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Abstract
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mosaic virus. Plant Dis. 99:1383-1389.

One of the greatest virus disease threats to wheat production in the Great
Plains of the USA isWheat streak mosaic virus (WSMV). Breeding pro-
grams have developed wheat varieties that are resistant or tolerant to
WSMV infection, but these characteristics are climate dependent, and
may also vary by WSMV isolate. We tested 10 spring and nine winter
wheat (Triticum aestivum) varieties and two barley (Hordeum vulgare)
varieties for resistance and tolerance to one WSMV isolate over four
years. In spring wheat and barley, there were year by cultivar interactions
in terms of resistance and tolerance. However, in winter wheat, yield los-
ses due to WSMV were relatively consistent across years and varieties.
Additionally, we tested the impacts of three WSMV isolates individually

and in a mixture on twelve, two, and twelve varieties of spring wheat,
barley, and winter wheat, respectively. Resistance and tolerance varied
by isolate and cultivar, but there were no isolate by cultivar interac-
tions. For spring wheat and barley, yield impacts were greater for
two of the three single isolates than for the isolate mixture, whereas
in winter wheat, the isolate mixture caused greater yield losses than
the individual isolates. Overall, the results indicate that resistance
and tolerance phenotypes were influenced by environmental conditions
and by WSMV isolate or combination of isolates, suggesting that cul-
tivar screening should be conducted over multiple years and with mul-
tiple virus isolates.

Wheat streak mosaic virus (WSMV) is a pathogen affecting wheat
(Triticum aestivum L.), barley (Hordeum vulgare L.), and other ce-
real grains globally. In the Great Plains of the USA, this pathogen
is one of the most problematic viral pests of cereal crop production,
responsible for yield losses averaging up to 7% per year (Appel et al.
2014). The virus is transmitted by the wheat curl mite (WCM, Aceria
tosichella Keifer) (Slykhuis et al. 1957), and through wheat seed at
low rates (Jones et al. 2005). Both the virus and its vector require liv-
ing plant hosts for survival and reproduction, so after crop harvest, an
alternative host or infected wheat seed is needed until the next crop is
planted. WCM and WSMV can infest a large variety of cereal crop
and grassy species (Navia et al. 2013), with volunteer wheat being
one of the most important alternative hosts between planted crops
(Brey et al. 1998).
The susceptibility (probability of infection following pathogen ex-

posure) and tolerance (impacts of infection on growth and reproduc-
tion) of host plants to viruses is dependent upon many interacting
abiotic and biotic factors including climate, vector, and plant genotype
(Hull 2002). Understanding these relationships within the wheat-
WSMV-WCM disease complex can facilitate the development of
disease management practices (Miller et al. 2014). For example,
plant-virus interactions are often temperature-dependent (Kassanis
1957). Genes that confer resistance to WSMV do not function well at
high temperatures (Seifers et al. 2007; Seifers et al. 2006; Fahim
et al. 2012), and additionally, viral replication and movement within
the plant are affected by temperature (Zaitlin and Hull 1987). Despite
management practices based on knowledge of the seasonal dynamics

of WCM movement from crops to alternative hosts and back to
crops or through transmission in wheat seed (Coutts et al. 2008;
Coutts et al. 2014), infection by WSMV is still common. Attempts
have been made to control the wheat-WSMV-WCM disease com-
plex through plant resistance to WCM (Carrera et al. 2012) and
WSMV (Fahim et al. 2012); however, the utility of these genes is
limited due to temperature sensitivity. Furthermore, vectors and
viruses often rapidly evolve to overcome single-gene resistance
(Harvey et al. 1997; Jones 2009).
The potential of WSMV to overcome plant resistance depends, in

part, on the diversity of viral strains within a population. Strain diver-
sity in the field is also important to consider when screening wheat
genotypes for WSMV resistance or tolerance. While little is known
about the diversity of WSMV in the Northern Great Plains, there may
be considerable genetic variation in WSMV populations. McNeil et al.
(1996) reported that for five populations in Nebraska, there was as much
variation within fields as among counties. Also, Robinson and Murray
(2013) reported considerable diversity in the adjacent Pacific Northwest,
with two distinct clades being present. Furthermore, Robinson and
Murray (2013) found recombination within many of the isolates from
wheat samples tested, suggesting that collected plants contained
a mixed infection of WSMV isolates. Such diversity of isolates has
implications for WSMV resistance breeding programs, as variable vi-
rus populations could interact differently with virus-resistance genes
(Robinson and Murray 2013). These complications illustrate the im-
portance of utilizing disease-resistant or tolerant varieties as part of
an integrated disease management program, rather than relying solely
on the breeding of resistant varieties.
Hundreds of wheat varieties are available to growers across the

