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Summary

Bromus tectorum (cheatgrass, downy brome) is an

important invader in western North America, domi-

nating millions of hectares of former semi-arid shrub-

land. Stand failure or ‘die-off’ is relatively common in

monocultures of this annual grass. The study reported

here investigated whether soil-borne pathogens could

be causal agents in die-offs. Soils from two die-off

areas and adjacent B. tectorum stands were used in a

glasshouse experiment with sterilised and non-sterilised

treatments. Soil sterilisation did not increase emer-

gence, which averaged 80% in both die-off and non-

die-off soils. Seedling biomass was higher in die-off

soils, probably due to increased nitrogen availability.

Fusarium was isolated from 80% of killed seeds in

non-sterilised soil treatments. In pathogenicity tests

with 16 Fusarium isolates, host seeds incubated under

water stress (�1.5MPa for 1 week prior to transfer to

free water) suffered over twice the mortality of seeds

incubated directly in free water (25–83% with water

stress vs. 5–43% without water stress). These results

suggest that soil-borne Fusarium could play a role in

B. tectorum stand failure in the field, but that low

water stress conditions in the glasshouse experiment

were not conducive to high levels of disease. Patho-

genic Fusarium isolates were obtained from seeds

planted in both die-off and non-die-off soils, suggest-

ing that microenvironmental factors that affect levels

of water stress might be as important as relative abun-

dance of soil-borne pathogens in mediating spatial pat-

terns of disease incidence in the field.
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Introduction

The invasive annual grass Bromus tectorum L. (cheat-

grass, downy brome) was introduced into the western

United States from Eurasia. A winter annual that pro-

duces fine-textured fuel that dries early in the summer,

B. tectorum has been a major driver of the increase in

the size and frequency of wildfires throughout the

region (Brooks et al., 2004). These fires repeatedly

create new openings for B. tectorum perpetuation and

spread, leading to the millions of hectares of former

shrubland that are now occupied by near monocultures

of this grass (Knapp, 1996).

Bromus tectorum is known to be subject to attack by

pathogens that prevent seed production or cause dor-

mant seed mortality (Meyer et al., 2007, 2008, 2010),

but pathogens that can cause high mortality of non-

dormant seeds are poorly studied. The phenomenon of
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B. tectorum stand failure or ‘die-off’ on a large scale

has recently come to the attention of land managers in

several parts of the Great Basin (Donald Major,

Bureau of Land Management, Boise, Idaho, personal

communication; Baughman & Meyer, 2013). These

die-offs are especially conspicuous in spring, when bar-

ren areas covered with grey-brown litter from previous

years contrast sharply with the bright green of

established stands (Fig. 1). The affected areas suffer

decreased forage production and are exposed to

increased risk of soil erosion, but they may also present

opportunities for restoration. Understanding the man-

agement implications of these die-offs requires a

mechanistic explanation of their causes as well as their

consequences.

Field seedbank studies revealed that the seed patho-

gen Pyrenophora semeniperda was unlikely to be a

B. tectorum die-off causal agent, although it could

affect the rate of post-die-off stand recovery through

its impacts on the persistent seedbank (Baughman &

Meyer, 2013). Integration of herbicide management

with P. semeniperda shows potential for long-term con-

trol of B. tectorum (Ehlert et al., 2014). In the present

investigation, the objective was to determine whether

stand failure could potentially be caused by other soil-

borne pathogens. This objective was approached

through a series of studies, beginning with die-off site

characterisation and a glasshouse seeding experiment

using die-off field soils, followed by isolation of fungal

organisms from killed seeds from the glasshouse exper-

iment, identification of potential pathogens and patho-

genicity trials on B. tectorum seeds. The research

addressed the following hypotheses: (i) Soils from die-

off areas contain soil-borne pathogens that can cause

B. tectorum emergence failure, (ii) Fusarium is an

important soil-borne pathogen in B. tectorum commu-

nities, (iii) Fusarium isolates from killed seeds recov-

ered from die-off soils will be capable of causing

B. tectorum seed mortality and (iv) Fusarium-caused

seed mortality will vary as a function of isolate and

whether the seeds are under water stress and unable to

germinate during infection.

