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ABSTRACT
Broers, L. H. M., and Lépez-Atilano, R. M. 1996. Effect of quantitative resistance in wheat on

the development of Puccinia striiformis during early stages of infection. Plant Dis. 80:1265-
1268.

Flag leaves of three quantitatively resistant wheat cultivars and one highly susceptible wheat
cultivar were inoculated with urediospores of Puccinia striiformis to study the effect of quanti-
tative resistance on development of the fungus during the first 6 days of the infection cycle. The
results indicated that the most important mechanism of resistance is reduction in the frequency
of formation of appressoria. On resistant cultivars, twice as many germ tubes failed to produce
appressoria and grew over stomata than on the susceptible cultivar. Of the infection structures
that oriented themselves on stomata, most were able to form substomatal vesicles. In resistant
cultivars, the number of infection sites that developed substomatal vesicles decreased over time.
This result suggests a resistance mechanism that disintegrates substomatal vesicles. In addition,
the formation of primary infection hyphae is delayed considerably in resistant cultivars. Al-
though large cultivar differences for quantitative resistance have been observed at the cellular
level, these cannot fully explain differences at the plant level or field level. Therefore, events
that happen after the first 6 days of fungal development, like reduced growth and late abortion,
may further explain differences in level of resistance among the quantitatively resistant wheat

genotypes.

Durable resistance in wheat (Triticum
aestivum L.) to Puccinia striiformis West-
end. f. sp. tritici, causing yellow or stripe
rust, is a form of quantitative resistance (1,
5,9). In the field, reduced epidemic rates
are observed that result from prolonged
latency periods, reduced infection frequen-
cies, and slower growth rates of the fungus
(2). Cultivars with quantitative resistance
have a susceptible infection type in the
seedling stage but in the adult plant stage
the infection type decreases with increas-
ing levels of resistance (11). The infection
cycle of P. striiformis can be divided into
several steps: germination, formation of an
appressorium, penetration of the stoma,
formation of a substomatal vesicle, forma-
tion of the first infection hypha, formation
of a haustorium, ramification of hyphae,
and sporulation. Theoretically, resistance
can have an effect on each of these steps. A
comparison of resistant and susceptible
cultivars can determine the important com-
ponents of resistance. Few studies have
been carried out to characterize quantita-
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tive resistance in wheat to yellow rust at
the cellular level (9,14,18).

Mares and Cousen (9) studied the devel-
opment of the fungus on four winter wheat
cultivars ranging from very resistant to
very susceptible. They observed that quan-
titative resistance was associated with re-
duced fungal growth rates and appearance
of scattered necrotic cells. This necrosis
was more pronounced with increasing lev-
els of resistance. Similar studies on quan-
titative resistance in barley to leaf rust (P.
hordei) showed that cell wall appositions
explained the lower infection frequency
and the longer latency period of cultivars
with different levels of quantitative resis-
tance (10). Unlike the case of wheat yellow
rust, necrosis was not observed. A reduced
fungal development was also observed for
quantitative resistance in wheat to P. re-
condita (6,8). However, the observed cell
wall appositions could not explain the re-
duced size of infections in resistant culti-
vars. As for leaf rust in barley, no necrosis
was observed and the reduced fungal de-
velopment is so far unexplained (6).

We initiated a study to investigate the ef-
fects of quantitative resistance in spring
bread wheat to P. striiformis in the early
stages of fungus development, to increase
our understanding of the mechanism of
quantitative resistance.

MATERIALS AND METHODS
Four bread wheat cultivars with different
levels of quantitative resistance were used:

Morocco (highly susceptible), Opata 85
(intermediately  resistant), Pavon 76
(intermediately to highly resistant), and
Parula (highly resistant) (3). All four culti-
vars are characterized by a susceptible in-
fection type in the seedling stage (2) with
isolate 89009 of race 14E14 (7), which is
virulent toward the resistance genes Yr2,
Yr3, Yr6, Yr7, and YrA. In addition, the
cultivars differ considerably in latency pe-
riod and infection frequency when inocu-
lated in the adult plant stage (2).