Northern Great Plains, and new varieties are released annually
throughout the region. Many of these varieties have not been
screened for their susceptibility and tolerance to WSMV. Neverthe-
less, a proactive and preventive approach for disease management
includes the use of resistant varieties when other options such as
delayed planting date, volunteer control, wheat seed testing, and
management of alternative hosts do not provide definitive disease
control. In addition, Seifers et al. (2003) showed that there was
variation in the response of crops including maize, pearl millet,
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sorghum, and wheat to 52WSMV isolates. Thus, given the genotypic
diversity of WSMV, it is important to determine if cultivar resistance/
tolerance is specific to WSMV isolates or varies across isolates as, in
the former case, screening for WSMV resistance using a single virus
isolate may not provide adequate data on resistance/tolerance.
In this multiyear research, we used 12 spring and 12 winter wheat

and two barley varieties, to test (i) if there were cultivar differences in
the impact of WSMV on host susceptibility (disease incidence rate)
and tolerance (based on ability to maintain yield compared with con-
trols), and (ii) if the effects of WSMV were consistent across years,
a proxy for environmental variability. Additionally, we (iii) assessed

if cultivar disease resistance or tolerance phenotypes were consistent
across WSMV isolates or if they are isolate-specific.

Materials and Methods
Experimental design. Field experiments were conducted from

2008 to 2012 at the Montana State University (MSU) Arthur H. Post
Research Farm, five miles west of Bozeman, MT. The soil is an
Amsterdam-Quagle silt loam, pH 7.5. Crop species, crop varieties,
and WSMV isolates varied by experiment (Table 1). With the excep-
tion of Mace which is a WSMV resistant winter wheat cultivar from
Nebraska, all wheat and barley varieties are commonly planted in

Table 1. Summary of experiments conducted to assess wheat and barley susceptibility and tolerance to multiple isolates of Wheat streak mosaic virus

Year(s) Crop Cultivars Notes

2008-2011 Spring wheat Amidon, Choteau, Conan, Corbin, Ernest, Fortuna,
Hank, McNeal, Reeder, and Scholar

Assessed effects of WSMV (Conrad isolate) on 10
spring wheat varieties (Experiment 1).

2009-2011 Barley Haxby and Metcalfe Barley added in second year of previous experiment
(Experiment 1).

2011 Spring wheat Amidon, Choteau, and Conan, Corbin, Ernest, Fortuna,
Hank, McNeal, Reeder, Scholar + Duclair, and Vida

Assessed effects of four WSMV isolates (Conrad,
Huntley, Marias, and Mix) (Experiment 2).

2008-2011 Winter wheat CDC Falcon, Genou, Jagalene, Ledger, Morgan, Pryor,
Rampart, Tiber, and Yellowstone

Assessed effects of WSMV (Conrad isolate) on nine
winter wheat varieties (Experiment 3).

2011 Winter wheat CDC Falcon, Decade, Genou, Jagalene, Jerry, Ledger,
Mace, Morgan, Pryor, Rampart, Tiber, and
Yellowstone

Assessed effects of four WSMV isolates (Conrad,
Huntley, Marias, and Mix) (Experment 4).

Fig. 1.Mean monthly (A) temperature and (B) precipitation at the Arthur H. Post Research Farm, Bozeman, Montana. The long-term average is from 1966-2014. Error bars around
the long-term temperature average are the mean monthly maximum and minimum temperatures, and error bars around the long-term precipitation average are the standard
deviation. Data source: Bozeman 6 W Exp Farm weather station, Western Regional Climate Center.

Table 2. Experiment 1: Mean Wheat streak mosaic virus (Conrad isolate) incidence and induced yields in spring wheat and barleyz

Yield (MT/ha) Yield (MT/ha)

Cultivar Incidence (%) Control 1WSMV Relative yield (%) Incidence (%) Control 1WSMV Relative yield (%)

2008 2009
Spring wheat
Amidon 40 0.9 e 0.8 cd 89 a 50 5.0 a 3.1 a 62 abc
Choteau 41 2.1 a 1.4 ab 67 bc 35 4.3 a 2.0 a 47 cd
Conan 35 1.6 abcd 1.3 abc 81 abc 32 4.0 a 2.7 a 68 abc
Corbin 48 1.7 ab 1.4 ab 82 ab 49 4.0 a 2.7 a 68 abc
Ernest 48 1.3 bcd 0.9 bcd 69 abc 29 4.6 a 2.0 a 44 d
Fortuna 31 1.5 bcd 1.0 bcd 67 bc 46 3.8 a 2.2 a 58 abcd
Hank 30 2.2 a 1.8 a 82 ab 19 4.4 a 3.1 a 71 a
McNeal 56 1.7 abc 1.1 abcd 65 bc 52 4.3 a 2.1 a 49 bcd
Reeder 44 1.2 de 0.9 bcd 75 ab 33 4.8 a 3.2 a 68 abc
Scholar 54 1.2 cde 0.7 d 58 c 47 4.4 a 2.4 a 55 abcd
Barley
Haxby 10 6.9 6.0 87
Metcalfe 3 6.8 5.6 82

