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Evidence for resistance polymorphism in the
Bromus tectorum - Ustilago bullata pathosystem:
implications for biocontrol

S.E. Meyer, D.L. Nelson, and S. Clement

Abstract: Bromus tectoruni. (cheatgrass or downy brome) is an important exotic weed in natural ecosystems as well
as in winter cereal cropland in semiarid western North America. The systemic, seedling-infecting head smut pathogen
Ustilago bullataBerk. commonly infects cheatgrass stands, often at epidemic levels. We examined factors controlling
U. bullata infection levels in greenhouse studies with parental lines of Butectorumpopulations from contrasting
habitats andJ. bullata bulk teliospore collections from within the four populations. Thebullata infection process
appeared to have broad environmental tolerances, so that it was relatively simple to develop a protocol for obtaining
high infection percentages in susceptible linBeomus tectorunpopulations generally showed highest infection levels
when inoculated with locally collected. bullata teliospores. This effect was most marked for the warm desert
population, which was completely resistantWo bullata collected from other areas, but 100% susceptible to locally
collected inoculum. Two of the four populations showed major differences in susceptibility among parental lines, with
the differences most pronounced when nonlocal inoculum was used. In preliminary trials with paired monosporidial
isolates, two paired isolates infected all nine inbred lines to levels near 100%, while a third paired isolate was
pathogenic on only five of the nine lines. These results demonstrate resistance polymorphism both among and within
B. tectorumpopulations. This polymorphism may be important in developing strategies for the us$eboflata as a
biocontrol agent foiB. tectorum

Key words cheatgrass, disease, downy brome, pathogen races, smut, virulence.

Résumé: Le Bromus tectoruni. (brome des toits) est une mauvaise herbe introduite, importante tant dans les
écosystemes naturels que dans les champs de céréales d’hiver des zones semi-arides de I'ouest de I’Amérique du Nord.
L' Ustilago bullataBerk., un agent du charbon de I'épi qui attaque les plantules, infecte régulierement les populations

de brome des toits, souvent a un stade épidémique. Nous avons étudié les facteurs qui déterminent les niveaux
d’infection par I'U. bullata dans des études en serre avec les lignées parentales de quatre populaBonsctierum

provenant d’habitats variés et de groupes de téliospores récoltées en vrac a I'intérieur des quatre populations. Le
processus d’infection parW. bullata semble avoir une marge de tolérance environnementale importante, ce qui fait

qu'il a été relativement simple de développer un protocole pour obtenir un pourcentage élevé d’infection des lignées
sensibles. En général, les populationsBleectorummontraient les niveaux d'infection les plus élevés lorsque

inoculées avec les téliosporedud’bullata récoltées localement. Cet effet était plus spécialement observé pour les
populations de désert chaud qui étaient entierement résistantdd. dwtlata d’autres zones, mais 100% sensibles a
I'inoculum récolté localement. Deux des quatre populations ont montré des différences majeures de sensibilité entre les
lignées parentales, les différences les plus marquées étant observées lorsque I'inoculum non local était utilisé. Dans des
essais préliminaires avec des isolats monospores jumelés, deux isolats jumelés ont infecté les neuf lignées
autofécondées a des niveaux approchant les 100%, alors qu’un troisiéme isolat jumelé n’était pathogéne que sur cing
des neuf lignées. Ces résultats démontrent un polymorphisme de la résistance entre et a I'intérieur des populations de
B. tectorum Ce polymorphisme peut étre important lors du développement de stratégies visant a utlligerlBta

comme agent de lutte biologique contreBetectorum

Mots clés: brome des toits, maladie, races pathogenes, charbon, virulence.

Introduction
o hibit race-specific resistance (Burdon et al. 1996). Race-
Members of the Ustilaginales are among the few-sys specific host resistance has been well documented for many
temic plant pathogens whose hosts have been shown-to exspecies ofUstilago, including U. hordei (Pers.) Lagerh.,
U. tritici (Pers.) Rostr.lJ. avenaeg(Pers.) Rostr.lJ. kolleri
Accepted October 30, 2000. Wille, and U. nigra Tapke, that cause diseases in small
S.E. Meyer! D.L. Nelson, and S. ClementUSDA Forest grain crops (FI-SCher am;l Ho-lton 1957_; Ch-ereWICk 1958;
Service,yRocky Mountain Research Station, Shrub Sciences Holto.n and Halisky 1960; H?‘"S"V 1965; Christ and Pgrson
Laboratory, 735 North 500 East, Provo, UT 84606, U.S.A.  1987; Knox et al. 1999). Fischer and colleagues (Fischer
1940; Meiners and Fischer 1953) established the existence
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pathogen with a wide host range including several genera ofwithin the cooccurringU. bullata populations, frequency-
grasses, and provisionally defined 12 pathogenicity racesdependent selection (May 1990; Frank 1993; Leonard 1997)
based on among-species patterns of resistance and susceptinight be an important factor preventing local extinction of
bility. They also determined that different populations with  B. tectorumas a consequence of a head smut epidemic.

in species can exhibit different patterns of race-specific In frequency-dependent selection, abundance of a partic
resistance, indicating that the races they had defined wereular pathogen race results in scarcity of susceptible host
in reality complex genetic entities (Kreizinger et al. 1947). lines, which in turn results in scarcity of the pathogen race
In the study reported here, our goal was to determine that attacks them, which in turn is followed by abundance
whether thelJ. bullata hostBromus tectorunk.. (cheatgrass  of those susceptible host lines. In other words, genotypes at
or downy brome) exhibits race-specific resistance polymor high frequency in host and pathogen are selected against,
phism, either among populations or among lines within while those at low frequency undergo positive selection. As
populations of this obligately inbreeding species (McKone long as there is a fitness cost to excessive pathogenicity in
1985; Novak et al. 1991). the pathogen, the outcome is balanced polymorphism, i.e.,