Eight plants of each cultivar were grown
in individual pots in the greenhouse. Seeds
were planted at weekly intervals over a
period of 6 weeks to assure for inoculation
plants of all cultivars in the same young-
flag-leaf stage (DC 49-59) (19).

Two experiments were carried out. For
each experiment, six pots per cultivar were
used. Eight flag leaves per pot were in-
oculated by applying a 1:2 (wt/wt) uredio-
spore (isolate 89009)/Lycopodium mixture
with a paintbrush. Plants were incubated at
15°C at 100% relative humidity for 18 h in
a dark room. After incubation, pots were
transferred to a greenhouse and arranged
according to a randomized complete block
design with six replications. Plants were
given approximately 14 h of light per day.
Day and night temperatures were 19 to
22°C and 15 to 18°C, respectively.

At 48, 96, and 144 h after inoculation,
one randomly chosen inoculated flag leaf
was collected from each pot. The central
part of each leaf was boiled in a 2:1 (vol/
vol) lactophenol/ethanol solution and
stained according to the procedure of Rohr-
inger et al. (12). Instead of Calcofluor,
Uvitex 2B (0.1%, wt/vol) (CIBA-Geigy,
Basel, Switzerland) was used as an optical
brightener. Whole mount preparations were
made and infection structures were ob-
served with a Zeiss epifluorescence UV
microscope equipped with a HBO-50 mer-
cury lamp, a 395 to 440 nm excitation fil-
ter, a FT560 chromatic divider, and a 470
nm suppresser filter.

Germ tubes were very long and often
fragmented, probably as a result of the
boiling treatment. Therefore, assessments
of infections based on individual germi-
nated spores could not be made. Instead,
stomata that were touched by a germ tube
were considered as potential infection
sites. Stomata were grouped into five
classes depending on the development of
the observed infection structures: (i) class
1, germ tube grows across the stoma; (ii)
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class 2, germ tube forms an appressorium
on a stoma but does not penetrate; (iii)
class 3, germ tube forms an appressorium
on a stoma, penetrates the stoma, and
forms a substomatal vesicle—no primary
hyphae with haustorium mother cells are
visible; (iv) class 4, same as class 3 except
primary hyphae with five or fewer hausto-
rium mother cells are visible; and class 5,
same as class 4 except more than five
haustorium mother cells are visible—the
infection is considered established.

At 48 h after inoculation, as many sto-
mata were assessed as required to find five
class 4 infections. No class 5 infections
were observed. At 96 and 144 h after in-
oculation, as many stomata were assessed
as required to find five class 5 infections.

Based on these observations, the fol-
lowing totals were calculated: sum of class
1 to class 5, T = total number of observed
stomata with germ tube contact; sum of
class 2 to class 5, A = total number of sto-
mata with appressoria; sum of class 3 to
class 5, S = total number of stomata with
substomatal vesicles; and sum of class 4 to
class 5, H = total number of stomata with
infection hypha and haustorium mother
cells; and E = total number of established
infections (class 5).

The totals were used to calculate sur-
vival ratios (20) of infection structures. In
this case, survival ratios (R) give the pro-
portion of infection structures that contin-
ued to develop from one step to the next
step in the infection cycle of the fungus. In
total, four survival ratios were calculated
for each step in fungus development with
the above sums: ATR = A/T; SAR = S/A;
HSR = H/S; and EHR = E/H. For example,
the fraction of infection structures with a
substomatal vesicle that successfully
formed a primary hyphae with a hausto-
rium mother cell can be calculated as H/S.
A low survival ratio means that few infec-
tion structures succeeded to the next step in
the infection cycle.

For statistical analysis, fractions were
subjected to an angular sine transformation
(arcsin\/(fraction)) (16). Untransformed
data are presented in the tables.