(continued on next page)
z Different letters (within columns) indicate significant differences among varieties (P < 0.05). N = 4 for each cultivar.
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Montana, and none have been reported to be tolerant or resistant to
WCM or WSMV. Separate studies included: Experiment 1, 2009-
2011 (comparison of spring wheat and barley varieties inoculated
with the Conrad WSMV isolate), 10 spring wheat varieties and
two barley varieties inoculated with the Conrad WSMV isolate; Ex-
periment 2, 2011 (impact of three WSMV isolates, plus a mixture of
the three, on spring wheat and barley varieties), 12 spring wheat and
two barley varieties inoculated with three different WSMV isolates
plus an isolate mixture; Experiment 3, 2008-2011 (effect of the Con-
rad WSMV isolate across winter wheat varieties), nine winter wheat
varieties inoculated with the Conrad WSMV isolate; and Experiment
4, 2011 (impact of three WSMV isolates, plus a mixture of the three,
on winter wheat varieties), 12 winter wheat varieties inoculated with
three different WSMV isolates plus an isolate mixture. Experiments
1 and 3 were conducted over four years, and Experiments 2 and 4 uti-
lized multiple isolates and were conducted in only one year.
While crop and virus genotypes varied, all experiments used the same

basic design andmethodology. Experiments were randomized complete
block designs with crop cultivar as the main plot treatment, and repli-
cated four times. Plots were each 6 m long by 1.2 m wide with 5 rows
ofwheat and 0.3mbetween rows. Split plots (3mby 1.2m)withinmain
plots were inoculation treatment (WSMV inoculated or control, not in-
oculated in 2008 or mock inoculatedwith the buffer solution [see “Virus
inoculation” section] only in 2009-2011). All experiments were estab-
lished in plots that had been fallow the previous growing season and
managed according to standard agronomic practices.
Virus inoculation. A WSMV virus isolate from Conrad,

MT—collected in 2007, maintained at –80°C, and designated Con-
rad I (Ito et al. 2012), hereafter Conrad, GenBank Accession No.
HM535796.2—was used throughout this study. Additionally, two other
isolates (Huntley, GenBank Accession No. KF887234.1; and Marias,
KF887235.1) plus a Mix (Conrad + Huntley + Marias; equal parts
and a 1:10 wt/vol dilution volume) were used in one study assessing
variation among isolates and whether cultivar performance was consis-
tent across isolates. The Huntley isolate was collected from Huntley,
MT in 2007 and the Marias isolate was collected from the Conrad area
in 2008. There were no known differentiating biological characteristics
in the isolates and the most dissimilar was the Huntley isolate which
was 97% identical, according toBLASTn. Themain distinguishing fac-
tor was the geographic location from which they were isolated. Virus
inoculation was conducted in the spring of each year, as our previous
research (Miller et al. 2014) showed that spring inoculation produced
greater infection rates. Inoculation was conducted following the proto-
col of Miller et al. (2014). Briefly, WSMV-infected plants were grown
in the greenhouse. Spring wheat (var. Choteau) was inoculated by hand
rubbing with isolate stocks diluted 1:10 (wt/vol) in phosphate-buffered
saline (PBS, pH 7.2) with 1% carborundum. After two weeks, these

plants were used to inoculate different 35 × 50-cm flats of spring wheat
for each WSMV isolate at growth stage Feekes 2 (two weeks after
planting), using a high-pressure spray gun to deliver the inoculum with
0.5% carborundum. After ~21 days, plant tissue was collected and
transported on ice from the greenhouse to the field. Leaveswere chopped
and blended 1:10 (wt/vol) with phosphate-buffered saline and carbo-
rundum at 0.5%. Within 1 h of the blending, crops were inoculated
mechanically with a high-pressure Husky siphon feed spray gun
(Home Depot, Inc., Atlanta, GA) powered by an air compressor
(CompAir, Sidney, OH) from a height of 5 cm from the top of the
plant at a rate of approximately 20 ml inoculum per 30 cm2 at 80 psi.
Within each plot, virus treatments were not randomized so as to avoid
accidentally applying the virus to adjacent plots. All inoculations were
applied at Feekes growth stage 3-4.
Virus incidence.WSMV incidence was assessed in all plots in ac-

cordance with Miller et al. (2014). Thirty flag leaves were systemat-
ically sampled from the center 1 m of each row (split-plot, thus 150
samples per main plot) of treated plots. We also collected 10 plants
per row in control plots. All leaves were processed individually with
enzyme linked immunosorbent assay (ELISA) as described by Ito
et al. (2012). The absorbance (optical density, OD) values of the
healthy wheat (negative controls) were used to identify infected
plants. The mean and standard deviation of six negative controls of
each cultivar on each plate were calculated and used to set a probabi-
listic OD threshold at three standard deviations above the mean. Sam-
ples above this limit were considered infected.
Yield assessments. Plots were harvested with a Suzue harvest-

binder, EN25L-2 (Suzue Manufacturing, Japan). Samples for yield
assessments were collected from a 3-m section in the center of each
row, and dried for 1 to 2 days before threshing with a Vogel thresher
(custom built by Bill’s Welding, Pullman, WA). Yield was adjusted
to 13% moisture.
Weather data. Climate was variable during the study period (Fig. 1).