Bromus tectorumwas introduced into western North long-term coexistence of multiple resistance genotypes in
America approximately a century ago (Mack 1981). i in the host and multiple races in the pathogen. If frequency-
creased rapidly in the wake of severe overgrazing on-west dependent selection operates in this way, it may be possible
ern rangelands, and represents perhaps the most significano cause local extinction d8. tectorumthrough application
plant invasion in the modern history of North America of U. bullata inoculum in which all pathogen races are
(D’Antonio and Vitousek 1992). Increased fire frequencies abundant.
caused by the continuous fine fuel associated with high The research presented here was carried out in three
B. tectorumcover have resulted in dominance by this weedy phases. In the first phase, we examined environmental fac
annual grass over tens of millions of hectares (Whisenanttors that might affect infection in susceptible host lines, to
1990). OnceB. tectorumhas achieved dominance in an develop protocols for obtaining consistently high infection
area, it is very difficult to reestablish native vegetation or of suscepts. In the second phase, we compared greenhouse
even introduced forage grasses via direct seeding. To estabinfection percentages for host lines from each of four
lish a stand of seeded species under these circumstanced3. tectorumpopulations, usingJ. bullata bulk inoculum
some form ofB. tectorumcontrol is necessary (Monsen collected from within each population in the field. In the
1994). Current methods include early-season burning to de-third phase, we inoculateB. tectorumlines from different
stroy seed prior to shatter, postemergence tillage in fall, and populations with paired monosporidial isolates to determine
herbicides such as soil sterilants (Evans et al. 1970) orwhether isolates from a singld. bullata population would
preemergents (S. Monsen, personal communication). Theseshow contrasting patterns of pathogenicity. These investiga-
methods generally suffer from high risk, low reliability, tions were designed to determine whetlBertectorumex-
high cost, and disruption of remnant natives. An effective hibits race-specific resistance polymorphism, either among
biocontrol method that could targBt tectorumspecifically, or within populations.
with little or no risk to cooccurring native species, would be
a valuable tool in the ongoing effort to restore native plant paterials and methods
communities that have been supplanted by this weed. The
objective would be short-term control through local preven General experimental protocol
tion of seed production, to be carried out in conjunction with  To represent the possible genetic diversityBoftectorum
restoration seeding. We are examining whetbebullata, a and U. bullata for our study, fourB. tectorumpopulations
pathogen that commonly occurs on cheatgrass and oftenyere selected (Table 1). These populations are those used
reaches epidemic proportions (Warg 1938; Stewart and Hull by Meyer and Allen (1999) to study genetic variation in
1949; Fischer 1940; Mack and Pyke 1984; Gossen andseed germination regulation. Greenhouse-produced seeds
Turnbull 1995) might provide such a biocontrol method.  belonging to lines from these populations were used in most

Ustilago bullatais a systemic, seedling-infecting patho of the experiments in the present study. We also used
gen that proliferates in the mycelial state with few or no greenhouse-produced seeds of lines from a Green River
symptoms during vegetative growth of the host but that (GR), Utah,B. tectorumpopulation (Meyer and Allen 1999;
sporulates in the inflorescence, preventing seed set (FischefTable 1), because they were highly susceptible in prelimi
and Holton 1957). The diploid teliospores are dispersed nary trials, but noU. bullata teliospore collection was eb
along with seeds of adjacent uninfected plants and remaintained from that population. For the four principal
in the soil or on the seeds until conditions are suitable for populations, a bulk collection of smutted panicles from at
germination. They germinate to produce basidiosporesleast 100 plants was made in the area where host lines had
through meiosis. These haploid cells are capable of yeast been collected. The exterior of paper bags containing the
like saprophytic proliferation under favorable conditions to smut fungus was sprayed with 95% ethanol and double
produce large numbers of sporidia. Sporidia of opposite bagged before transporting to avoid cross-contamination. Te
mating type fuse to form the obligately biotrophic dikaryon liospores were harvested by screening, air dried, and stored
that can ultimately cause head smut disease. in glass vials at room temperature (21:17°C, day:night).

We approach our study of thd. bullata — B. tectorum Plant growing medium consisted of volumetric propor
pathosystem by first examining the genetics of host resis tions (4:3:2:2:1) of vermiculite, peat moss, sandy loam field
tance. Our hypothesis is that, if different genotypes within a soil, No. 20 silica sand, and Agsorb (a calcined montmoril
population ofB. tectorumare susceptible to different races lonite clay; Oil-Dri Corp. of America, Chicago, Ill.). The
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Table 1. Habitat and location information for fivBromus tectorunpopulations included in this study.

