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Abstract Wheat streak mosaic virus is an established major
threat to wheat in North America and is newly identified in
Australia. Three genetic sources of resistance were exam-
ined, Wsml (from an alien translocation), Wsm2 (from
C0960293-2), and c2652 (selected in Canada). We report
their effectiveness in the field when inoculated with an
Australian WSMV isolate. Also included were advanced
breeding lines with and without Wsm2 and a number of elite
Australian cultivars. ELISA testing on individual plants
indicated we achieved between 85% and 100% infection
with WSMYV in susceptible lines following artificial inocu-
lation which reduced their yield by 22 to 44% and height by
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19 to 51%. Kernel weight was significantly affected in some
of the susceptible lines. All three sources of resistance
(Wsml, Wsm2, c2652) and Wsm?2 derivatives protected
wheat against infection despite repeated inoculation. Inocu-
lated resistant plots were virtually disease free and suffered
neither significant yield loss nor height reduction. National
yield trials of the breeding derivatives showed no difference
in yields between those with and without Wsm2 under non-
WSMV conditions.

Keywords Wheat Streak Mosaic Virus (WSMV) -
Resistance - Yield loss

Introduction

Wheat streak mosaic virus (WSMV) (Genus Tritimovirus:
Family Potyviridae), naturally transmitted by the wheat curl
mite (WMC) Aceria tosichella Keifer, causes one of the
most destructive viral diseases of wheat worldwide in both
spring and winter wheat (Baley et al. 2001; Sharp et al.
2002; Seifers et al. 2006; Coutts et al. 2008a; Murray and
Brennan 2009). Infected plants display symptoms of streak-
ing and chlorosis of the leaves, may be severely stunted, and
produce less grain which is almost always of lower quality
(Finney and Sill 1963). The greatest losses occur when early
infection so weakens plants that they suffer from poor head
fertility and grain fill or fail to produce fertile heads alto-
gether (Staples and Allington 1956; Atkinson and Grant
1967; Lanoiselet et al. 2008).

Until WSMYV was recently reported in Australia (Ellis et al.
2003) and New Zealand (Lebas et al. 2009), wheat production
in temperate Oceania was not thought to be at risk from losses
due to this virus. With outbreaks of wheat streak mosaic
(WSM) disease having been confirmed in areas of wheat
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production (Ellis et al. 2003; Coutts et al. 2008a, b), the
absence of genetic resistance in Australian wheat cultivars
has put the wheat industry at risk of major losses. Moreover,
as wheat in Australia is mostly grown in rain-fed areas with
frequent terminal drought, the finding that WSMYV infection
shortens roots and reduces water use efficiency (Price et al.
2010) adds urgency to the need to apply effective control
measures. With its attendant foliar chlorosis and necrosis,
WSM also reduces the quantity and quality of wheat grown
for forage (Price et al. 2010). This effect is also of concern in
Australia where, to an increasing extent in recent years, dual-
purpose wheat is sown early in zones of higher rainfall to
provide forage for sheep or cattle without loss of grain yield at
harvest (Virgona et al. 2006). With the arrival of WSMYV and
the double threat it poses, farmers in these areas of higher
rainfall are specifically advised to delay sowing in autumn
until temperatures drop (GRDC Fact Sheet, Wheat Curl Mite,
2009). This severely limits the usefulness of dual purpose
wheat sowings and profitable grain and graze options for
farmers. In such a cropping regime the WCM vector is more
likely to find the “green bridge” it needs to continue its life
cycle and spread the virus. The early-sown crop is thus pre-
disposed to a greater threat of infection from increased mite
activity with the warmer conditions during early growth
stages, and once infected the virulence is enhanced by the
higher temperatures (Pfannenstiel and Niblett 1978; Chen
1985; Seifers et al. 1995, 2006, 2007). In sum, the stage is
set for severe epidemics which affect both forage and grain
production. In the absence of natural resistance in cultivated
wheat, the Australian wheat industry is clearly at risk of major
losses to WSMV.