Materials and methods

Sample collection and preparation

Two die-off sites, in Skull Valley, Utah, and Eden Val-

ley, Nevada, were chosen for soil collection (Table 1,

Fig. 1). Two types of samples were collected at each

site. Seedbed cores were collected by pressing a steel

ring 8 cm in diameter by 2.5 cm deep into the soil sur-

face. Samples were kept in the rings within plastic Petri

dishes, preserving the seedbed and upper soil structure.

Deep cores were collected similarly, but with a steel

ring 5 cm deep so as to include deeper soil as well as

surface soil. Deep core samples were stored in small

paper bags, so that the soil structure was not pre-

served. At each site, 60 samples of each core type were

collected within each condition (die-off and non-die-off

control), for a total of 240 samples per site. All sam-

ples were stored air-dry (c. 8% moisture content). For

the sterilisation treatment, half of the samples in each

core type x site x condition group (240 samples total)

were moist-sterilised in an autoclave at 121°C and

140 kPa for two back-to-back sessions of 45 min each.

Remaining samples were not sterilised.

Soils were also collected for physicochemical char-

acterisation from die-off and non-die-off (control)

areas at each site (Table 2). Samples represented the

first 15 cm of the soil profile below the litter layer.

These were analysed using standard protocols to

obtain texture, pH, salinity, sodium adsorption ratio,

organic matter content, calcium carbonate equivalent,

nitrate nitrogen, soluble potassium and plant available

(Olsen) phosphorus (Van Reeuwijk, 2002). Soils

Fig. 1 Eden Valley study site near Winnemucca, Nevada, in late

spring 2009, at the time of soil sampling for the glasshouse study,

showing the sharp boundary between the die-off area and the

intact Bromus tectorum stand.

Table 1 Die-off study site location and habitat information

Skull Valley

study site

Eden Valley

study site

GPS

co-ordinates

40°23051.08″N,

112°56054.15″W
41°10014.71″N,

117°24049.30″W
Elevation 1593 m 1546 m

County Tooele County Humboldt County

State Utah Nevada

Potential plant

community

Shadscale

(Atriplex

confertifolia)

Sagebrush

(Artemisia

tridentata)

Exposure/slope ESE c. 28° SE c. 18°
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variables were statistically examined using analysis of

variance (SAS Proc GLM) for a completely rando-

mised design, with site and condition (die-off vs. con-

trol) as fixed main effects.

Glasshouse experiment

The experiment was set up in a completely randomised

design with 15 replications and repeated twice in time.

Each trial (repetition) included a total of 2880 seeds

and 240 experimental units (pots). Each field soil sam-

ple was placed in a 1200 cm3 pot on the surface of

600 cm3 of sterilised sand. The seedbed cores were

placed intact within sample rings on the surface of the

sand, whereas the soil/litter material from the deeper

cores was spread evenly over the surface.

Twelve non-dormant B. tectorum seeds (collected

near Spanish Fork, Utah, in 2008) were planted into

each pot to test for the effects of soil pathogens on

seedling emergence, survival and growth (Beckstead &

Parker, 2003). Seeds were surface-sterilised (1 min

70% ethanol, 1 min 0.05% sodium hypochlorite),

rinsed and dyed with a non-toxic safranin stain, then

planted vertically with the red-dyed awns visible above

the soil surface. Pots were watered to field capacity

and randomly redistributed every 2 days in a tempera-

ture-controlled natural-sunlight summer glasshouse

environment at c. 24°C. All non-dyed seeds that

emerged from the natural seedbank in non-sterilised

soil were removed to avoid confounding of emergence

estimates. The number of safranin-dyed seeds that

emerged was scored seven times over 18 days in each

trial. At 18 days, surviving seedlings were counted and

above-ground seedling tissue was harvested, dried at

60°C for 24 h and weighed. Mean per-seedling biomass

was then calculated for each pot.

Mixed model analysis of variance (SAS Proc Mixed)

was used to analyse the glasshouse experimental data set.