Mean temperature

(°C) Location
Mean annual
Population Elevation (m)  Plant community type precipitation (mm)  January  July County State
Potosi Pass 1850 Blackbrush—juniper (warm desert 250 1.7 26.5 Clark Nevada
margin)

Whiterocks 1450 Shadscale (cold desert) 180 -2.3 25.8 Tooele Utah
Hobble Creek 1800 Sagebrush — gambel oak (foothills) 400 -2.1 24.8 Utah Utah
Green River 1280 Shadscale (cold desert) 150 -5.2 26.6 Emery Utah
Strawberry 2400 Subalpine meadow 560 —7.8 16.1 Wasatch  Utah

medium was mixed and moisturized to approximately 25% as imbibed seed vs. young plants, (3) low vs. high fertility,
field capacity and subjected to aerated steam at 103 kPA,(4) growing medium containing natural soil vs. a soilless
60°C for 60 min to selectively eliminate most pathogenic mix, and (5) selective heat treatment by aerated steam to re
fungi and retain possible antagonistic actinomycetes andtain pathogen-suppressive microorganisms vs. untreated
bacteria (Baker et al. 1967). Growing containers were six- medium. In addition, both Whiterocks (WR) and Hobble
cell (25 mm x 25 mm x 140 mm) “rootrainer books” Creek (HC) bulk inoculum sources were included in the
(Spencer—Lemaire Inc. Ltd., Edmonton, Alta.). Books were trial. Twelve B. tectorumlines were included, six from WR
held in redwood crates impregnated with copper napthanateand six from HC. One replication of six planted cells was
(Baker 1957). used per line per treatment combination. An uninoculated
Inoculation trials were grown out under greenhouse-con control for each treatment combination was used as a check
ditions. Fluorescent lamps were used to provide supplemen-for smut contamination of seeds. The design was a multiple
tal lighting. Bromus tectorunrequires vernalization, either level split plot with development temperature as the main
as seeds or plants, to flower (Richardson et al. 1986). Dur-plot and subsequent factor plots hierarchically arranged
ing the growth period prior to vernalization, day length was within the main plot in the order listed above.
gradually reduced from 12 to 10 h and temperature from 19 The inoculation method was adapted from the partial-
to 15°C during the day and from 10 to 3°C at night. Four to vacuum method (Fisher and Holton 1957). Inoculum den-
six weeks at or below 4.4°C with a short day length (8 h) sity was 0.1 g germinable teliospores per 100 mL water.
was used for vernalization. After vernalization, day length Seed lots (>95% viability) of each host line were placed in
was gradually increased from 14 to 16 h and temperaturevials and covered by the spore suspension. Vials were then

from 21 to 30°C during the day and from 5 to 16°C at
night.

Following seedling establishment, moisture level was
held to a minimum, allowing plants to approach wilting
point before watering to soil saturation. Supplemental fertil
ization was also minimal, consisting of one application of
100 ppm 20:20:20 of N:P:K plus micronutrients (Scotts —
Sierra Horticultural Products Co., Marysville, Ohio) to soll
saturation immediately after the vernalization treatment. Af
ter almost full development of the smut fungus, but prior to
any rupturing of sori, the proportion of smutted plants was

placed in a vacuum desiccator jar that was in turn placed
on an orbital shaker. While spores were kept in suspension
by the shaker motion, a partial vacuum was drawn down to
—172 kPa and released three times. During planting, vials
were frequently agitated.

The native-soil-containing medium consisted of volumet
ric proportions (3:3:2:3:1) of peat moss, vermiculite, sand,
sandy loam soil, and Agsorb. The soilless medium was
commercial Sunshine No. 3 potting medium. The soil media
were either subjected to aerated steam at 50°C for 30 min af
ter moisturizing or not heat-treated.

determined and plants were either harvested or bagged to Young plant vernalization was carried out for 2 weeks in

prevent escape of teliospores.

the greenhouse and then 4 weeks in a lathhouse, with tem

Proportion of plants smutted was arcsine-transformed to peratures ranging from —6 to 18°C. For the low temperature

increase homogeneity of variance prior to analysis of-vari regime, temperatures were set at 10:5°C, day:night, after
ance Anova) appropriate to the experimental design for vernalization, then ramped to 21:16°C, day:night. Day
each experiment. In multiple-factor experiments, where length was extended from 10 to 15 h. For the high tempera
each treatment combination was replicated only once, mainture regime, temperatures were set at 21:10°C, day:night,
effectsanova’s were conducted using interaction variance as and ramped to 30:18°C, day:night. Day length was ex
the error term (Zar 1984). Means separations were per tended from 12 to 16 h. The high fertility treatment eon
formed, using a Student—-Newman-Keuls means separatiorsisted of an application to soil saturation of a liquid Scotts—
test, only for the bulk inoculum trials. Peters (20:20:20 plus micronutrients) solution at 1000 ppm
immediately after vernalization and again shortly before
plant heading. The low fertility treatment consisted of
100 ppm of the same fertilizer at the same growth states.