Analysis of variance was applied to each
assessment time separately according to a
randomized block design with six repli-
cates. For significant main effects, multiple
comparisons were made with least signifi-
cant difference tests at P = 0.05. Assess-
ment time was added to the model as
shown in Table 1 to test for an assessment
time effect and for an assessment time x
cultivar interaction.

Two leaves from each pot were used to
assess the latency period (period from in-
oculation until first pustule appeared) and
the average percentage of infected leaves.
For both variables, pot means were calcu-
lated and analyzed according to a random-
ized complete block design with six repli-
cations.

RESULTS

Formation of appressoria. Of those
stomata that were touched by a germ tube,
only 26% in experiment 1 and 18% in ex-
periment 2 had an appressorium over them
(Table 2). For all other cases in which sto-
mata were touched by a germ tube, the
germ tube overgrew it without forming an
appressorium. Cultivars differed signifi-
cantly in frequency of stomata with an ap-
pressorium (Table 3). The fungus formed
appressoria on Morocco at more than twice
the frequency it did on resistant cultivars.
No statistically significant difference was
found among resistant cultivars although
Parula had in five out of six cases the low-
est percentage of stomata with an appres-
sorium. In a combined analysis of the two
experiments, Parula had a significantly
lower percentage of stomata with an ap-
pressorium than the other cultivars. An
effect of assessment time was not clear. In
experiment 1, significantly fewer stomata
with an appressorium were observed at 48
h after inoculation than at 96 or 144 h after
inoculation (Table 2). In experiment 2, no
statistically significant difference was de-
tected among the three assessment dates,
although the tendency was the same as for
experiment 1: fewer stomata with an ap-
pressorium at 48 h after inoculation than at
96 or 144 h after inoculation.

Formation of substomatal vesicles.
Within 48 h after inoculation 88 (experi-
ment 2) to 90% (experiment 1) of the in-
fection sites with an appressorium were
able to penetrate the stomata and form a
substomatal vesicle. No significant cultivar
effect was detected at this assessment time
(Table 4). At 144 h after inoculation, the
percentage of infection sites with a substo-
matal vesicle was reduced to 70 (experi-
ment 1) and 73% (experiment 2), averaged
over cultivars, and a significant cultivar
effect was detected: a higher percentage of
infection structures formed a substomatal
vesicle on Morocco than on resistant culti-
vars (Table 4). Between 48 and 144 h after
inoculation there was a reduction in the
number of substomatal vesicles in resistant
cultivars. On resistant cultivars, 26 (experi-
ment 2) to 28% (experiment 1) fewer in-
fection structures with substomatal vesicles
were found at 144 than at 48 h after inoc-
ulation. On Morocco no or a much smaller
reduction was observed.

Formation of haustorium mother
cells. The proportion of infection structures
that formed haustorium mother cells in-
creased with time (Tables 1, 2, and 5). The
cultivar effect (Table 1) was similar to that
on other development stages of the infec-
tion cycle: a larger proportion of infection
structures with haustorium mother cells
was found on Morocco than on resistant
cultivars (Table 5). The time effect on for-
mation of haustorium mother cells was not
cultivar dependent as the cultivar x time
interaction was not significant (Table 1).
These data suggest that on resistant culti-
vars the formation of the first infection
hyphae with a haustorium mother cell is
delayed compared with Morocco.

Establishment of infections. The time
effect on the development of established
infection structures was significant in both
experiments (Table 1). None of the culti-
vars had infection structures with more
than five haustorium mother cells at 48 h
after inoculation (Table 2). At 144 h after
inoculation, 85 (experiment 1) to 91%
(experiment 2) of the infections had more
than five haustorium mother cells. In ex-