Years 2008 and 2010 were generally cooler with fewer frost-free
growing days than 2009 and 2011. Precipitation was similar in 2008,
2009, and 2010, but was reduced relative to the average precipitation
for the site in 2011.
Statistical analysis. Incidence data were transformed into log-

odds prior to analysis. Relative yield (RY) was calculated using
the raw yield data as: RY = (inoculated yield/control yield) × 100.
Pearson’s correlation coefficient was used to compare overall trends
in yields of controls versus inoculated treatments, as well as to eval-
uate the relationship between incidence and yield. Split-plot analysis
of variance (ANOVA) was used to assess differences in WSMV in-
cidence and grain yield across different varieties andWSMV isolates
(Experiments 2 and 4). Varieties were modeled as fixed effects at the
main plot level and the Year × Block interaction was included as

Table 2. (continued from preceding page )

Yield (MT h/ha) Yield (MT/ha)

Cultivar Incidence (%) Control 1WSMV Relative yield (%) Incidence (%) Control 1WSMV Relative yield (%) Mean incidence (%)

2010 2011
Spring
wheat

Amidon 46 1.9 de 1.0 bc 53 ab 83 4.2 ab 1.0 bc 24 d 56 bc
Choteau 60 2.3 cd 0.6 d 26 d 98 4.3 ab 0.5 d 12 e 59 bc
Conan 40 3.4 a 2.1 a 62 a 83 3.2 b 1.9 a 59 a 47 c
Corbin 64 2.3 bcd 1.4 ab 61 ab 97 4.0 ab 1.6 a 40 bc 64 ab
Ernest 71 2.0 cde 0.6 cd 30 d 81 4.3 ab 0.9 cd 21 d 57 abc
Fortuna 69 1.7 e 0.7 cd 41 bc 79 4.1 ab 1.5 ab 37 bc 56 bc
Hank 45 3.2 ab 2.0 a 63 a 86 4.2 ab 2.2 a 52 ab 54 c
McNeal 86 2.6 abc 0.9 bcd 35 cd 96 4.5 a 0.6 d 13 e 72 a
Reeder 53 2.7 abc 1.3 ab 48 ab 94 4.2 ab 1.5 ab 37 c 56 abc
Scholar 70 1.7 de 0.9 bcd 53 ab 82 4.0 ab 1.6 a 40 bc 63 abc
Barley
Haxby 0 2.8 1.8 64 28 3.6 2.6 72 13 b
Metcalfe 0 2.6 1.5 58 11 3.3 2.6 79 5 a
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a random effect. Homogeneity of variance was assessed via Levene’s
test, and data were log-transformed as necessary. Outliers were de-
tected using a Bonferroni-corrected test of the Studentized residuals.
Posthoc means comparisons were made with Tukey’s HSD test. For
winter wheat, yield data from 2008 and 2010 were excluded from
analysis because hail damage affected yields. All analyses were con-
ducted in R version 3.0.0 (R Development Core Team 2013).

Results
Experiment 1. Comparison of spring wheat and barley varie-

ties inoculated with the Conrad WSMV isolate. In preliminary
analyses of WSMV incidence data for spring wheat, two significant
outliers were detected and removed from the data. In this and subse-
quent experiments, analysis of plants from control plots confirmed
that the controls remained virus-free. Infection rates differed among
years (F3,106 = 69.1, P = 0.005) and varieties (F9,106 = 4.4, P = 0.005).
Differences among varieties were consistent among years (Cultivar ×
Year interaction, F27,106 = 1.4, P = 0.1). Averaged across varieties,
incidence rates in spring wheat for 2008-2011 were 43, 39, 60, and
88%, respectively. Posthoc tests indicated that incidence was similar
between 2008 and 2009, but increased in each subsequent year
(Table 2). Overall, incidence rates were relatively high in spring
wheat (mean = 59%). Conan and Hank had lower incidence than Cor-
bin and McNeal and Amidon and Fortuna had lower incidence than
McNeal (Table 2).
Incidence rates in barley were less than in spring wheat (Table 2)

for all years (2009-2011), with a mean barley incidence rate of 9%.
When barley varieties were compared among years, there were dif-
ferences in incidence rates in the two barley varieties and over years
(Cultivar × Year, F2,9 = 7.08, P = 0.014). In 2009, Metcalfe (3%) was
less susceptible than Haxby (10%). While there were no differences
across barley varieties in 2010, in 2011 Metcalfe (11%) was again
less susceptible than Haxby (28%).
Variance in yield data were similar among years and all data were

analyzed in a single model. Yield losses associated with WSMV in-
oculation differed among spring wheat varieties, but effects were not
consistent among years (Cultivar × Inoculation × Year interaction,
F22,108 = 2.3, P = 0.005). In general, losses associated with inocula-
tion increased in all years. There was a moderately strong negative
correlation between WSMV incidence and yield (Pearson’s correla-
tion coefficient = –0.55). Averaged across varieties, inoculated plots
yielded 74, 58, 46, and 32% of the controls for years 2008-2011, re-
spectively. Even though there was a significant interaction between
year and cultivar, certain spring wheat varieties including Hank,