Environmental factors

Multiple environmental factors

Five environmental factors that could influence infection Inoculation method and bulk inoculum density
levels were tested in a factorial design: (1) growth and de  To arrive at an inoculum density threshold for near 100%
velopment under low vs. high temperature, (2) vernalization infection of plants, two inoculum density dilution series
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were made: (1) dry spores and (2) spores in water suspen cluded. Twenty-four seeds of each line were dry-inoculated
sion. Two inoculum sources (HC and WR) were used to in with 0.0025 g live teliospores for each pH treatment.
oculate three highly susceptible GR host lines. Twelve (dry
inoculation) or eight (wet inoculation) seeds from each line Planting depth and mulch type
were bulked for a total of 36 or 24 seeds per density level. The effects of planting depth and surface mulch type on
The dry spore dilution series was made by weighing infection were tested in separate split-plot experiments with
spores, allowing for a live spore adjustment. The highest depth or mulch treatment as the main plot, using the-stan
density level was 0.005 g live sporesa 4 mLvial with 36 dard protocol described above. For each test, six host lines
seeds. Five density levels were achieved by reducing the(three each from WR and GR) were dry-inoculated with
mass of spores per vial by 50% to level 5 at 0.0003 g per 0.0025 g of live HC inoculum per 36 seeds. Twelve seeds
vial. A sixth level (0.00015 g) was approximated by dou were used per treatment per line. For the planting depth ex
bling the seed number per vial. The water suspension dilu periment, seeds were planted at depths of 3, 6, and 12 mm.
tion series was made by repeated 50% dilutions beginning Duff covers with different leachate composition and pH-val
with 0.01 g/20 mL water (adjusted for live spores). Using ues were tested for their influence on infection. Covers in
continuous agitation with a magnetic stir bar, this method cluded groundB. tectorum duff, peat moss, elm leaf
was used to achieve 12 dilution levels. Twenty-four seeds compost, No. 16 silica sand, vermiculite and ground eoco
were immersed in inoculum suspension for each density nut hulls. Duff was autoclaved at 121°C for 30 min. Seeds
level. During planting, suspensions were agitated often. ~ were placed in shallow depressions and covered with 6-
These experiments were planted out in a randomized 7 mm of surface mulch.
block design with three replications. For each replicate, the
entire dilution procedure was repeated. Culture followed the Bulk inoculation trials
standard, except plants were reared for 5 weeks prior to a 9- For the bulk inoculation trials, we inoculated seeds of six
week vernalization treatment. host lines belonging to each of foBr. tectorumpopulations
with U. bullata bulk teliospore collections (Table 1). Each
Vernalization regime variation line was inoculated with bulk inoculum from four pathogen
In this experiment on the effect of variation in vernaliza- populations, namely those cooccurring with each of the four
tion regime, the goal was to determine the shortest experi-host populations. These tests were made over a 2-year pe-
mental duration (prevernalization growth + vernalization riod. Each experiment was with a single pathogen popula-
period + postvernalization time to heading) that would per- tion and consisted of two blocks with 18 plants per host line
mit full B. tectorumflowering without disrupting infection  per block, with line nested within population. In the first set
and disease development. We used a single, highly susceptiof experiments, HC and WR bulk teliospore were applied as
ble GR host line and a single inoculum source (HC). Thirty- dry inoculum at a density of 0.005 g of live spores per 36
six seeds were used per treatment. Dry live spore inoculumseeds. The cultural regime was standard with the following
of 0.0025 g per 36 seeds was applied by vibration using aexceptions. After emergence, plants were reared for
hydraulic sander with a clamp attachment. Plants were 3 weeks, then vernalized in the greenhouse for 12 weeks.
reared as described previously. Prevernalization growing Fertilization was 500 ppm Scotts—Peters 20:20:20. In the
times were 2, 4, or 6 weeks after planting. Plants were thensecond set of experiments, Strawberry (ST) and Potosi Pass
vernalized for 4, 6, or 8 weeks. One set of plants was held (PP) bulk inoculum was used. All procedures were the same

in greenhouse vernalization having a wide day—night-tem
perature fluctuation (0—18°C), while the other was held in a
growth chamber with only a small fluctuation (3.3-4.4°C).

Soil pH

The influence of soil pH on infection was tested by two
methods, formulation of a growing medium series of in
creasing pH and use of five native soils with a range of pH
values. Growing media were formulated by combining
varying proportions of peat moss (pH 4.2), vermiculite
(pH 7.5), Agsorb (pH 3.9), silica sand (pH 6.9), sandy loam
field soil (pH 6.9), and limestone (pH 8.6). Nine media
were prepared, ranging from pH 4.0 to 8.0 in approximately
0.5 pH unit increments. Media were treated for 30 min at

60°C with aerated steam. Final pH was not changed afterincreased

heat treatment. Field soils were mixed with vermiculite and
silica sand (volumetric proportions: 3:2:1) to render them

as the earlier test, except for an 8-week vernalization period
and a 0.0025 g inoculum density.

Paired monosporidial isolate inoculation trials

We developed a technique for smut monosporidial culture
to produce single genotypes of the smut. Teliospores of HC
smut were atomized onto potato dextrose plus antibiotics
agar. After sporidial proliferation, sporidia were collected
aseptically, dispersed, and diluted in sterile water, then
plated on water agar plates. Apparent single sporidia were
marked and later, colonies were lifted from the plates and
transferred to potato dextrose shaker culture. Monosporidial
cultures were then mixed in all combinations and observed
for dikaryon formation. Plus and minus mating strains were
in broth culture to produce monosporidial
inoculant. Three pairs of sporidial isolates of opposite-mat
ing types were mixed and used at three concentrations pre

more amenable to container culture. Native soils used, with pared by 10x dilutions of an arbitrary cultural high. An

their amended pH, were: WR (7.9), Rush Valley (8.0), HC
(6.1), Point of the Mountain (7.0), and Midway (6.0).
Three host lines (one each from WR, HC, and GR) and
two inoculum sources (WR and HC) were included (only
HC for the native soils test). A check treatment was in

evaluation of the midlevel concentration was made using a
hemocytometer. The average of ten 1/400 ‘mwas: pair
1=65.6, pair 2 = 76.5, and pair 3 = 53.6 sporidia. Two-mil
liliter of the paired sporidial inoculum was added to vials
containing 36 seeds. Just prior to planting, vials were vi
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Fig. 1. Infection percentage plotted as a function of
log(inoculum density (9/100 mL)) for wdtistilago bullata
inoculum applied tdBromus tectorunseeds using the partial-
vacuum method. The fitted line is a three-parameter Hill
function fitted using iterative nonlinear regression.
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Fig. 2. The effect of surface mulch type on infection percentage
following dry inoculation of sixBromus tectorunparental lines
with Hobble Creek bulk inoculum. Bars headed by different
letters are significantly different at the < 0.05 level according

to a Student—Newman-Keuls means separation test. Dulff,
groundB. tectorumduff; husks, ground coconut husks; peat,
peat moss; leafmold, elm leafmold; vermic, vermiculite.
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brated to disperse sporidia. Two replications of 12 seeds

were used per treatment in a split-plot design with line as first six densities (Fig. 1). It then levelled off at
the main plot, paired sporidial isolate as the subplot, and approximately 75%, regardless of further inoculum density
inoculum concentration as the subsubplot. Planting depthincrease. In contrast, inoculum applied as dry teliospores
was 5 mm. Following planting, the soil surface was sprin- gave essentially full infection (mean 94%) at all six density

kled with water and covered with plastic film to slow dry-

ing. The test setup was held in the preparation room for

levels.
In the experiment examining the effects of variation in

48 h at 21°C. Plants were then grown out for 3 weeks and vernalization regime, infection was not sensitive to the de-

vernalized at 4.4°C for 14 weeks.