Site, treatment (die-off vs. non-die-off soil), sterilization

and sample type (seedbank vs. deep core) were considered

fixed effects, while trial was the random effect. Soils

from two sites were included in the study to broaden the

scope of inference beyond that possible from an experi-

mental study with a single soil, but these two sites were

not intended to be a representative random sample of

die-off sites in general. For this reason, site was consid-

ered to be a fixed effect in the analysis, and inferences

about die-offs were limited appropriately. Response

variables included emergence proportion (arcsine-square

root-transformed) and above-ground biomass per seed-

ling (log-transformed). Least squares means comparisons

were made for significant interactions.

Isolation and identification of potential pathogens

To identify potential soil-borne pathogens, one killed

safranin-dyed seed was selected from each of four ran-

domly selected pots from each of the following treat-

ment combinations in the first glasshouse experimental

trial: two sites x sterilised vs. non-sterilised treat-

ments x die-off vs. control x seedbed vs. deep soil, for

a total of 64 seeds. Seeds were rinsed, surface-sterilised

and plated individually onto malt extract agar. Follow-

ing grow-out, one or more apparently different fungi

from each plate were transferred to PDA (potato dex-

trose agar) by single-sporing, hyphal tipping or myce-

lial plug transfer. A total of 68 pure cultures were

obtained using this protocol, many of which appeared

to be similar, based on superficial cultural attributes

(e.g. colony colour, surface texture). The pure cultures

were air-dried (c. 8% moisture content) in Petri dishes

under sterile conditions and stored at room tempera-

ture (c. 22°C) for 18 months. For molecular-genetic

analyses, the dried cultures were rehydrated and cul-

tured on PDA plates and increased in liquid culture in

PDB (potato dextrose broth), and the resulting

Table 2 Soil properties (0–15 cm) for field soils used in the 2009 glasshouse die-off study

Soil properties

Skull Valley site Eden Valley site

Control Die-off Control Die-off

Mean SE Mean SE Mean SE Mean SE

P (Olsen.) ppm† 19.1 1.9 21.5 1.7 26.1 2.3 24.5 2.5

Nitrate-N ppm†† 3.1 0.35 14.5 1.21 2.4 0.23 18.3 0.72

pH† 7.55 0.02 7.36 0.13 6.31 0.13 6.22 0.18

EC dS/m (salinity)† 0.89 0.04 0.87 0.03 0.45 0.02 0.625 0.041

CaCO3 equiv %† 29.0 0.53 30.6 0.33 1.21 0.20 1.14 0.28

Clay (%)† 24.9 0.67 22.8 0.42 17.2 1.07 18.2 1.10

Silt (%)† 43.1 0.75 33.1 0.50 52.3 1.16 48.1 2.16

Only properties that showed significant differences between sites or between control and die-off soils are shown. Properties followed by

†were significantly different (P < 0.05) between sites, while properties followed by ††were significantly different (P < 0.05) between

die-off and control soils across both sites. Sample size was 10 per condition for the Skull Valley site and five for the Eden Valley site.
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mycelial mass was allowed to air-dry. Cultures were

also maintained in actively growing condition on PDA

for possible use in pathogenicity studies.

DNA was extracted from the dried mycelium of

each of the 68 isolates using the ZR fungal/bacterial

DNA MiniPrep Kit (Zymo Research, Irvine, CA,

USA) following the manufacturer’s protocol. The ITS1

and ITS2 regions and the intervening 5.8 s coding

region of the ribosomal RNA gene were amplified as a

single unit (White et al., 1990). Presence of a single

PCR product was confirmed with agarose gel electro-

phoresis, and the product was purified using a Pro-

mega Wizard SV Gel and PCR Clean-Up system

(Promega Corporation, Fitchburg, Wisconsin) then

sequenced with the BigDye Terminator Kit (Perkin-

Elmer). Sequenced fragments were detected and analy-

sed on an ABI 3730xl DNA analyzer and aligned with

the GENEIOUS 5.4 program (Biomatters Ltd., Auckland,

New Zealand (available from http://www.geneious.

com/). GENBANK was used to blast search each ITS

sequence and make an identification to genus.