Table 1. Analysis of variance of survival ratios of four stages of development of stripe rust on four bread wheat cultivars at three assessment times after

inoculation*
Mean square
appY ssv hme est

Source df exp 1 exp 2 exp 1 exp 2 exp 1 exp 2 exp 1 exp 2
Replication 5 0.035 0.016 0.066 0.028 0.058 0.067 0.221** 0.022
Cultivar 3 0.336***z 0.290**x 0.206** 0.466>** 0.389»xx 0.459%*x* 0.234%* 0.026
Time (T) 2 0.109*** 0.011 0.337**x 0.398**x 4.752%%* 3.538%*x 9.148%*x 13.260%**
GxT 6 0.013 0.107*»x 0.040 0.132* 0.075 0.026 0.091 0.013
Error 55 0.013 0.014 0.036 0.036 0.048 0.049 0.047 0.018

* Survival ratios are calculated as the number of stomata with infection structures in a certain development stage divided by the number of stomata with
infection structures in the preceding development stage.
¥ app = stomata with infection structures that formed an appressorium; ssv = stomata with infection structures that penetrated and formed a substomatal
vesicle; hmc = stomata with infection structures having haustorium mother cells; est = stomata with infection structures with at least five haustorium

mother cells.

* * =significant at P = 0.05; * *= significant at P = 0.01; *** = significant at P = 0.001.
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periment 1, there were significant differ-
ences among cultivars at 144 h after in-
oculation (Table 6). In experiment 2, the
cultivar effect was significant both at 96
and 144 h after inoculation. The same cul-
tivar ranking was observed as for experi-
ment 1. (Table 6).

Components of resistance. Latency pe-
riod and average percentage of infected
leaves showed a significant cultivar effect in
both experiments (Table 7). Morocco had
the shortest latency period and the highest
average percentage of infected leaves. The
differences among the resistant cultivars
were similar to those found in other studies
(2; L. Broers, unpublished data).

DISCUSSION

The low infectibility of P. striiformis on
quantitatively resistant wheat cultivars as
observed in earlier studies (2) can be at-
tributed at least partially to a mechanism
that prevents the recognition of stomata by
germ tubes and the subsequent formation
of appressoria. On resistant cultivars, the
formation of appressorium was reduced by
more than 50% compared with appresso-
rium formation on a highly susceptible
cultivar. Similar avoidance has been ob-
served on Hordeum chilense inoculated
with Puccinia hordei (13). Low appresso-
rium formation could be caused by two
mechanisms: (i) growth of germ tubes is
disoriented and germ tubes do not find
stomata or (ii) germ tubes are able to find
stomata but they are not triggered to form
appressoria and penetrate; hence, they
grow over the stomata. The cultivar effect
described here reflects only the second
mechanism.

Differentiation of an appressorium may
be triggered by morphological characteris-
tics of the stoma (17). The lack of differ-
entiation observed here suggests that these
characteristics are less well developed on
resistant cultivars, resulting in a reduced
formation of appressoria. We can also con-
clude that this mechanism is not unique to
the quantitative resistance gene Yrl8, as
only two of the cultivars (Parula and Opata
85) carry it (15).

The three resistant cultivars had similar
levels of this avoidance mechanism. The
differences in other components of resis-
tance among them are therefore likely to be
caused by mechanisms that act at later
stages of the infection cycle. Those mecha-
nisms may be governed by resistance genes
different from the gene(s) causing avoid-
ance.

The success rate of forming a substo-
matal vesicle was also influenced by resis-
tance. The reduction in frequency in for-
mation of substomatal vesicles on resistant
cultivars with time suggests that some of
the substomatal vesicles observed at 48 h
after inoculation disintegrate later. A pos-
sible explanation might be that resistant
cultivars form or contain higher levels of
pathogenicity-related (PR) proteins such as

glucanase at infection sites. These PR-
proteins might be able to digest the cell
wall of the substomatal vesicle that con-
tains P-glucan. Collapse of substomatal
vesicles was also observed in the durably
resistant winter wheat cultivar Little Joss
after infection with P. striiformis (4). This
collapse was attributed to the presence of
phytoalexins.