Results

Environmental factors

tails of the regime, as long as vernalization took place after
establishment. Regardless of plant age at initiation of ver-
nalization, length of vernalization, or vernalization regime,
mean infection percentage was 99%.

Soil pH had no significant effect on infection percentage

The infection process proved to be largely unaffected by over a remarkably broad range of pH. In the experiment uti
many environmental factors over the ranges that we studied.lizing five native soils with a pH range from 6 to 8.0, infec

In the split-plot factorial experiment, mean infection per
centage for 1B. tectorumlines following inoculation with

bulk teliospore inoculum from two sources was not signifi
cantly affected by soil mix, soil fertility, soil heat treatment,

tion averaged 100%. In the experiment that utilized soilless
media with pH from 4.2 to 8.6, infection averaged 93%,
with no sign of a pH-associated trend.

Planting at depths of 3, 6, or 12 mm in the standard soil

or temperature during development, though there was amix had no effect on infection percentage, which averaged
nonsignificant trend for higher infection percentages at the 98%. When seeds were placed on the surface of the mix,

cooler temperature (30 vs. 24%; = 2.9, df = 1, 3,P <
0.25). The only significant factor was vernalization regime
(F = 426.8, df = 1, 3,P < 0.0001). Plants vernalized as

seeds showed very low infection percentages (3% overall),

then covered with different types of mulch, mulch type had
a small but significant effect on infection percentage
(Fig. 2). Intact organic mulches (cheatgrass litter and €oco
nut husks) gave 100% infection, while inorganic mulches

while plants vernalized after establishment showed much (vermiculite and sand) gave somewhat lower infection.

higher infection (55%). There was a marginally significant
difference between inoculum sources (HC, 32%, vs. WR,
22%;F = 11.7, d = 1 and 2, respectively? < 0.10). The
overall difference among lines was highly significaft £
7.77, df = 11 and 20 respectively, < 0.0001), with 2 WR
lines (40-42%) significantly higher than the other 10 lines
(19-27%). No controls were smutted in this or any test, in
dicating excellent control of cross-contamination.

For teliospore inoculum applied in water suspension us
ing the partial-vacuum method, the lowest inoculum level

Bulk inoculum trials

There were major among-population differences in infec
tion percentage in response to each of faurbullata bulk
inoculum sources (Table 2). WC and HC host lines were
generally highly susceptible to both HC and WR bulk
inocula, while ST lines were generally much less suseepti
ble and PP lines were completely resistant. WR and ST lines
were generally highly susceptible to ST bulk inoculum,
while HC lines were less susceptible and PP lines were

produced 1% infection, and infection percentage increasedagain completely resistant. PP lines were completely and

approximately exponentially with inoculum density over the

uniformly susceptible to PP bulk inoculum. WR lines were
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generally also highly susceptible to PP bulk inoculum,
while ST and HC lines were much less susceptiBlemus
tectorumpopulations were generally most susceptible to lo
cally collected bulk inoculum.

Paired monosporidial isolate inoculation trials

When seeds from nine lines representing three pepula
tions were inoculated with paired monosporidial isolates
from the HC bulk inoculum, isolate pairs 1 and 3 gave es
sentially full infection on all nine lines (Table 3). Isolate
pair 2 gave full infection on the three WR lines and on two
of the three GR lines. The remaining two GR lines and all
three HC lines were resistant to this isolate pair.

There was a small effect of inoculum concentration in the
paired monosporidial line test (Table 3). Infection pereent
age was 84% for high, 80% for medium, and 66% for low
concentration, averaged across all lines and isoldtes (
60.7, df = 2, 81 P < 0.0001). At the highest concentration,
infection percentages for susceptible lines averaged 100%.

There were a total of three infected plants out of a possi
ble 288 in two of the four lines that were resistant to isolate
pair 2. These low levels of infection in otherwise resistant

due to the effect we observed in our study. Falloon (1979)
showed that, for a race &f. bullata on Bromus willdenowii
Kunth, optimum temperature for teliospore germination was
relatively high, over 20C. This is also true f8. tectorum
seed germination (Christensen et al. 1996; Meyer et al.
1997). ButB. tectorumhas a low minimum for germination
(0°C), so that seeds can germinate under winter conditions,
albeit slowly.Ustilago bullatamay have a higher minimum
temperature, making winter infection unlikely. This may
represent an obstacle to effective uself bullata as a
biocontrol organism foB. tectorum

The minor effect of surface mulch type that we observed
was probably due to differences in degree of sporidial pro
liferation. The organic mulches may have provided a RAutri
tional substrate for saprophytic proliferation or they may
have improved moisture relations in the proliferation zone
relative to inorganic mulches. This effect could be more im
portant under inoculum-limited conditions likely to be found
in the field.

Bulk inoculation trials
We obtained clear evidence for among-population resis

lines could mean that resistance is not absolute in thesetance polymorphism in this pathosystem, in that PP lines

lines.

