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ABSTRACT

Akanda, S. 1., and Mundt, C. C. 1996. Effects of two-component wheat
cultivar mixtures on stripe rust severity. Phytopathology 86:347-353.

Three two-component wheat (Triticum aestivum) cultivar mixtures,
along with their pure stands, were grown at five ratios in three experi-
ments. Each cultivar was susceptible to either one or two of three Puc-
cinia striiformis races inoculated into the plots. Chaff color differences
served as markers to distinguish the cultivars in mixture, so that disease
could be calculated on a per-cultivar basis. Stripe rust severity on indi-
vidual cultivars increased linearly with the frequency of that cultivar in

mixture, with 16 of 18 possible regressions having significantly (P <
0.05) positive linear slopes. One cultivar had significantly different lev-
els of rust when mixed with different companion cultivars, suggesting
that plant-plant interactions affected susceptibility of that cultivar to rust.
In contrast to an earlier study, changes in frequencies of mixture compo-
nents from planting to harvest had little influence on stripe rust severity.
Mixtures with equivalent proportions of cultivars generally provided the
highest level of disease control.

Additional keyword: epidemiology.

One strategy to prolong the useful life of resistance genes and
increase yield stability is to grow multilines or cultivar mixtures
(8,28,31,33). The mechanisms by which multilines or cultivar
mixtures reduce disease severity have been discussed (17,28,33)
and include the following: physical blockage of propagule trans-
mission among plants of different genotypes, dilution of com-
patible inoculum via increasing the distance between plants of the
same genotype, inducement of resistance, increased tillering for
the more resistant cultivar(s) in a mixture, and competitive inhibi-
tion among virulent races.

Though multiline cultivars have had commercial success
(8,9,27,28,33), the multiline approach for controlling diseases can
be laborious and expensive (13). Thus, more recent attention has
focused on the use of cultivar mixtures, which requires no further
breeding for agronomic uniformity. The advantages of cultivar
mixtures over multilines (28,33) include the following: lack of
need for breeding mixture components; ability to utilize new,
agronomically superior cultivars in mixtures; ability to attain ge-
netic diversity for resistance to multiple diseases; potential limita-
tion of the evolution of pathogen races with multiple virulence;
and increased possibilities for positive yield synergism (positive
interactions among cultivars resulting in increased yield).

Reductions in disease severity in cultivar mixtures compared
with the disease severity mean of the same cultivars grown in
pure stands have been demonstrated for polycyclic, foliar patho-
gens of small grains (8,28,33). In many experimental studies with
cultivar mixtures, a single pathogen race was used, with one host
genotype being resistant and the other being susceptible to that
race (1,5,10,11). In practice, many or all cultivars in a mixture are
likely to be susceptible to one or more races, and interactions
among races may influence the epidemiological effects of mix-
tures (14,28). In studies in which more than one race has been
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used, the ratio of host cultivars was constant (16,17,25,34), which
may not always be the case in the commercial application of
cultivar mixtures. Thus, we conducted experiments to study the in-
fluence of two-component club wheat (Triticum aestivum L.) cul-
tivar mixtures on severity of stripe rust (caused by Puccinia strii-
JSformis Westend.) under the more complex conditions of multiple
pathogen races and varying ratios of host cultivars. We utilized
mixtures of cultivars with morphological markers so that we
could determine if the impact of mixtures on disease severity var-
ies among cultivars.

MATERIALS AND METHODS

Field plot locations. Experimental plots were located at the
Columbia Basin Agricultural Research Center field stations at
Moro and Pendleton, Oregon. Both sites represent important
wheat growing areas of the state and are approximately 200 km
apart. Average annual rainfall at Moro and Pendleton is 280 and
490 mm, respectively. Soil type at both sites is a Walla Walla silt
loam, though soil depth is significantly greater at Pendleton than
at Moro. The experiments were conducted during the 1991 to
1992, 1992 to 1993, and 1993 to 1994 winter wheat seasons.

Cultivars. Four winter club wheat cultivars differing in stripe
rust resistance, height, and chaff color were used (Table 1). All
cultivars are or have been grown commercially near the study

TABLE 1. Plant height and chaff color of four winter club wheat cultivars
and their reactions to different stripe rust races used in field experiments

Reaction® to Puccinia striiformis race

Cultivar Height  Chaff color  CDL 27 CDL 29 CDL 41
Faro Medium Brown R S R
Jacmar Short Brown R S S
Tres Medium White R R S
Tyee Medium White S R R

* § = susceptible and R = resistant.
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areas, and are well adapted locally. Commercial seed of the culti-
var Faro in Oregon consists of a mixture of two agronomically
indistinguishable lines with slightly different resistance spectra to
P. striiformis. We purified the line giving resistance to P. strii-
formis race CDL 29 (OR 7142) for use in our studies, but referred
to this line as ‘Faro’ in this paper.