Based on its numerical dominance (40 of 68 iso-

lates) in the collection obtained from the glasshouse

study, Fusarium was identified as a probable key path-

ogen. Sixteen of the 40 Fusarium isolates were selected

for further study. There was approximately equal rep-

resentation of isolates from Eden Valley and Skull Val-

ley and from die-off and control soils. All isolates

came from non-sterilised treatments.

A more specific primer set was used for Fusarium spe-

cies identifications, targeting the TEF (translation elon-

gation factor) gene region (Park et al., 2011). The

isolates that had been reserved on PDA plates were

grown in shaker culture (170 RPM) for 1–2 weeks at

25°C (12 h:12 h photoperiod) in ½ strength PDB to pro-

duce mycelium for DNA extraction. The cultures were

strained from the broth using surface-sterilised tulle

material. The mycelium was then exposed to two freeze–

thaw cycles to maximise DNA yield. Between 200 and

600 mg (wet weight) of fungal tissue was used for extrac-

tion using the ZR fungal/bacterial DNA Miniprep Kit

following the manufacturer’s protocol. Final elutions

were performed with 2 9 50 lL elution buffer produc-

ing a final DNA concentration of 50–150 lL. The TEF

region was amplified as a single unit and sequenced as

described earlier for ITS sequencing. Aligned sequences

were blast searched against GENBANK and the FUSA-

RIUM-ID database (Park et al., 2011).

Pathogenicity testing

The objectives of pathogenicity testing were to deter-

mine: (i) whether Fusarium isolates were pathogenic on

non-dormant B. tectorum seeds, (ii) whether mortality

was increased when seeds were incubated under water

stress that suppressed germination following inoculation

and (iii) whether the isolates differed in their response to

the presence or absence of water stress during infection.

The isolates were subcultured onto 10 plates of 1/3

strength PDA and incubated at room temperature for

2 weeks, so that mycelial mats c. 3.5 cm in diameter

were produced. The mycelium in each dish was then

wounded by scraping with a sterile rubber policeman

(scraper) to induce spore production (Campbell et al.,

2003). The cultures were incubated for another

2 weeks to ensure adequate spore production for the

target load of 250000 spores mL�1. The subculturing

and inoculum production procedure were performed

separately for each repetition of the pathogenicity test,

which was performed twice in time. Each repetition

had the same factorial design with isolate and water

potential during the first week of incubation (0 or

�1.5 MPa) as the main factors and with four replicates

of 50 seeds for each treatment combination, for a total

of 128 experimental units (Petri dishes) and 6400 seeds

in each repetition. Non-inoculated controls were also

included for each water potential treatment in each

repetition. Bromus tectorum seeds (collected near Span-

ish Fork, Utah, in 2009) were cleaned, surface-steri-

lised as described earlier and counted into sterile vials

in groups of 50 for inoculation. Spores were harvested

from the culture dishes by pipetting 5 mL of auto-

claved double-deionised water into each of the 10

dishes for each isolate. The back of a sterile metal

weighing spatula was used to gently knock the spores

free, and the mixture was decanted. Spore densities

were quantified for each isolate using a hemocytome-

ter. Each spore suspension was then diluted to a con-

centration of c. 250 000 spores mL�1. The seeds were

inoculated by pipetting 2–5 mL of inoculum suspen-

sion into each vial and soaking for 1 min. Control

seeds were mock-inoculated with sterile water.

The water stress (negative water potential) treat-

ment was achieved using a polyethylene glycol 8000

(PEG) solution at �1.5 MPa, verified with a water

activity meter (Michel & Kaufman, 1972). The PEG

was autoclaved to ensure sterility; water potential was

measured after autoclaving and was not altered. For

the water stress treatment, seeds were incubated for

7 days in the PEG solution then transferred to water

for 14 days. For the no water stress treatment, seeds

were incubated for the entire 21 days in water.

To set up the experiment, water or PEG solution

was added to labelled Petri dishes by soaking two blue

germination blotters (Anchor Paper, St. Paul MN,

USA) in the appropriate liquid and transferring them

to the dishes. Fifty inoculated seeds were then spread

out into each dish. The dishes were stacked, bagged

© 2014 European Weed Research Society 54, 511–519
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and placed in an incubator at 25°C with 12 h:12 h

photoperiod. On days 2, 4, 7, 9, 11, 14, 17 and 21,

seeds that were killed or had germinated were counted

and removed. Seed death was indicated by the devel-

opment of a conspicuous white tuft of mycelium at the

radicle end (Fig. 2). A preliminary test showed that

seeds that manifested these mycelial tufts never germi-

nated and were clearly dead. All seeds were either ger-

minated or killed.