Conan, and Corbin were consistently among the least impacted by
WSMV (Table 2), while Choteau, Ernest, and McNeal were consis-
tently among the most affected. For example, relative yields for Hank
were 81, 71, 61, and 50% in years 2008 through 2011, respectively,
while Choteau relative yields were 65, 48, 24, and 12% for these
same years. Impacts of WSMV inoculation to other varieties varied
widely from year to year. For example, from 2008 to 2010, Amidon
was among the best varieties for relative yield (68%), yet in 2011, the
impacts of WSMV increased and Amidon was among the worst va-
rieties for relative yield (22%). Reeder and Scholar also exhibited
similar shifts in yield losses relative to the other varieties.
The variation in the relative impacts of WSMV among varieties

can be explained, in part, by interannual variation in the yields.
Yields were relatively lower in 2008 and 2010, averaging 1.5 to
2.5 MT/ha, likely due to drought (2008) and hail damage (2008
and 2010). In these low yielding years, there were more differences
among varieties detected in virus-free and inoculated treatments. Yet,
higher yielding controls were generally also higher yielding in the in-
oculated treatments (Pearson’s correlation coefficient = 0.52, P <
0.001, across all varieties), but there were exceptions indicating var-
iation in tolerance (e.g., Amidon). In 2009 and 2011, which were rel-
atively high-yielding years, cultivar yields were similar, especially in
the uninoculated control plots. There were no yield differences
among spring wheat and barley varieties in the controls in 2009
and just one difference in 2011.
The impacts of WSMV on barley yields were relatively small when

compared with those of wheat and similar among varieties (Table 2).
In most years, the impacts in barley were similar to the least impacted
spring wheat varieties (like Hank and Conan). Barley yields and
impacts of WSMV were similar between varieties (Cultivar F1,9 =
0.9, P = 0.37 and Cultivar × Inoculation F2,18 = 0.2, P = 0.65). Impacts
of WSMV varied among years (Inoculation × Year F1,18 = 4.3, P =
0.05), but in contrast to the increasing impacts of WSMV observed
in spring wheat, barley impacts peaked in 2010. In 2010, inoculation
reduced yields by 40% (95% CI 29 to 50%). In 2009, there were no
significant effects of inoculation on yields. In 2011, barley yield
impacts were smaller than 2010, averaging 25% (95% CI 11 to 38%).
Experiment 2. Impact of multiple WSMV isolates on spring

wheat and barley varieties. Cultivar-relative WSMV resistance
was consistent across WSMV isolates (Cultivar × Isolate, F39,126 =
1.1, P = 0.3), and similar to the 2009-2011 study with the Conrad I
isolate (see Experiment 1), infection rates differed across varieties
(F13,39 = 32.8, P < 0.001). Infectivity rates of the four WSMV inoc-
ulation treatments consisting of three isolates and a mixture differed

Table 3. Experiment 2: Mean yields (MT/ha) of spring wheat and barley varieties inoculated with one of three Wheat streak mosaic virus isolates (Conrad,
Huntley, or Marias), or a mix of the threey

Cultivar Control Huntley Marias Conrad Mixed Across isolatesz

Spring wheat
Amidon 4.2 ab 3.2 ab 1.6 ab 1.0 bcd 2.3 a 2.0 bcd
Choteau 4.3 ab 2.4 ab 0.5 d 0.5 d 1.9 a 1.3 d
Conan 3.2 b 2.5 ab 2.0 ab 1.9 ab 2.2 a 2.1 ab
Corbin 4.0 ab 2.1 ab 2.1 ab 1.6 ab 1.6 a 1.9 ab
Duclair 4.4 ab 2.7 ab 1.8 ab 1.9 ab 2.1 a 2.1 ab
Ernest 4.3 ab 1.4 b 1.2 bc 0.9 cd 1.6 a 1.3 cd
Fortuna 4.1 ab 2.9 ab 1.2 ab 1.5 abc 2.43 a 2.0 abc
Hank 4.2 ab 3.8 a 2.1 ab 2.2 a 2.9 a 2.87 a
McNeal 4.5 a 3.0 a 0.7 cd 0.6 d 2.3 a 1.6 d
Reeder 4.2 ab 3.0 a 1.3 ab 1.5 abc 2.2 a 2.0 abc
Scholar 4.0 ab 3.2 a 1.9 ab 1.6 ab 2.4 a 2.3 ab
Vida 4.3 ab 2.9 ab 1.6 ab 1.5 abc 2.1 a 2.0 abc
Mean 4.1 a 2.8 b 1.5 c 1.4 c 2.2 b
Barley
Haxby 3.6 a 3.6 a 2.4 a 2.6 a 3.1 a 2.9 a
Metcalfe 3.3 a 3.0 a 2.0 a 2.6 a 2.5 a 2.5 a
Meanz 3.5 a 3.3 a 2.2 b 2.6 ab 2.8 ab

y Different letters (within columns) indicate significant differences in mean yield among varieties (within species) (P < 0.05). N = 4 for each cultivar and isolate
combination.