Both experiments demonstrated a delay
or retardation in formation of the first in-
fection hyphae on resistant cultivars. This

is the first step in prolonging the latency
period of P. striiformis on these cultivars.
Differences were small among resistant
cultivars in the frequency of appressoria,
yet there were large differences among
these cultivars for latency period and in-
fection frequency. This suggests that dif-
ferences among resistant cultivars are de-
termined at later stages of fungus develop-
ment.

As a consequence of the delay observed
in the formation of the first infection hy-

Table 2. Survival ratios of stripe rust infections structures at five development stages during the first
6 days of the infection cycle on adult wheat plants of wheat*

Experiment 1

Experiment 2

Development stageY 48 h 9%6h 144h Mean 48h 96 h 144h  Mean
sto 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
app 0.19a2 031b 027b 0.26 0.17a 0.18a 0.20a 0.18
Y 090a 081b 070b 0.81 0.88a 070b 0.73b 0.77
hme 0.07a 048b 072c 042 0.12a 042b 072b 042
est 0.00a 071b 085c 0.52 0.00a 0.82b 091c 0.58

* Survival ratios are calculated as the number of stomata with infection structures in a certain devel-
opment stage divided by the number of stomata with infection structures in the preceding develop-

ment stage.

Y sto = stomata with germ tube contact; app = stomata with infection structures that formed an ap-
pressorium; ssv = stomata with infection structures that penetrated and formed a substomatal vesi-
cle; hme = stomata with infection structures having haustorium mother cells; est = stomata with
infection structures with at least five haustorium mother cells.

Z Means in a row within an experiment with the same letter do not differ significantly (P = 0.05);
means are the average of four genotypes and six replications.

Table 3. Proportion of stomata touched by a germ tube that had an appressorium for flag leaves of
four wheat cultivars at 48, 96, and 144 h after inoculation with urediospores of isolate 89009 (race

14E14) of Puccinia striiformis

Experiment 1

Experiment 2

Cultivar 48 h 96 h 144 h Mean 48 h 96 h 144 h Mean
Morocco 0.39 a* 0.50 a 040 a 043 a 0.39a 043 a 0.22 ab 0.35a
Opata 85 0.13b 023 b 0.27 a 021bc 007c 0.11b 0.29 a 0.16 b
Pavon76 0.12b 031b 0.27 a 025b 0.07 ¢ 0.11b 0.11b 0.10b
Parula 0.11b 0.20b 0.14b 0.15¢ 0.09bc 0.08b 0.18ab 0.12b

z Means in a column followed by the same letter do not differ significantly (P = 0.05).

Table 4. Proportion of infection structures with an appressoirum that formed a substomal vesicle on
flag leaves of four wheat cultivars at 48, 96, and 144 h after inoculation with urediospores of isolate

89009 (race 14E14) of Puccinia striiformis

Experiment 1

Experiment 2

Cultivar 48 h 96 h 144 h 48 h 96 h 144 h
Morocco 0.91 a* 0.89 a 0.87 a 091a 0.84 a 1.00a
Opata 85 093 a 0.82a 0.68 ab 0.86 a 0.61 b 0.57b
Pavon 76 0.88a 0.78 a 0.70 ab 091 a 0.68 b 0.65b
Parula 0.89 a 0.76 a 0.55b 0.85a 0.65b 0.69 b

z Means in a column followed by the same letter do not differ significantly (P = 0.05).

Table 5. Proportion of infection structures with a substomatal vesicle that formed haustorium mother
cells on flag leaves of four wheat cultivars at 48, 96, and 144 h after inoculation with urediospores of

isolate 89009 (race 14E14) of Puccinia striiformis.