Mixed model ANOVA (SAS Proc Mixed) was used to

analyse the results from the pathogenicity experiments.

Pathogen isolate and water stress treatment were con-

sidered fixed effects, and repetition in time was consid-

ered a random effect. The response variable was

Fusarium-killed seed proportion (arcsine-square root-

transformed). To determine seed mortality levels and

water stress treatment effects in the absence of added

inoculum, non-inoculated control treatments were

analysed independently using mixed model ANOVA with

water stress treatment as a fixed effect and repetition

as the random effect as described above.

A third mixed model ANOVA that included site and

soil condition (control vs. die-off) as independent vari-

ables was carried out to determine whether there were

significant differences in seed mortality between sets of

isolates from each site or condition. For this analysis,

isolate was considered a random variable nested within

site and condition.

Results

Site characteristics

The two study sites were separated by c. 500 km.

Records indicate that the vegetation present before

conversion to B. tectorum monoculture at Eden Valley

was dominated by Wyoming big sagebrush (Artemisia

tridentata Nutt. ssp. Wyomingensis), whereas the Skull

Valley site was salt desert shrubland dominated by

shadscale (Atriplex confertifolia Torr. & Fr�em.;

Table 1). Soils at the two sites were also very different

(Table 2). The soil at Eden Valley was non-calcareous,

relatively light textured, slightly acidic and high in

phosphorus, probably because it was derived largely

from igneous materials. The soil at Skull Valley was

developed in alluvial material largely derived from

limestone and consequently was strongly calcareous,

with a slightly alkaline pH and a significantly higher

clay content than the Eden Valley soil. Both sites had

low salinity and sodicity, although Skull Valley soil

had slightly but significantly higher salinity than Eden

Valley soil. The only significant difference between die-

off and control soils was in nitrate-N, which averaged

7.6 times higher in die-off soils at Eden Valley and 4.7

times higher in die-off soils at Skull Valley. Site by

die-off condition interactions were not significant.

Glasshouse experiment

Overall emergence in the glasshouse experiment (80%)

was relatively low for B. tectorum, and only two treat-

ment main effects were significant. The Eden Valley

soil averaged 6% higher emergence than the Skull Val-

ley soil (83 vs. 77%; d.f. = 1, 440; F = 15.30;

P < 0.001), and the seedbed ring samples averaged 3%

higher emergence than the deep core samples (82 vs.

79%; d.f. = 1, 440; F = 6.37; P = 0.012). None of the

interactions were significant. Soil sterilisation had no

effect on seedling emergence, and there was no differ-

ence in emergence between die-off and control soils.

No evidence for the presence of a soil-borne pathogen

affecting seedling emergence differentially in non-steri-

lised die-off soils was found.

Seedling biomass averaged 31% higher overall in die-

off soils than in control soils (0.0068 vs. 0.0053 g;

d.f. = 1, 439; F = 41.02; P < 0.001). This effect was espe-

cially dramatic in the Eden Valley soil, where seedlings

in die-off soil averaged 60% greater biomass than in con-

trol soil (Fig. 3). The biomass increase was only 9%

overall in the Skull Valley die-off soil (site x die-off treat-

ment interaction: d.f. = 1, 439; F = 12.74; P < 0.001).

The pattern of biomass response to soil sterilisation

was also different between the two sites (site x die-off

treatment x sterilisation interaction: d.f. = 1, 439;

F = 7.13; P = 0.008). In the Eden Valley soil, sterilisa-

tion increased seedling biomass in both control and

die-off soils, indicating the presence of a negative bio-

tic effect, possibly from a pathogen, in both soil condi-

tions (Fig. 3). In contrast, sterilisation significantly

Fig. 2 Seeds of Bromus tectorum killed by Fusarium isolate Skull

D5 in the laboratory pathogenicity study, showing the conspicu-

ous white mycelial tufts that form at the radicle end of killed

seeds.
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decreased seedling biomass in Skull Valley control soils

but had no significant effect in die-off soils, suggesting

that it destroyed a microbe that could indirectly

increase biomass in the control soil. Sterilised die-off

soils at Eden Valley produced seedlings with biomass

not significantly lower than seedling biomass in the

Skull Valley non-sterilised die-off, non-sterilised con-

trol and sterilised die-off treatments.