z Mean values in the last column and rows after crops represent the cultivar and isolate mean yields within cultivar and inoculation treatment, respectively.
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(F3,126 = 43.7, P < 0.001). Across varieties, mean infection rates were
lower for Marias (54%, P < 0.001) and Huntley (63%, P = 0.001)
than Conrad (78%). Infection rates from the Mixture (95% CI
59.1-81.1) were not different than for Conrad (P = 0.11), Huntley
(P = 0.44), or the mean of all isolates (65%), but were greater than
Marias (P = 0.005). Averaged across isolates, spring wheat infection
rates were highest for Choteau (91%) and lowest for Scholar (63%)
and Conan (65%). Similar to the previous results with the Conrad iso-
late, the two barley varieties had lower infection rates (22 and 9% for
Haxby and Metcalfe, respectively) than spring wheat.
The correlations betweenWSMV incidence and yield were weakly to

moderately correlated for the Conrad, Huntley, Marias, and Mixed iso-
lates, with Pearson’s correlation coefficients of –0.51, –0.49, –0.41, and
–0.32, respectively. Effects of the fourWSMV inoculation treatments on
yield were analyzed separately in spring wheat and barley. Yields were
similar between barley varieties (F1,3 = 1.6, P = 0.3), averaging 3.5
MT/ha in the uninoculated controls, but differed among inoculation
treatments (F4,24 = 5.1, P = 0.005). Inoculation with the Huntley isolates
did not affect yields. Yields following inoculation with the Mixed, Con-
rad, and Marias isolates averaged 2.8, 2.6, and 2.4 MT/ha, respectively,
and were significantly lower than the controls.
In springwheat, the results weremore complex. There was a signif-

icant Cultivar × Inoculation interaction (F44,144 = 3.7, P < 0.001), but
most of the variation in yield was explained by Inoculation treat-
ments (F4,144 = 140, P < 0.001). Inoculation with the Mixed isolates
and the Huntley isolate produced relatively small yield losses com-
pared with inoculation via Conrad and Marias that consistently re-
duced yields relative to the controls (Table 3). In addition to

causing larger yield losses, the effects of the Conrad and Marias iso-
lates were more variable, resulting in unequal variance among treat-
ments (Levene’s test, F59,180 = 2.35, P < 0.001). Further analysis was
split into two groups (Controls + Mixed + Huntley and Conrad +
Marias) that meet the assumptions of the analytical model. Within
the first group, the effects of inoculation varied among varieties
(F22,72 = 4.2, P < 0.001). The interaction is largely driven by rela-
tively large impacts of inoculation in varieties that were high yielding
in the controls (e.g., Corbin and Ernest in Table 3). Analysis of the
data from Huntley and Mixed indicated the cultivar effects were con-
sistent between the two isolates (Cultivar × Inoculation F11,36 = 1.3,
P = 0.3). The Mixed isolate inoculation caused greater yield losses
than the Huntley isolate (F1,36 = 50.3, P < 0.001). Yields were
19% lower (95% C.I. 15 to 24%) in the Mixed compared with Hunt-
ley. Yield losses from the more damagingMarias and Conrad isolates
were similar (F1,36 = 0.33, P = 0.5), and cultivar differences were
similar between these two isolates (F11,36 = 1.3, P = 0.2). Yields dif-
fered among varieties (F11,33 = 14.4, P < 0.0001) when exposed to
these two isolates. The difference among varieties shifted between
the relatively less damagingMixed and Huntley isolates and the more
damaging Marias and Conrad isolates (Table 3). As seen in the pre-
vious experiment, Hank consistently had relatively high yields when
exposed to WSMV. Some varieties (e.g., McNeal) had yields equal
to Hank in the Mixed/Huntley treatments but less than Hank in the
Marias/Conrad treatments. Other varieties (e.g., Ernest, Corbin)
yielded less than Hank in the Mixed/Huntley treatments but were
similar to Hank in the Marias/Conrad treatments (Table 3).
Experiment 3. Effect of the ConradWSMV isolate across win-

ter wheat varieties. Difference in infection rates in WSMV inocu-
lated winter wheat varieties were not consistent across years (Cultivar ×
Year interaction F24,96 = 2.53, P = 0.01) (Table 4). Ledger was con-
sistently the most resistant cultivar with incidence rates of 29, 41, 2, and
6% for the years 2008 through 2011, respectively. Conversely, Morgan
typically had the highest incidence rates with 74, 67, 68, and 85% for
these years. Other varieties were generally intermediate; however, there
was no consistency in incidence rates over the years.
Yield analysis was restricted to data from 2009 and 2011 as the

2008 and 2010 data were excluded because of hail. There was only
a weak correlation between WSMV incidence and yield (Pearson’s
correlation coefficient = –0.16). Yield losses averaged 14% (95%
CI 12-17) compared with controls, and effects of WSMV inoculation
were consistent across years (Year × Inoculation F1,54 = 1.76, P =
0.19) and varieties (Cultivar × Inoculation F8,54 = 0.56, P = 0.81).
Experiment 4. Impact of multiple WSMV isolates on winter

wheat varieties. Spring inoculation of winter wheat varieties with
three WSMV isolates plus a mixture showed that infection rates