Discussion

Environmental factors
We obtained high levels of infection in susceptible
B. tectorumlines over a wide range of environmental condi-

were completely resistant to all but locally collected bulk
inoculum, while lines of the other three populations showed
some level of susceptibility to all four bulk inoculum sources.
We also obtained evidence for some within-population
resistance polymorphism in the bulk inoculation trials,
though this evidence was somewhat indirect. It is indicated
by among-line differences in infection percentage within

tions. The two variables that emerged as most important in populations and bulk inoculum sources. We interpret low
this success were inoculation method and vernalization re-infection percentages as evidence for susceptibility to one
gime. In contrast to the results of Fischer and Holton or more pathogen races that were at low frequency in the
(1957), we obtained much higher infection levels using dry bulk inoculum, while high infection percentages would re-
inoculation than with the traditional partial-vacuunocula- flect susceptibility to more abundant races. There was no
tion method. This may be due to the anatomyBoftectorum evidence for among-line variation in resistance for the PP
florets. The lemma surface is roughened with small appressedpbopulation, where all lines showed identical responses-of ei
hairs, which cause dry teliospores to cling tightly, while the ther no infection or 100% infection (Table 2). This was also
palea is thin and membranous. This is quite different from true for the HC population, where there were no significant
many of the perennial grasses in Fischer's experiments,differences among lines in response to any of the bulk
which have smooth florets with much thicker, shell-like inoculum sources. For the WR population, significant among-
lemmas and paleas that may act as effective barriers. Forline differences were evident only in response to the ST and
those grasses, the sudden release of vacuum may result in P bulk inoculum sources. For the ST population, signifi
drawing in of teliospores under these barrier structures. In cant among-line differences were seen in response to all but
our case, using wet inoculation simply meant that most of ST bulk inoculum. ST lines 6 and 7 showed high infection
the teliospores were left behind in suspension, while most percentages regardless of bulk inoculum source, while lines 3
of the dry teliospores were transported with the florets. and 4 showed low percentages for all but ST bulk inoculum.
The failure to obtain infection when vernalization was The results of the bulk inoculum trials also provided a
carried out on seeds rather than plants is more problematic.confirmation of the genetic distinctness of the Mojave
Bromus tectorumis a facultative winter annual, which Desert PPB. tectorumpopulation.Bromus madritensis..
means that seed germination and establishment can takd€formerly B. rubensL., red brome) is the abundant intro
place any time from the first effective rains of early autumn duced annual brome in North American warm deserts,
though early spring (Mack and Pyke 1983). Mack and Pyke which have only very recently been invaded Bytectorum
(1984) reported lower percentages Uf bullata infected (Beatley 1966). Mojave Desert populations may represent a
plants in later-emerging cohorts in an eastern Washingtonunique and possibly recent introduction from a differpait
field study, but levels in their populations were low overall, of the Old World range. The PP population has genetically de
around 10%. Hulbert (1955) reported a similar result in row termined seed germination regulation patternguely suited
studies with a number of weedy bromes, i.e., that percent to the warm desert (Meyer et al. 1997; Meyer and Allen
age of smutted plants was reduced in cohorts emerging1999). Our recent studies have also shown that its vernaliza
from seeds planted later in the autumn. He attributed this tion requirement is essentially nil, also an adaptation to
result to inoculum depletion, but it could easily have been warmer winters (Meyer 1999). This population is also
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Table 2. Percentage of smutted plants following bulk inoculation with each of fdstilago bullatabulk teliospore collections for six
lines belonging to each of foBromus tectorunpopulations that were the source of bulk teliospore collection.

Source of bulk inoculum

Population Line Hobble Creek Whiterocks Strawberry Potosi Pass Mean
Hobble Creek 1 96 94 42 55 72
2 90 90 68 72 80
3 88 85 72 64 78
4 94 74 83 67 80
5 91 83 61 a7 71
6 100 81 66 67 79
Mean 93 x 85 x 66 z 62z 76
Whiterocks 1 90 62 64 c 97 a 78
3 97 97 100 a 100 a 98
4 97 96 84 bc 40 b 79
7 100 94 89 bc 94 a 94
8 94 97 97 ab 92 a 95
10 93 85 75¢ 97 a 88
Mean 95 x 89 x 85 x 87y 89
Strawberry 1 30b 77 a 60 23b 48
3 38b 48 b 80 13b 45
4 36b 44 b 82 20b 45
5 64 b 80 a 85 97 a 81
6 97 a 79 a 80 97 a 88
7 100 a 88 a 86 88 a 91
Mean 61y 69y 79y 56z 66
Potosi Pass 1 0 0 0 100 25
5 0 0 0 100 25
6 0 0 0 100 25
7 0 0 0 100 25
9 0 0 0 100 25
10 0 0 0 100 25
Mean 0z 0z ow 100 x 25

Note: Within a column (bulk inoculum source), population means or parental line means within a population that are followed by different letters are
significantly different p < 0.05 level) according to a Student-Newman—Keuls means separation test.

Table 3. Infection percentages for ninBromus tectorunlines belonging to three populations, after inoculation with three sets of
paired monosporidial isolates (PMSIs) from Hobble Crékkilago bullatabulk inoculum.