The soil seedbed vs. deep core samples also pro-

duced differential biomass responses, with deep sam-

ples showing a 31% reduction in biomass relative to

the seedbed samples (0.0052 vs. 0.0068 g; sample type

main effect: d.f. = 1, 439; F = 47.76, P < 0.001). Sam-

ple type also interacted significantly with site (sample

type x site interaction: d.f. = 1, 439; F = 7.08;

P = 0.008). The decrease in biomass in the deep core

samples relative to seedbed samples was much greater

in the Eden Valley soil (48%) than in the Skull Valley

soil (17%).

Potential pathogens

The 68 isolates obtained from the glasshouse experi-

ment belonged to eight fungal genera (Fig. 4). A

majority (65%) was obtained from the non-sterilised

treatment. Fusarium was by far the most frequently

encountered genus, accounting for 59% of the total

and 80% of the isolates obtained from non-sterile soil.

The next most common genus was Alternaria, which

accounted for 14% of the total. Nine of eleven Alter-

naria isolates were obtained from sterilised soil,

suggesting that they were either seed-borne or glass-

house contaminants. The genera Embellisia, Aspergil-

lus, Phoma and Septoria each comprised from 4 to 7%

of the isolates, while Pyrenophora and Neosetophoma

were encountered a single time and only in the steri-

lised treatment.

The Fusarium isolates selected for use in the patho-

genicity trials were determined to belong primarily to

the F. tricinctum species group, but some were more

closely related to unnamed strains present in the

FUSARIUM- ID database (Park et al., 2011) and may

represent one or more undescribed species (Table 3).

Pathogenicity tests

Pathogenicity testing clearly showed that Fusarium iso-

lates from the glasshouse experiment were pathogenic

on B. tectorum seeds and could cause seed mortality

(Fig. 5). Overall mortality levels were lower in the sec-

ond repetition (48.5 vs. 31.2% mean mortality), but

patterns were similar (data not shown). Incubating

inoculated seeds under water stress for 7 days prior to

transfer to pure water caused a dramatic increase in

mortality (water stress main effect: d.f. = 1, 223,

F = 181.6, P < 0.001; water stress treatment mean

mortality 55.2% vs. no water stress treatment mean

mortality 24.4%). Non-inoculated control seeds

showed low levels of Fusarium-caused mortality overall

(3.2%, probably due to laboratory contamination).

The water stress main effect was significant (d.f. = 1,

61, F = 35.79, P < 0.001), with higher Fusarium-caused

mortality on non-inoculated seeds in the water stress

Fig. 3 Significant interaction in the glasshouse experiment for site

(Eden vs. Skull) x condition (die-off vs. control soils) x treatment

(sterilised vs. non-sterilised) for the response variable seedling

above-ground dry biomass. Values represent means + SE from

combined analysis with both repetitions (n = 30). Bars labelled

with the same letter are not significantly different at P < 0.05

according to an LSMEANS least significant difference test car-

ried out in conjunction with mixed model ANOVA.

Fig. 4 Frequency histogram showing the number of isolates in

each of eight genera recovered from Bromus tectorum killed seeds

in sterilised and non-sterilised soil treatments after completion of

the glasshouse study. Total number of isolates = 68.

© 2014 European Weed Research Society 54, 511–519

516 S E Meyer et al.



treatment (6.0%) than in the no water stress treatment

(0.4%).