Table 4. Experiment 3: MeanWheat streak mosaic virus (Conrad isolate) in-
cidence rates in winter wheatz

Cultivar Year

2008 2009 2010 2011
CDC Falcon 58 ab 57 ab 53 ab 76 ab
Genou 65 ab 59 ab 47 ab 62 ab
Jagalene 75 a 58 ab 49 ab 63 ab
Ledger 29 b 41 b 2 d 6 c
Morgan 74 ab 67 a 68 a 85 a
Pryor 39 ab 54 ab 17 cd 52 b
Rampart 44 ab 64 ab 34 abc 57 ab
Tiber 38 ab 63 ab 35 abc 69 ab
Yellowstone 55 ab 42 ab 31 bc 54 b
Yearly mean 53 56 37 58

z Different letters (within columns) indicate significant differences among
varieties (P < 0.05). N = 4 for each cultivar.

Table 5. Experiment 4:MeanWheat streak mosaic virus incidence rates and yield in winter wheat varieties inoculated with one of threeWheat streak mosaic virus
isolates (Conrad, Huntley, or Marias), or a mix of Conrad and Huntley

Control
Huntley Marias Conrad Mixed Cultivar meany

Cultivar
Yield

(MT/ha)
Incidence

(%)
Yield

(MT/ha)
Incidence

(%)
Yield

(MT/ha)
Incidence

(%)
Yield

(MT/ha)
Incidence

(%)
Yield

(MT/ha)
Incidence

(%)
Yield

(MT/ha)

CDC Falcon 4.3 71 3.7 40 4.0 76 3.6 65 3.3 63 a 3.7 bc
Decade 4.2 72 3.0 43 3.4 70 3.4 73 3.0 65 a 3.2 c
Genou 4.6 76 3.9 30 4.0 62 3.8 59 3.7 57 a 3.8 abc
Jagalene 4.6 68 3.4 25 4.2 63 3.9 63 3.4 55 a 3.7 bc
Jerry 4.1 34 3.7 15 3.8 32 3.7 43 3.8 31 b 3.7 bc
Ledger 4.0 16 4.2 3 4.4 6 4.0 9 4.2 8 c 4.2 ab
Mace 4.5 6 4.6 5 4.9 6 4.6 9 4.2 7 c 4.6 a
Morgan 4.2 79 3.9 50 4.0 85 3.4 56 3.6 67 a 3.7 bc
Pryor 4.5 73 3.4 33 4.2 52 3.7 63 2.9 55 a 3.6 bc
Rampart 4.6 75 3.3 33 4.0 57 3.9 65 3.3 58 a 3.6 bc
Tiber 4.9 73 4.0 43 4.4 69 3.9 68 2.9 63 a 3.8 bc
Yellowstone 4.5 65 3.6 31 4.2 54 4.3 51 3.5 50 a 3.9 ab
Isolate meanz 4.4 a 59 a 3.7 b 29 c 4.1 a 53 bc 3.8 b 52 b 3.5 c

y Different letters indicate significant differences among varieties (P < 0.05). N = 4 for each cultivar and isolate combination.
z Among incidence and yield means, different letters indicate significant differences between isolates (P < 0.05).
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differed among inoculation treatments (F3,108 = 36.4, P < 0.001) and
varieties (F11,33 = 30.8, P < 0.001), but there was no Cultivar × Isolate
interaction (F33,108 = 0.9, P = 0.5). Infection rates from the Marias
isolate (mean 29%) were lower than the other isolates. Of the wheat
varieties, Mace and Ledger had the lowest infection rates, Jerry was
intermediate, and all other varieties had higher rates (Table 5).
Yields were similar among varieties in the control plants. Thus, to

evaluate effects on yields, data analysis was restricted to inoculated
plants. Overall, the correlation between WSMV incidence and yields
varied from weakly to moderately negative for the Marias, Conrad,
Huntley, and Mixed isolates (Pearson’s correlation coefficients =
–0.16, –0.42, –0.50, and –0.54, respectively). Yields differed among
varieties (Cultivar F11,33 = 5.3, P < 0.001) and amongWSMV isolates
(Inoculation F3,108 = 18.53, P < 0.001), and there was no interaction
between these two variables (Cultivar × Inoculation F33,108 = 1.2,
P = 0.25). Regardless of WSMV isolates, Mace was generally the
highest-yielding cultivar, with Genou, Ledger, and Yellowstone being
similar toMace (Table 5). Decade was consistently the lowest yielding
cultivar, and others were intermediate. Averaged across all varieties,
the Mixed WSMV isolates caused the greatest yield reductions, fol-
lowed by the Huntley and Conrad isolates. The Marias isolate induced
the least yield losses.