Experiment 1 Experiment 2
Cultivar 48 h 96 h 144 h 48 h 96 h 144 h
Morocco 0.17 a* 0.58 a 091 a 0.29 a 0.64 a 0.81 a
Opata 85 0.01b 0.50 ab 075 a 0.05b 0.26 b 072 a
Pavon 76 0.06 b 0.46 ab 073 a 0.12b 0.43 b 0.63 a
Parula 0.03b 0.36 b 0.48b 0.02b 0.34b 0.68 a

Z Means in a column followed by the same letter do not differ significantly (P = 0.05).
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Table 6. Proportion of infection structures with at least one haustorium mother cell that formed at
least five haustorium mother cells on flag leaves of four wheat cultivars at 48, 96, and 144 h after
inoculation with urediospores of isolate 89009 (race 14E14) of Puccinia striiformis

Experiment 1

Experiment 2

Cultivar 48 h 96 h 144 h 48 h 96 h 144 h
Morocco 0.00 0.78 a? 1.00a 0.00 a 0.89 a 1.00 a
Opata 85 0.00 0.81a 0.91 ab 0.00 a 092a 0.96 ab
Pavon 76 0.00 0.61 a 0.79 bc 0.00 a 0.79 ab 0.83b
Parula 0.00 0.65 a 071c¢ 0.00 a 0.70 b 0.83b

* Means in a column followed by the same letter do not differ significantly (P = 0.05).

Table 7. Latency period and average percentage of infected leaves on flag leaves of four wheat culti-
vars after inoculation with urediospores of isolate 89009 (race 14E14) of Puccinia striiformis

Latency period (days) Average percentage of infected leaves
Cultivar Experiment1 Experiment2 Mean Experimentl Experiment2 Mean
Morocco 8.9 a* 9.1a 9.0a 92a 100 a 96 a
Opata 85 136 b 128 b 132b 81 ab 72b 77b
Pavon 76 176 ¢ 179 ¢ 178 ¢ 66 b 50b 58¢
Parula 184 c 214d 199d 6c¢ 10¢c S5c

 Means in a column followed by the same letter do not differ significantly (P = 0.05).

pha, the proportion of established infection
structures (>5 haustorium mother cells)
was lower on the resistant cultivars than on
Morocco. Small differences among resis-
tant cultivars were apparent. Opata 85,
with a low level of resistance, had a higher
survival ratio of established infection struc-
tures than Pavon 76 and Parula.

The histological data presented here
partially explain the difference between the
highly susceptible Morocco and the three
resistant cultivars. However, our results do
not account for differences among the re-
sistant cultivars. In a study in which com-
ponents of resistance were assessed, Opata
85, Pavon 76, and Parula had infection fre-
quencies of 45, 9, and 0.6%, respectively,
relative to that of Morocco (2). These rela-
tive infection frequencies are likely to be
an overestimation because the way infec-
tion frequency was assessed gives rise to
an underestimation of the absolute infec-
tion frequency of Morocco. Assuming an
underestimation by a factor two, the rela-
tive infection frequencies of the resistant
cultivars would be 22.5, 4.5, and 0.3%.

The infection frequency for each cultivar
in the study presented here was estimated
by multiplying the four survival ratios.
This resulted in relative infection frequen-
cies of 27, 21, and 9%. Only for Opata 85
was a reasonable estimate obtained. The
infection frequency of the other two resis-
tant varieties was largely overestimated.
Therefore, the proportion of failed infec-
tion attempts detected in the first 6 days of
the infection cycle cannot fully explain the
low infectibility of Pavon 76 and Parula.
Phenomena that were not studied here,
such as germ tube orientation and events
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taking place at later stages during the fun-
gus development, may further determine
the cultivar differences in infection fre-
quencies among the resistant cultivars.

The objective of this study was to reveal
information about the mechanism of quan-
titative resistance to P. striiformis in wheat.
Our data have shown that resistance acts at
most stages of fungal development. The
major effect of quantitative resistance on
the fungus was an avoidance mechanism
that reduced the formation of appressoria.
This was followed by a possible disinte-
gration of substomatal vesicles and a de-
layed development of infection hyphae and
subsequent establishment. We speculate
that the avoidance mechanism might be
durable as it is probably a (morphological)
barrier acting before intimate contact be-
tween host and parasite. The durable nature
of the stripe rust resistance in Pavon 76
supports our hypothesis.
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