Experimental design and treatments. Experiments at both
sites and over all 3 years entailed a randomized, split-block de-
sign with four replications. Main plots were the presence or ab-
sence of stripe rust, and the subplots were pure stands and mix-
tures of different wheat cultivars. Each subplot was 6.1 m long
and four rows wide, with 0.36 m between rows, and was mowed
to 4.9 m in length in the spring. Subplots were further separated
along their longest dimension by a subplot of the common soft
winter wheat cultivar Stephens, which is immune to the P. strii-
formis races used in this study. Seeding rates of 253 and 158
seeds/m? were used at Moro and Pendleton, respectively. Fertili-
zation and weed and insect control practices were those typical of
commercial wheat production at the two locations. All experi-
mental plots at Pendleton in both seasons were sprayed with
benomyl at 1.25 kg a.i./ha once in early April to control foot rot
(caused by Pseudocercosporella herpotrichoides).

Populations grown in 1991 to 1992 at each location included
pure stands of the four cultivars and three two-way mixtures
(Faro-Tyee, Faro-Tres, and Jacmar-Tyee), each planted at ratios of
10:90, 25:75, 50:50, 75:25, and 90:10. Additional mixture treat-
ments were included in these experiments, but they formed part of
a separate study not reported here.

Treatments for the 1992 to 1993 season were similar to those of
1991 to 1992, except that seed for each mixture was collected
from plots grown in the previous season. Similarly, the treatments
for 1993 to 1994 were established from seed collected from the
1992 to 1993 experiment. Seeds from all four replications of the
previous season were mixed before being packaged for replanting
in the next season.

Inoculation. Inoculation was done by transplanting susceptible
wheat seedlings infected with races CDL 27, CDL 29, and CDL
41 of P. striiformis (race designations are those of the USDA
Cereal Diseases Laboratory, Washington State University, Pull-
man). Each cultivar was susceptible to one of these races, except
for Jacmar, which was susceptible to both races CDL 29 and CDL
41 (Table 1).

Peat pots (6 cm) containing 2- to 3-week-old, greenhouse-
grown seedlings of the cultivar Nugaines were inoculated with
0.001 mg of fresh urediospores (equiproportional mixture of all
three races) per pot. The seedlings were kept in a dew chamber
for about 12 h, and then transported to a protected outdoor loca-
tion to acclimatize to field conditions.

Two to 3 weeks after inoculation, just prior to pustule eruption,
seedlings from two pots were transplanted into each of the sub-
plots designated for inoculation. Seedlings were transplanted on
18 and 19 March 1992 at Pendleton and Moro, respectively. For
the 1992 to 1993 field season, transplantings were done on 9 and

TABLE 2. Stripe rust severity in pure stands of wheat cultivars in experi-
ments conducted at Moro and Pendleton, Oregon, in 1993 and 1994*

Environment
Cultivar Moro/93 Pendleton/93 Pendleton/94
Faro 48.8b 259a 27.8b
Jacmar 48.2b 432a 946a
Tres 55.6ab 32.1a 383b
Tyee 63.7a 248a 37.0b
Mean 54.1 31.5 49.4

* Values followed by the same letter within a column were not significantly
different at P = 0.05 according to Fisher's least significant difference pro-
cedure.
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10 November at Pendleton and Moro, respectively, and again on
11 and 12 March. In the 1993 to 1994 season, a single inocula-
tion was done on 1 and 4 March 1994 at Pendleton and Moro,
respectively.

Disease recording. Disease severity was assessed by visually
estimating the percent leaf area covered with stripe rust lesions on
the leaf below the flag leaf (F-1 leaf). An exception was at
Pendleton during the 1992 to 1993 field season, when disease
was recorded on the F-2 leaf because of low disease severities at
the time of assessment. At Moro, disease was always recorded
during the last week of May; at Pendleton, disease was assessed
during the first week of June. Plants were in the early dough stage
at the time of assessment. Disease was assessed on approximately
120 head-bearing tillers in the two middle rows, halfway between
the center and the end of each subplot. Each tiller was given a tag
that matched numerically with the corresponding disease score.
At maturity, tillers on which disease assessments were made were
hand-harvested with sickles, bagged, transported to the labora-
tory, and identified to a cultivar based on chaff color. In calculat-
ing overall disease severities for the mixtures, disease severities
were averaged over all tillers in each subplot. Tillers with lost
tags (5 to 7% of total) could not be included when calculating
disease severity for individual cultivars within mixtures.