There are two broad general strategies available to con-
trol WSM. One is to control the mite vector, the second is to
enhance the host’s ability to tolerate or resist the virus
infection itself. Mites cannot be controlled through chemical
means as these are too toxic, therefore control can only be
achieved through cultural practices. In the Great Plains
region of the U.S.A., where winter wheat is sown in autumn,
late sowing and the removal of volunteer wheat help prevent
WCM from finding a green bridge and completing their life
cycle (Velandia et al. 2010). The emergence of volunteers
that provide the green bridge can never be perfectly con-
trolled, so cultural practice will, at best, be only partially
effective. Similar issues occur in certain regions of Australia
where winter-habit wheat crops are sown in early autumn
where higher temperatures dramatically increase the risk of
WSMYV infection. The vector can be controlled by intro-
gressing one or more sources of genetic resistance to WCM
feeding from an array of species related to wheat (Harvey et
al. 1999). This approach has been shown to offer effective
control for a time but suffers from the ability of mite vector
populations to evolve rapidly from avirulence to virulence
(Harvey et al. 1999).
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The second strategy, to control losses from WSM by host
genetic resistance to the virus itself, has been pursued since
natural resistance to WSMYV infection was first discovered
in wild relatives of wheat. Resistance from Thinopyrum
intermedium, were first identified by McKinney and Sando
(1951), with stable translocations into wheat being developed
by Lay et al. (1971). A translocation on the short arm of
chromosome 4D was designated as Wsml (Friebe et al.
1992, 1996a). However, limitations arising from factors such
as linkage drag (Friebe et al. 1996a, b) and temperature
sensitivity (Pfannenstiel and Niblett 1978; Seifers et al.
1995, 2006, 2007) have hindered the deployment of such
resistance in commercial cultivars. Recently, recombination
of the translocation has reduced the linkage drag and the
attendant yield decrease in the absence of virus infection
(Friebe et al. 2009). One U.S. cultivar, Mace PI 615160
(unrelated to the cultivar Mace released by Australian
Grains Technologies), has been released with Wsm resistance
and improved agronomic performance (Graybosch et al.
2009). A second source of resistance (WsmZ2), derived
from the experimental wheat selection C0960293-2
(Haley et al. 2002), has been identified and mapped to
chromosome 3B (Lu et al. 2011). The Wsm2 resistance
was temperature-sensitive in its original source (Seifers
et al. 2006) and in the first North American commercial
cultivar, RonL (PI648020), in which it was deployed
(Seifers et al. 2011). A second North American cultivar
with Wsm?2 resistance, Snowmass (P1658597) (Haley et al.
2011), has also been released. Deploying Wsm?2 resistance
may not necessarily be limited by temperature sensitivity as
lines derived by repeated cycles of selection have been shown
to sustain virus resistance at higher temperature (Fahim et al.
2011). A third source of resistance, effective at elevated
temperature and designated “c2652”, has been identified in
an experimental doubled haploid spring wheat line C2652,
following repeated cycles of selection (Haber et al. 2005).

We report here the impact in the field of the Australian
(ACT) isolate of WSMYV on a number of wheats cultivars
and how effectively these three sources of genetic resistance
protect yield when challenged by repeated rigorous artificial
inoculation.

Materials and methods
Plant material

The germplasm examined in this study fell into three cate-
gories: a) the specific lines used as sources of resistance; b)
advanced breeding lines derived by crossing from one of the
sources of resistance (C0960293-2, Wsm2); and c) an array
of contemporary Australian cultivars now commonly grown
in areas at risk from WSMYV infection.
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The specific lines tested as examples of three different
sources of resistance were: i) a Wsml-carrying 4Ai#2S.4DL
translocation line designated Wsm1-CA740 (Wells et al. 1982);
ii) two lines derived from C0960293-2 (CA743 and CA745)
carrying Wsm2 resistance (Haley et al. 2002) and iii) c2652
resistance in line CA742, a WSMYV resistant selection from
within spring wheat line c2652 (Haber et al. unpublished).