Discussion
Results of this study are based on mechanical rather than biologi-

cal (viaWCM) inoculation of the crops withWSMV. The relative in-
cidence rates obtained by each of these methods of inoculation are
not known and further research is needed to understand the relation-
ship. However, we did find that barley was more susceptible toWCM
than mechanical inoculation (Z. Miller et al. unpublished data) in one
trial, but the trend across different crops and under different climate
conditions was not evaluated. In general, while WCM are believed to
be a better vector for WSMV transmission than mechanical inocula-
tion, they are difficult to control in field settings, and mechanical in-
oculation is a safer option to assure that the virus doesn’t spread to
adjacent plots. This was evident in our field plots, as we did not detect
any evidence of contact transmission to adjacent control plots, which
remained virus-free.
In spring wheat and barley, WSMV incidence rates were not con-

sistent across years, indicating that resistance phenotypes were influ-
enced by environment, making it difficult to predict which varieties
were the most resistant in a given year. Furthermore, the varieties
with the highest incidence rates were not necessarily the ones that ex-
perienced the greatest yield losses. However, there was some consis-
tency in which varieties experienced the highest yield losses resulting
from WSMV infection. Choteau, Ernest, and McNeal typically had
the greatest WSMV induced yield losses and, conversely, Conan
and Hank had the lowest yield losses. Corbin had similar relative
yields to these despite having high WSMV incidence rates, suggesting
higher disease tolerance. Other cultivars, such as Amidon, had the least
yield losses in one year and the most in another. It should be noted that
the low level ofWSMV incidence in barleywas not necessarily because
of higher resistance, but rather because barley was not readily infected
via mechanical inoculation. In another experiment (Z. Miller et al. un-
published data), barley infection via mechanical inoculation was 8%
comparedwith 32%viamite inoculation. Overall, the value of tolerance
is debatable, however, because tolerant cultivars are still reservoirs for
WSMV and provide a source of the WCM and the virus for spread to
sensitive cultivars or other crops.
Within winter wheat, there was more consistency in incidence rates,

with Ledger being the most resistant and Morgan typically the least re-
sistant. The low levels of infection in Ledger were similar to those in
Mace which is resistant via the Wsm-1 gene (Graybosch et al. 2009),
indicating that a new form of resistancemay be present in Ledger. Over-
all, winter wheat yields varied by year.Winter wheat generally provided
greater yields than spring wheat, which is typical in the Northern Great
Plains and one reason spring wheat acres have decreased 0.6million be-
tween 2001 and 2013, while 1.2 million more acres were planted to
winter wheat during the same period (NASS 2014). These results indi-
cate that there is considerable variability in both resistance and tolerance

in some varieties and this is likely at least partially due to climate effects,
including the possibility of greater spread of WSMV by WCM in
warmer years. Thus, multiyear field testing is necessary to identify the
varieties that are consistently disease resistant or susceptible.
Interannual variation in infection rates differed between fall- and

spring-planted cereals, providing additional evidence that variation
within spring or fall crops was not due to differences in inoculation
(e.g., virus concentration or spray conditions). The warmest and dri-
est year of the study was 2011 and this corresponded with the highest
mean WSMV incidence rates in spring wheat and barley. For winter
wheat, there were minimal differences in mean cultivar incidence
rates in 2008, 2009, and 2011, but incidence rates were lowest in
2010, which was the wettest and one of the coolest years. The winter
wheat results are consistent with the pattern of resistance genes being
more effective at lower temperatures (Fahim et al. 2012; Seifers et al.
2006; Langham et al. 2001) and also plantswithout resistance genes hav-
ing lower infection rates as temperatures decline (Miller et al. 2014).
When a plant is infected simultaneously with multiple isolates of

the same virus, there can be interference (e.g., antagonistic interac-
tions) between the isolates resulting in less infection or less impact
(Kassanis 1963). This phenomenon may have manifested in spring
wheat and barley, where yield loss from the Mixed isolates was less
than for the Marias and Conrad isolates. However, this trend was not
apparent in winter wheat, where yields were impacted the most by the
Mixed isolates and least by Marias. The synergistic effect of the
Mixed isolates on winter wheat is similar to the impacts of multiple
different viruses. Tatineni et al. (2010) showed that dual infection by
WSMV and Triticum mosaic virus (TriMV) increased the accumula-
tion of both of these viruses in wheat compared with single infec-
tions. These results indicate that there may be an interaction
between wheat type (winter versus spring) and WSMV isolate. Fur-
thermore, within wheat type (winter or spring), isolates impacted
yields differently, indicating that adequate tolerance screening may
require multiple isolates. While there was not an interaction between
isolate and cultivar, the impacts of variable climate on this potential
interaction is unknown.
The elucidation of interactions between year and cultivar on resis-

tance and tolerance may inform future breeding efforts, which may
be integrated with other disease management strategies. Knowledge
of how varieties respond across a range of climatic conditions will
facilitate breeding better-adapted varieties. Furthermore, increased
understanding of how varieties interact with different WSMV iso-
lates and under contrasting environmental conditions will also be
valuable in resistance research as well as cultivar screening
programs.
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