Lines of B. tectorum

Whiterocks Hobble Creek Green River
Isolate Level 3 4 8 1 2 3 2 3 5
PMSI 1 High 100 96 100 100 100 100 100 100 100
Medium 100 92 100 96 96 100 100 88 96
Low 90 54 75 82 96 74 92 92 62
Mean 97 81 92 93 97 92 97 93 86
PMSI 2 High 100 92 100 0 0 0 0 96 100
Medium 96 79 100 8 0 0 4 100 80
Low 66 62 79 0 0 0 0 71 50
Mean 88 78 93 3 0 0 1 89 76
PMSI 3 High 100 100 100 100 100 100 100 100 92
Medium 96 83 100 79 90 100 96 96 188
Low 71 91 92 79 78 84 88 92 62
Mean 89 91 97 86 89 94 94 96 80

Note: The PMSIs were applied in water suspension at three concentrations levels.

unique in our studies in having virtually no within- firmed through the use of molecular microsatellite markers
population variation for any trait, suggesting that it is made (A. Ramakrishnan, personal communication). The PP popu
up of a single line. These results have recently beerr con lation had unique alleles at three of five loci, and all 10 in



26 CAN. J. PLANT PATHOL. VOL. 23, 2001

dividuals had identical marker fingerprints. This could Acknowledgments

explain their uniqgue and uniform response to bulk inoeula
tion. This research was funded in part by grant No. 98-35303-

Variation in response to bulk inoculation for the WR, HC, 6957 from the Cooperative State Research Extention, and

and ST populations was also concordant with microsatellite Education Service, National Research Initiative, Plant Pa

marker fingerprints for these populations, which shared thology Program. We would like to thank Stephanie

most alleles (A. Ramakrishnan, personal communication). €arlson, Susan Garvin, Alisa Ramakrishnan, and Bettina
Each population appears to be composed of a small numberSchultz for technical assistance.

of lines, some of which are common to two or three of the

populations. Sometimes, members of different lines showed

consistently contrasting responses to bulk inoculation, as in References

the ST population, while other times members of different

lines had very similar responses, as in the HC population, Baker. K.F. 1957. The U.C. system for producing healthy-con

tainer grown plants. California Agricultural Experimental Sta
tion. Manual 23. University of California, Berkeley, Calif.
Paired monosporidial isolate inoculation trials Baker, K.F., Flentje, N.T., Olsen, C.M., and Stretton, H.M. 1967.

Results from the infection trials with pathogen isolates  Effect of antagonists on growth and survival Bhizoctonia
demonstrate within-population resistance polymorphism in solaniin soil. Phytopathqlogy, 57: 591-597.
two ways. First, the GR parental lines showed contrasting Beatley, J.C. 1965. Ecological status of.lntroduced brome grasses
patterns of resistance to the isolates, with two lines suscep (Bromusspp.) in the desert vegetation of southern Nevada.
tible to all three isolates and one line susceptible to only _ EC0l0gy. 47: 548-554. .
two (Table 2). Second, the three HC lines, all of which were Burdon. J.J. 1994. The distribution and origin of genes for race-
highly susceptible to locally collected bulk inoculum, were SEpeT'ft'.C reilg.talnscsedf t%’;?mpsora liniin Linum marginale
resistant to one of the isolate pairs. This strongly suggestsB a’ou 'Jog’ W' " ~ A' Elmauist. T.. and Kirby. G.C. 1996
that there are at least two pathogenicity races in the bulk u;hon, oo enns ron.}.' » EImquist, T., an I 'lr Y, 5. atior:
inoculum, the one to which these lines are resistant in this Oil(GOrSO %)_ ;ﬁeffgc' 'c resistance In natural plant populations.
exp_erlment, anc_j the one to which they were _hlghly suscepti- Cherewick, W.J. 1958. Cereal smut races and their variability.
ble in the bulk_ inoculations. The fact that_thls isolate came . J. Plant Sci. 38: 481-489.
from HC b.UIk inoculum ShOW.S that there Is at Ie.aSt one In- Christ, B.J., and Person, C.O. 1987. Effects of selection by host
bred line in the HC population that is susceptible to the ¢ ars on populations obstilago hordei Can. J. Bot. 65:
pathogen race It represents. 1379-1383.

The trials with pathogen isolates also support the hypoth- Christensen, M., Meyer, S.E., and Allen, P.S. 1996. A hydrother-
esis that variation in infection percentage among lines in re- mal time model of seed after-ripening Bromus tectoruri_.
sponse to bulk inoculation may be due to susceptibility to  Seed Sci. Res. 6: 155-163.
pathogen races present at different frequencies in the bulkD’Antonio, C.M., and Vitousek, P.M. 1992. Biological invasions
inoculum. We demonstrated that the HLC bullata popula by exotic grasses, the grass-fire cycle, and global change.
tion contains at least two pathogen races, and that its-corre  Annu. Rev. Ecol. Syst. 23: 63-88.
spondingB. tectorumpopulation must contain at least two Evans, R.A., Eckert, R.E., Holbo, H.R., and Young, J.A. 1976. In
resistance phenotypes. This makes it at least theoretically fluences of weed control and seeding methods on the functional

possible for frequency-dependent selection to operate. environment of rangelands. Weed Sci. 18: 154-162.
Falloon, R.E. 1979. Description and illustration d&fstilago

bullata growing in culture. Trans. Br. Mycol. Soc. 73: 223-227.
Fischer, G.W. 1940. Host specialization in the head smut of
grasseslstilago bullata Phytopathology, 30: 991-1017.
Fischer, G.W., and Holton, C.S. 1957. Biology and control of the
smut fungi. Ronald Press, New York.
Frank, S.R. 1993. Coevolutionary genetics of plants and patho
gens. Evol. Ecol. 7: 45-75.