There were also large differences among isolates in

the ability to kill B. tectorum seeds, with mean mortal-

ity varying from 14.7 to 53% (isolate main effect:

d.f. = 15, 223, F = 6.33, P < 0.001). Mean seed mortal-

ity varied from 24.7 to 83.4% in the water stress treat-

ment and from 4.7 to 43% in the no water stress

treatment (Fig. 5A,B). The isolate by water stress treat-

ment interaction was also significant (d.f. = 15, 223,

F = 2.60, P = 0.001). Seed mortality levels across iso-

lates in the water stress and no water stress treatments

were generally parallel and significantly positively cor-

related (r = +0.794, d.f. = 12, P = 0.007), but only

when two conspicuous exceptions (Eden D1 and Eden

C1) were excluded. The two excluded isolates were the

most virulent isolates in the water stress treatment

(76.9% and 83.4% respectively; Fig. 5A) but were

among the less virulent without water stress (Fig. 5B).

There was no evidence that isolates from Eden Val-

ley vs. Skull Valley or from die-off vs. control soils

exhibited differential virulence. There were no signifi-

cant differences in seed mortality caused by groups of

isolates from the two sites or from die-off vs. control

soils (data not shown).

Discussion

This study of the role of soil-borne pathogens in

B. tectorum stand failure produced mixed results.

There was no direct evidence that soil-borne pathogens

in die-off soils could reduce seedling emergence, but

seed-pathogenic Fusarium isolates were readily

retrieved from killed seeds in the non-sterilised soil

treatment. Glasshouse conditions differed markedly

from those likely to be experienced by B. tectorum

seeds in the field, as soil moisture was continuously

Table 3 Species identifications of Fusarium isolates included in

the study based on BLAST searches on the TEF gene sequence

in the FUSARIUM-ID database at: http://isolate.fusariumdb.

org/index.php

Isolate

Match

(%) Closest relative in database

Eden C1 98.14 Fusarium species FD_01317_EF-1a

Eden C2 96.72 Fusarium species FD_01317_EF-1a

Eden C3 98.38 Fusarium tricinctum species complex

Eden D1 98.38 Fusarium tricinctum species complex

Eden D2 99.69 Fusarium species FD_01861_EF-1a

Eden D3 98.38 Fusarium tricinctum species complex

Eden D4 86.65 Fusarium species FD_01317_EF-1a

Skull C1 99.11 Fusarium tricinctum species complex

Skull C2 99.11 Fusarium tricinctum species complex

Skull C3 98.97 Fusarium tricinctum species complex

Skull D1 — —

Skull D2 98.97 Fusarium tricinctum species complex

Skull D3 98.38 Fusarium tricinctum species complex

Skull D4 98.82 Fusarium tricinctum species complex

Skull D5 100 Fusarium species FD_01861_EF-1a

Skull D6 99.11 Fusarium tricinctum species complex

A

B

Fig. 5 Mean mortality of Bromus tectorum seeds in laboratory pathogenicity trials with 16 Fusarium isolates: (A) high water stress treat-

ment (n = 8) and (B) low water stress treatment (n = 8). Isolates are ranked according to mean mortality in the high water stress treat-

ment. Values represent means + SE from combined analysis with both repetitions. Isolate labels indicate site (Eden or Skull) and soil

condition (C = control soil with B. tectorum stand, D = die-off soil) of origin.
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maintained at or near field capacity. These non-limit-

ing water conditions were apparently not conducive to

epidemic levels of disease development, because they

favoured very rapid seed germination and placed seed-

attacking pathogens at a disadvantage (Finch et al.,

2013). Emergence failure in the non-sterilised glass-

house soil treatment (20%) was quite similar to Fusari-

um-caused mortality at low water stress in the

pathogenicity trials (24%). This suggests that mortality

from Fusarium-caused seed rot disease could poten-

tially reach epidemic levels under water stress condi-

tions in the field. Water stress associated with

intermittent small precipitation events early in the sea-

son is a common feature of the soil environment of

B. tectorum monocultures (Meyer & Allen, 2009).

The 80% emergence observed on average in the

glasshouse experiment was much lower than observed

in past experiments with B. tectorum under glasshouse

conditions, which often approached 100%, but there

was no difference between sterilised and non-sterilised

treatments. This suggests the possible presence of a

seed-borne pathogen in the sterilised treatment. Many

killed seeds from sterilised soil yielded isolates of Alter-

naria, a genus that includes known seed pathogens

(Schafer & Kotanen, 2004). Seed-borne Alternaria has

been observed to kill B. tectorum seeds in previous ger-

mination trials (Meyer SE, unpublished data) and

could have confounded the results of the current

experiment by causing mortality in sterilised soil. Some

of the other genera isolated from seeds in non-sterilised

soil in the glasshouse experiment may also be patho-

gens that could potentially attack seeds (e.g. Phoma,

Embellisia). These need to be examined experimentally

along with Alternaria in pathogenicity trials to deter-

mine their possible role in the die-off phenomenon.