Data analyses. Data were analyzed by analysis of variance
(ANOVA) using the general linear model procedure of the Statis-
tical Analysis System (29). ANOVA over environments indicated
significant (P < 0.001) interactions between treatments and exper-
iments. Therefore, statistical analyses were done only within ex-
periments. Plots of variance x mean indicated no need for data
transformation.

The effect of mixtures on rust severity in mixtures was calcu-
lated relative to the means of their pure stands, based on disease
severity in the pure stands averaged over four replications and
weighted by the frequency of the seed of each cultivar in the mix-
tures planted in that season (seed counts of each cultivar from
hand-harvested samples of the previous season were used as es-
timates of planting frequencies). This calculation gave the total
disease effect due to mixing (16,17).

Planted seed frequencies and harvested tiller frequencies can
differ because of differing tillering and competitive abilities of the
cultivars. Therefore, disease effects also were calculated by
weighting the component cultivars by their respective harvested
tiller frequencies. Disease severities of mixtures relative to the
weighted disease severity means of their pure stands measured
the effect of mixing on epidemic development, and has been des-
ignated as the “epidemiological effect” (16,17). The difference
between the total disease reduction and the epidemiological effect
is the “selection effect” (16,17), i.e., the effect of changes in fre-
quencies of cultivars on disease severity calculated at the popula-
tion level (16,17).

Disease severities of each cultivar when grown in mixture were
regressed on the harvested tiller frequencies of the respective cul-
tivars to determine the effect of cultivar proportion on disease
severity. In doing so, mean disease severity over all tillers in each
subplot was regressed on the harvested tiller frequency averaged
over all four replications of a treatment. Coefficients of determi-
nation (15 [page 42]), significance of slopes, and scatter plots of
residuals were used to evaluate the regression relationships.

Linear contrasts were used to determine significances of differ-
ences between mixtures, averaged over all mixture proportions,
and the means of their component pure stands. For each of the
three experiments, contrasts were done for individual mixtures,
the mean of all mixtures, the mean of all mixtures initially
planted in 50:50 proportions, and the mean of all mixtures ini-
tially planted in frequencies other than 50:50. For contrasts aver-
aged over mixtures, disease severities for the pure stands were ad-
justed by taking into account the number of times the cultivar was
represented in the mixtures.



RESULTS

Disease severity averaged over cultivars and ranking of disease
severity among the pure stands differed in the three experiments,
though differences among cultivars were not always significant
(Table 2).

Disease severity of individual cultivars in the mixtures was
dependent on their frequency in the stand (Figs. 1 to 3). Linear
regressions of stripe rust severity on cultivar proportion were
significant for 16 of 18 mixture x environment combinations,
and residual patterns appeared random. The frequency-depen-
dence of disease, as indicated by the slopes of the regressions,
varied among experiments and companion cultivars in the
mixtures.
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Disease severity of mixtures relative to pure stands varied con-
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less disease relative to its pure stands than did the other mixtures,
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Fig. 1. Regression of stripe rust severity on harvested tiller frequency for wheat cultivars grown in mixtures and pure stands at Moro in 1993,
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irrespective of the experiment. Jacmar-Tyee usually ranked sec-
ond with respect to disease reductions. At Pendleton in both sea-
sons, Tyee had significantly (P = 0.05) lower disease, averaged over
all mixture proportions, when grown with Faro than when grown
with Jacmar . A similar trend occurred at Moro, but this difference
was not significant. Stripe rust severities on the component cultivars
within the mixtures also differed substantially, though not always
significantly (Table 3). Overall disease reductions attributable to
mixing were due mostly to epidemiological effects, and the
contributions of selection effects were negligible (Table 3).