Conclusion

Our results to date suggest that it may be possible to use
U. bullata for biocontrol of B. tectorum but it will be nee
eS?ﬁry tto at():quIre thmo.rg’\ baSICb k?ovl[/leddgethabfpl‘llé g‘e Gossen, B.D., and Turnbull, G.D. 1995. Head smust{lago
pathosystem .e ore this idea can be tested in the hield. Lur bullata) of grasses on the Canadian prairies: distribution; im
goals now are: (1) to develop a pathogenicity-resistance ma pact, and control. Can. J. Plant Pathol. 17: 49-56.

trix (Burdon 1994) that describes the racesf bullata Halisky, P.M. 1965. Physiologic specialization and genetics of the
that are pathogenic on different subsets of all the known gt fungi. Il. Bot. Rev. 31; 114-150.

B. tectorumlines in these four populations, (2) to examine yoiton, C.S., and Halisky, P.M. 1960. Dominance of avirulence
the relative abundance of differeBt tectorumlines in the and monogenic control of virulence in race hybridsUsttilago
smutted and unsmutted subsets of field populations across ayenae Phytopathology, 50: 766-770.

years using microsatellite marker fingerprints, to test the Hulpert, L.C. 1955. Ecological studies @romus tectorumand
hypothesis of frequency-dependent selection, and (3) to crit  other bromegrasses. Ecol. Monogr. 25: 181-213.

ically examine environmental conditions necessary for Knox, R.E., Fernandez, M.R., Brilé-Babel, A.L., and DePauw,
U. bullata teliospore germination, sporidial proliferation, R.M. 1999. Inheritance of loose smutgtilago tritici) in two
and infection, under laboratory, greenhouse, and field con  hexaploid wheatTriticum aestivuplines. Can. J. Plant Pathol.
ditions. 21: 174-180.



MEYER ET AL.: SYMPOSIUM / RESISTANCE POLYMORPHISM / BROMUS TECTORUM / USTILLAGO BULLATA 27

Kreizinger, E.J., Fischer, G.W., and Law, A.G. 1947. Reactions of Meyer, S.E., and Allen, P.S. 1999. Ecological genetics of seed ger

mountain brome and Canada wild-rye strains to head smut

(Ustilago bullatg. J. Agric. Res. (Wash. D.C.), 75: 105-111.

Leonard, K.J. 1997. Modelling gene frequency dynaminsThe
gene-for-gene relationship in plant—parasite interacti&atted
by I.R. Crute, E.B. Holub, and J.J. Burdon. CAB International,
Oxon, U.K. pp 211-230.

Mack, R.N. 1981. Invasion oBromus tectoruni. into western
North America: an ecological chronicle. Agro-Ecosystems, 7:
145-165.

Mack, R.N., and Pyke, D.A. 1983. The demographyBrbmus
tectorum variation in time and space. J. Ecol. 71: 69-93.

Mack, R.N., and Pyke, D.A. 1984. The demographyBybmus
tectorum the role of microclimate, grazing, and disease. J.
Ecol. 72: 731-748.

May, R.M. 1990. Population biology and population genetics of
plant—pathogen associationis. Pests, pathogens, and plant
communities. Edited by J.J. Burdon and S.R. Leather.
Blackwell Scientific Publications, Oxford, U.K. pp. 309-
325.

McKone, M.K. 1985. Reproductive biology of several bromegras
ses Bromug: breeding system, pattern of fruit maturation, and
seed set. Am. J. Bot. 72: 1334-1339.

Meiners, J.P., and Fischer, G.W. 1953. Further studies on host

specializaton in the head smut of grassEstilago bullata
Phytopathology, 43: 200-203.

Meyer, S.E. 1999. Ecological genetics of vernalization response in

Bromus tectorumL. 1999 Annual Meeting, 3-8 Aug. 1999,
Spokane, Wash. Bull. Ecol. Soc. Am. (Abstr.).

mination regulation inBromus tectorunl. |I. Phenotypic var
ance among and within populations. Oecologia, 120: 27-34.

Meyer, S.E., Allen, P.S., and Beckstead, J. 1997. Seed germination
regulation inBromus tectorunfPoaceae) and its ecological sig
nificance. Oikos, 78: 475-485.

Monsen, S.B. 1994. The competitive influences of cheatgrass
(Bromus tectorumon site restorationln Proceedings—Ecel
ogy and Management of Annual Rangelangslited by S.B.
Monsen and S.G. Kitchen. USDA For. Serv. Gen. Tech. Rep.
INT-GTR-313. pp. 43-52.

Novak, S.J., Mack, R.N., and Soltis, D.E. 1991. Genetic variation
in Bromus tectoruniPoaceae)—population differentiation in its
North American range. Am. J. Bot. 78: 1150-1161.

Richardson, J.M., Gealy, D.R., and Morrow, L.A. 1986. Floral in
duction of downy bromeBRromus tectorumas influenced by
temperature and photoperiod. Weed Sci. 34: 698-703.

Stewart, G., and Hull, A.C. 1949. CheatgraBsomus tectorum
An ecological intruder in southern Idaho. Ecology, 30: 58-74.

Warg, S.A. 1938. Life history and economic studies Bromus
tectorum M.Sc. thesis, University of Montana, Missoula.

Whisenant, S.G. 1990. Changing fire frequencies on Idaho’s Snake
River Plains: ecological and management implicatidnsPro-
ceedings—Symposium on Cheatgrass Invasion, Shrub Die-Off,
and Other Aspects of Shrub Biology and ManagemEdited by
E.D. McArthur, E.M. Romney, S.D. Smith, and P.T. Tueller.
USDA For. Serv. Gen. Tech. Rep. INT-276. pp. 4-10.

Zar, J.R. 1984. Biostatistical analysis. 2nd ed. Prentice Hall,
Englewood Cliffs, N.J.