There were significant treatment effects on seedling

biomass in the glasshouse experiment. Surprisingly,

seedlings showed increased biomass in die-off soils rel-

ative to control soils. This was most likely due to

increased available nitrate-N in die-off soils as a result

of the fallow condition caused by the die-off (Table 2).

This biomass effect was much larger in soil from the

Eden Valley site, which also had higher nitrate-N in

the die-off soil (Fig. 3). The greater difference in bio-

mass between surface and deep soil treatments in the

Eden Valley soil was probably also due to a nitrate-N

effect, with a greater difference between the surface

and deep soils in the soil with higher nitrate-N.

There was also evidence for a negative biotic effect

on biomass in the Eden Valley soil, possibly due to a

pathogen present in both soil conditions, as sterilisation

significantly increased seedling biomass in both control

and die-off soils. A different pattern was seen in the

Skull Valley soil, where sterilisation decreased seedling

biomass in the control soil but not in the die-off soil.

A possible explanation for this is that sterilisation

eliminated a microbe associated with increased N avail-

ability, so that the effect was observed only in the more

N-limited control soil (Nannipieri & Eldor, 2009).

This study demonstrated that members of the

genus Fusarium are potentially important soil-borne

pathogens in semi-arid wildlands of the Great Basin.

Fusarium isolates obtained from seeds planted in non-

sterilised field soils belonged primarily to the F. tricinc-

tum species group (Table 3). This species group is

reported primarily as a pathogen of grasses, including

cereal grains (Harrow et al., 2010). It is most closely

related to F. avenaceum based on recent phylogenetic

work with multiple gene genealogies (Watanabe et al.,

2011). Fusarium avenaceum has a wide host range but

is an important pathogen of cereal grains (Desjardins,

2003). The distribution of Fusarium species in the soils

of semi-arid wildlands is largely unknown, but the

prevalence of the same species at two widely separated

locations (Table 3) suggests that the Fusarium commu-

nity in these soils might be relatively simple, at least at

the species level.

There was ample evidence that Fusarium from the

soils of semi-arid wildlands are pathogenic on B. tecto-

rum seeds and capable of causing seed mortality. The

isolates varied considerably in their ability to kill seeds,

even at high inoculum loads and under conditions

favourable for infection, and could represent a contin-

uum from primarily saprophytic to fully pathogenic

life histories. Pathogenic Fusarium isolates were ubiqui-

tous in soils of both B. tectorum die-off areas and

intact stands, suggesting that environmental conditions

such as localised water stress may be as important in

mediating levels of disease as the presence of disease-

causing organisms.

The hypothesis that incubation under water stress

prior to transfer to water would increase seed mortal-

ity was also fully supported, with over twice the mor-

tality in the water stress treatment relative to the no

water stress treatment. Fusarium can remain active at

water potentials far below those that permit seed ger-

mination (Brownell & Schneider, 1985; Woods &

Duniway, 1986). Isolates in our study differed in their

environmental tolerance as measured by their differen-

tial responses to the water stress treatment. The two

most virulent isolates under water stress conditions

were only moderately virulent in the absence of water

stress. Most of the other isolates showed similar pro-

portional increases in seed mortality under water stress

conditions.

The case for Fusarium as a primary causal agent in

B. tectorum stand failure in the Great Basin is still not

fully resolved. The next step will be experimental

© 2014 European Weed Research Society 54, 511–519
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manipulation of pathogen inoculum loads and water

stress levels in conjunction with controlled seeding to

determine whether this pathogen can cause significant

levels of seed mortality in the field.
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