DISCUSSION

The optimum proportion of mixture components for disease
control and yield has often been discussed. Proportions of resis-

tance as high as 75% (31) and 87 to 94% (3) have been suggested
for a multiline to control stem rust (P. graminis tritici) in wheat.
For stem rust of oats (Avena sativa), Jensen and Kent (19) sug-
gested 60% resistance, whereas Luthra and Rao (23) observed
that a multiline of wheat would not suffer appreciable loss from
leaf rust (caused by P. recondita), even if it contained as many as
50% susceptible plants. Leonard (22) suggested that, when 35 to
40% of plants are susceptible to all races of the pathogen, simple
races will be maintained and the race structure will stabilize.
Browning and Frey (8) suggested that a multiline with 35 to 40%
susceptible plants might be sufficient to control oat stem rust.
Browning (6) indicated that, in indigenous ecosystems, only 30%
resistance to a given crown rust (P. coronata var. avenae) race,
combined with a background of general resistance, is sufficient to
protect a population. This 30% figure was confirmed with studies
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Fig. 2. Regression of stripe rust severity on harvested tiller frequency for wheat cultivars grown in mixtures and pure stands at Pendleton in 1993,
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of oat crown rust in agricultural systems (7). In our experiments,
in which each component cultivar was susceptible to a different
race, the mixtures with equal proportions seemed to be optimum
in reducing disease. Disease severities of mixtures relative to pure
stands in our experiments were in general agreement with studies
of other foliar pathogens of cereals (4,16,17,27,34). Equipropor-
tional cultivar mixtures have been shown to provide reductions of
more than 50% in the severity of barley (Hordeum vulgare) pow-
dery mildew (caused by Erysiphe graminis) in the United King-
dom (34) and of wheat stripe rust (induced by P. striiformis) in
Oregon (4,16,17,27).

Disease severity on individual cultivars in the mixtures de-
creased linearly with cultivar frequency. In contrast, other studies
have indicated a logarithmic relationship between rate of disease

increase and proportion of a susceptible genotype in mixture
(10,22). Similarly, it has been theorized that a diminishing return
to disease control would be obtained by adding resistance genes
to a host mixture (24), a relationship that also would yield a loga-
rithmic relationship between disease and proportion of suscepti-
ble plants. On the other hand, a linear relationship between infec-
tion rate and proportion of susceptible plants was reported by
Burdon and Whitbread (12).

The three mixtures studied differed in their ability to control
stripe rust. It previously has been shown that all mixtures are not
equivalent in yielding ability and/or disease reduction (16,17,21,
32,33), and mixtures may perform equal to, better, or worse than
the means of their component pure stands (2,16,17,20,21,32).
Thus, both percentage composition and specific component com-
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Fig. 3. Regression of stripe rust severity on harvested tiller frequency for wheat cultivars grown in mixtures and pure stands at Pendleton in 1994,
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binations are important considerations in constructing useful mix-
tures.

The individual cultivars also differed in reducing disease sever-
ity, as previously reported by Finckh and Mundt (16,17). Mixing
always reduced rust on Faro and Jacmar, but did not always sig-
nificantly reduce rust on Tres and Tyee. Thus, cultivars either
differed inherently in their frequency-dependent response to dis-
ease, or interactions between cultivars in mixture altered their
degree of susceptibility to stripe rust.

Epidemiological effects played the most significant role in im-
pacting disease in the mixtures, with very negligible selection ef-
fects. In contrast, Finckh and Mundt (16,17) found a highly sig-
nificant role of cultivar shifts on stripe rust severity in experi-
ments incorporating many of the same cultivars reported in this
study. In their studies, mixtures often contained components that
were resistant to all rust races used to inoculate the plots, and
most of the selection effects reduced disease severity. However,
they did report an occasional negative selection effect, suggesting
that selection was for increased tiller number of the more suscep-
tible component of a mixture.

Our results likely underestimated the stripe rust control pro-
vided by cultivar mixtures in commercial production (27) for at
least two reasons. First, experiments with cultivar mixtures are
very sensitive to interplot interference (27,33). Though we sepa-
rated subplots by an equal area of a completely resistant cultivar,
this precaution may have been insufficient to prevent significant
exchange of spores among the subplots, Second, in order to guar-
antee that epidemics began simultaneously in all subplots, we
were forced to use an unnaturally large amount of initial inocu-
lum. Shaner and Powelson (30) reported that one infected leaf per

acre (0.47 ha) in mid-February would provide sufficient inoculum
for an epidemic, given favorable weather. A high level of initial
infection will decrease the number of pathogen generations and
increase the rate of approach to the host’s carrying capacity for
disease; both of these factors reduce the efficacy of mixtures for
disease control (26).

Because of differences in competitive abilities of the compo-
nent cultivars in mixtures, one cultivar may eventually dominate
the mixture, thus reducing mixture effectiveness. In other studies
with mixtures, considerable drift in mixture composition was
reported (1,20). Finckh and Mundt (18), however, found evidence
for equilibria among adapted wheat cultivars with similar yield.
MacKenzie (24) suggested that component cultivars should be
remixed every season. Similarly, Wolfe (33) suggested that, for
maximum effectiveness, mixtures should be reconstituted every 2
to 3 years. In our studies, compositional shifts were rather small
(Figs. 1 to 3), suggesting that mixtures could safely be replanted
for 3 to 4 years without remixing. In fact, this is a common com-
mercial practice in Oregon (27).

