samples within 1—3 d.

A combined activation treatment using heat (31.6 °C, 3 d) followed by
seedlings (10 d) induced a similar amount of germination as did the treatment
with the seedlings alone, but killed more spores (~ 43 %) than usual. The
reverse combination resulted in 100 % mortality of the spore population.

Although light was not required during the length of the heat or seedling
treatments, a light-dark alternation was necessary for the germination process
during the post treatment period.

3. Influence of heat and seedling treatments
on teliospore germination of selected rust species

Teliospore germination of the 6 tested rusts was not markedly affected
by either the heat or bean seedling treatments (Table 1). Small increases after
heat treatment were observed in P. sorghi and U. dianthi, however, concomi-
tant with a high level of variation. Whereas spore mortality was not re-
levantly affected by the seedling treatment, heat caused significant increases of
spore death in P. mucronatum, P. violacewm, and U. dianthi. The isolate U.
scuttelatus was neither positively nor negatively mﬂuenced by the heat or
treatment with seedlings.

Table 1
Germination and mortality of teliospores from six unrelated rust species
after treatment with heat, bean seedlings or no treatment

% Germination and Mortality at 15 d after treatment
Isolate control 320,44 bean volatiles
10d

germ. mort. germ. mort. germ. mort.
P. mucronatum 0 21 0 30.1 0 4.8
P. violaceum 0 18.4 0 92.4 0 22.7
P. carthami 2.7 4.1 — — 0.2 7.7
P. sorghi 1.4 9.4 5.3 11.5 0.7 3.5

U. dianthi 30.4 28.7 40.1 44 .4 — —
U. scuttelatus 0.1 4.1 0 3.7 0 4.3
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Discussion

1. Effect of light

The requirement of light, dark or alternating periods of light and dark
(= light-dark) has been investigated with teliospores of several species (LaM-
BERT 1929). More recent studies have shown that rust teliospores may (1)
germinate equally well in continuous light or dark (BEca 1959, Paby and Cra-
MER 1971), (2) germinate normally in continuous dark but are inhibited in
light (Jacosr et al. 1982, SaTo et al. 1980, Yamapa 1956), or (3) germinate
normally in light-dark but a) not in continuous dark (NEuHAUs 1969) or b)
greatly reduced in continuous light (Racazzi and Ferrint 1978). The telio-
spores of bean rust fall into the third group as germination only occurs in
light-dark. NeuHAUs (1969) reported that a single light exposure of 1000—
1500 Ix for 1 min was sufficient to induce germination in a teliospore popula-
tion that had been incubated prior and after the light exposure to continuous
dark. In bean rust 15 lx for 16 h/d was sufficient to allow normal teliospore
germination.

Rhythmic germination could be induced to occur at any time of day or
night by an appropriate periodicity of the light-dark regime. This was
evidenced by the % 4 h shift in the position of peak maxima in direct relation
to the shift of the long-day photoperiod, and the multiple photoperiod ex-
periment in which three peak maxima/day were induced on 5 consecutive days.
It is important to note that the peak maxima in the latter experiment appeared
as usual ~ 6—8h after light was out. This is significant because the peak
maxima were forced to appear in the light phases due to the short dark
periods. These observations demonstrate clearly that light per se does not in-
hibit the basidiospore release process. In this respect bean rust differs from
G. juniperi-virginianae and Gymnosporangium clavipes (PApy and KRAMER
1971) in which peak maxima only arose in the dark phase of light-dark cycles.

It should be emphasized that the dosage of light did not significantly
influence the periodicity of teliospore germination. Rather, it was the temporal
position of the light phase that controlled rhythmic germination. The phase
change light > dark signaled the start of the germination process each day.
A similar relationship was observed with teliospores of P. sorghi (NEUHAUS
1969).

Recent research on urediniospore and teliospore germination suggest that
a photoreceptor system may exist in rust and smut spores (Lucas et al. 1975,
ScHauz 1968,1977, ScHNEIDER and MurraY 1979). Similar to the photo-
chrome system in higher plants this photoreceptor could be activated by light
and in its activated form then serve as a catylst or initiating factor in the ger-
mination process.

2. Effect of host volatiles

Kusiewicz (1972,1973) and BinDER et al. (1977) demonstrated that
volatile substances from safflower, especially from seedlings, greatly stimu-
lated the germination of dormant teliospores of P. carthami. Several volatile

19%
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stimulants from safflower seedlings were isolated and identified. They were
all found to be Cy3 polyacetylenic hydrocarbons (BinDER et al. 1977). Vol-
atiles from germinating bean seeds were also effective in stimulating the ger-
mination of dormant teliospores in U. appendiculatus var. appendiculatus.
However, an overexposure with bean volatiles led to an increase in spore
mortality and abnormal germination. Although gas chromatographic analyses
have shown that ethylene is present in relatively high concentrations in the
seedling treatment chambers (~ 20 ppm) it is not responsible for activation
(GoLp 1983).

A combined heat/seedling treatment did not significantly increase the
level of germination and a higher level of mortality was also recorded. Kvi-
siewicz (1977) reported a similar response in P. carthami. Basidiospore in-
oculations with seedling-treated teliospores resulted in abundant infections
with normal, fertile pycnia. Basidiospore inoculations with heat/seedling treat-
ed teliospores resulted in little infection although a high percentage of telio-
spores were scored for germination. These experiments indicate that the ba-
sidiospore dispersal mechanism was irreparably damaged by the initial heat
treatment. The influence of host volatiles on the virulence of basidiospores is
unknown. '

The activation methods developed for bean rust teliospores were either
ineffective or injurious to the teliospores of the six tested different species.
The treatments with volatiles from germinating bean seeds demonstrated that
those substances do not exhibit general stimulatory properties; rather, they
specifically activate certain isolates of bean rust. Krisiewicz (1972) showed
that extracts from non-host plants weakly stimulate teliospore germination of
safflower rust. Preliminary experiments on the effect of volatiles from corn
and wheat seedlings on bean rust teliospores showed no activation.

We gratefully acknowledge the technical assistance of Miss G. GerLacH and Mrs. E.
DressLEr. Thanks also go to Prof. L. J. LiTTLERELD for reading the manuscript, Mr. F. MEIN-
HARDT for preparation of the graphic representations and Drs. A. ELEPFANDT and G. EHRET
for advice on statistical analysis. R.E.G. is indebted to Dr. A. Toerrer for providing an
Alexander von Humboldt Scholarship during initial stages of this work.
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