With mixtures of differentially susceptible cultivars, disease
was directly proportional to cultivar frequencies for both compo-
nents. Thus, decreasing disease on one component by decreasing
its frequency will increase disease severity on the other compo-
nent of the mixture, and equiproportional mixtures appeared to be
superior with respect to disease reduction. Thus, in this system,
greater disease control could potentially be obtained by increas-
ing the number of cultivars to reduce the proportion of plants
susceptible to a given race than by searching for optimum propor-
tions of components in a mixture. Disease reductions in our stud-
ies were due mostly to epidemiological effects. It was also evi-

TABLE 3. Stripe rust severity in mixtures of wheat cultivars, averaged over five mixture proportions, on a population and per-cultivar basis, and percent reduc-
tion of stripe rust relative to their component pure stands in three field experiments conducted in Moro and Pendleton, Oregon, in 1993 and 1994

Mixture components Stripe rust severity (%)*

Disease reduction (%)

Cultivar 1 Cultivar 2 Cultivar 1 Cultivar 2 Overall? Cultivar 1 Cultivar 2 Overall® EE!4 SE°
Moro/93
Faro Tyee 27 kRl 32.4%*x% 34.4%%% 44.2 49.1 37.6 36.6 0.96
Faro Tres 31 7%%%e 43.8 43 4% 35.0 21.2 17.0 16.7 0.32
Jacmar Tyee 32. 7% 36 5%k 4] 4%*= 322 42.7 24.2 23.4 0.77
Mixture (all)® 35.7¢%% 26.2 25.6 0.68
50:50 mixture™! 35.4%%% 34.2 337 0.50
Pendleton/93
Faro Tyee 13.2* 219 222 49.0 1.8 12.4 12.5 -0.08
Faro Tres 10.8%* 294 26.4 58.3 8.4 9.0 10.7 -1.63
Jacmar Tyee 30.7* 314 40.4 29.0 -26.5 -22.1 —24.2 2.05
Mixture (all) 29.7 -0.1 -0.2 0.07
50:50 mixture 19.5* 35.1 359 -0.81
Pendleton/94
Faro Tyee 13.3%* 19.7 19.8* 52.1 46.8 394 38.2 1.20
Faro Tres I5:1%% 32.5 29.3 45.6 15.0 14.1 13.0 1.15
Jacmar Tyee 47.2%%* 314 47,0%** 50.1 15.2 233 229 0.36
Mixture (all) 32,0%%* 25.6 24,7 0.90
50:50 mixture 2],1#%* 51.6 49.7 1.98

* Percent leaf area covered by stripe rust on the leaf below the flag leaf (F-1 leaf) for Moro 1993 and Pendleton 1994, and the F-2 leaf for Pendleton 1993.

b Mean stripe rust severity for all tillers (both cultivars).
mean stripe rust severity in a mixture

¢ QOverall disease reduction=1 — x 100.

mean pure stand rust severity weighted
by planted frequency in that mixture

¢ EE = epidemiological effect (the percent change in disease severity relative to the pure stand disease severity mean weighted by the harvested tiller frequency

(7).

¢ SE = selection effect (the percent change in discase severity because of changes in frequencies of the component genotypes in mixture from planting to harvest

[17)).

f The symbols *, **, and *** indicate that treatment means for the component cultivars or the overall mixture were significantly different from their respective

pure stand(s) at P < 0.1, P < 0.05, and P < 0.01, respectively (linear contrasts).

¢ The component genotype means averaged over all planted frequencies differed significantly at P < 0.05 (linear contrasts) when shown in italics.
" For comparing the disease severity means of all mixtures or 50:50 mixtures with overall means of the pure stands, pure stand means were adjusted to account

for the number of times they were included in mixtures (details in text).

! Data were pooled from the treatments initially planted at 50:50 proportions in fall 1991,
J Disease severity means for the same component cultivar within different mixtures were significantly different at P < 0.05 (linear contrasts) when shown underlined.
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dent that some mixtures performed better than others, and one
mixture component was influenced differentially by its compan-
ion cultivars. Thus, in addition to knowledge of resistance and
virulence characteristics of a pathosystem, empirical testing is
also essential.
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