Advanced breeding lines were derived from C0960293-2
(Wsm?2) as follows: C0960293-2 was backcrossed to Superb
(a high yield spring milling wheat of pedigree Grandin*2/AC
Domain) or straight crossed to HY644 (a Fusarium Head
Blight resistant high yield spring feed wheat). Two homozy-
gous resistant derivatives were selected from each cross and
used as the pollen donor to three Australian wheats, Sunstate,
EGA Hume, or Yitpi. A number of lines were advanced
without selection for resistance and F lines selected for yield
trials. A suite of these lines were then screened in the glass-
house to identify resistant and susceptible lines. A number of
elite Australian lines were used that are commonly grown in
WSMYV prone areas. Table 1 describes all lines.

Preparation of virus inoculum

An Australian field isolate of the virus was used to infect
susceptible wheat. Leaves were weighed and blended with

0.02M potassium phosphate buffer pH 7 (1 /10 w/v) in a
blender. The homogenate was filtered through four layers of
Miracloth® (Calbiochem, La Jolla, California, USA). Abra-
sive Celite (Spectrum Chemicals, Gardena, California,
USA) was added at 2% w/v and the mixture was left on
ice for 1 h. This was applied to the leaves of test plants using
a spray gun (Fahim et al. 2010) with air pressure set at
270 kPa.

Glasshouse screening of germplasm

In the glasshouse experiment, six wheat plants of each
accession were grown in 10 cm pots. The plants were
doubly inoculated at the 2-3 leaf stage, with the prepared
sap extracts from WSM V-infected leaf material. The plants
were scored for symptoms at 14 dpi (days post inoculation)
on a scale of 0—4 with 0 as healthy, 1 as mild with very few
streaks, 2 as moderate with streaks that coalesce, 3 as
severe with approximately 50% leaf area with streaks, 4
as the most severe or lethal symptoms where the streaks
develop into chlorosis of more than 70% of leaf area.
Leaf samples were collected from individual plants and
assayed for the virus using ELISA (as detailed in Fahim
et al. 2010). Two uninoculated plants per line were
included as healthy controls.

Table 1 Germplasm and glass-

house WSMYV test. Eight plants Identifier Other accession names Resistance  Description WSMV

per genotype were grown in a gene

glasshouse, six inoculated at the

three-leaf stage with WSMV and CA740 KS96HW10-3 Wsml Wsml translocation (4Ai#2S .4DL) R

two left as healthy controls. CAT743 Haber7760, CPI146635  Wsm2 Original CO960293-2 winter wheat ~ R

Resistance (R) is recorded only following 4 cycles of WSMV

if resistance was confirmed in selection and selfing

subsequent testing at 20°C. CA745 Haber9104, CPI146894  Wsm?2 Spring wheat, Superb 2*/C0960293 R

Superb is a high yield spring (BC1F9)

milling wheat Grandin*2/AC CA742 Haber9379, CP1146896  ¢2652 Selection from repeated rounds of R

Domain, HY644 is FHB resis- WSMYV selection in doubled

tant high yield spring feed wheat haploid line C2652

and HY644/C0960293 was HRZ07.0422 Wsm2 EGA Hume// HY644/C0960293-2 R

homozygous for resistance HRZ07.0425 Wsm2 EGA Hume//CA745 R
HRZ07.0433 Wsm2 Sunstate// HY 644/C0960293-2 R
HRZ07.0485 Wsm2 Yitpi// HY 644/C0960293-2 R
HRZ07.0486 Wsm2 Sunstate// HY 644/C0960293-2 R
HRZ07.0423 - EGA Hume// HY644/C0960293-2 S
HRZ07.0428 - EGA Hume// CA745 S
HRZ07.0431 - Yitpi// HY644/C0960293-2 S
HRZ07.0436 - Sunstate// HY 644/C0960293-2 S
HRZ07.0437 - Sunstate// CA745 S
Chara AUS30031 - Australian wheat cultivar S
Sunbrook AUS27195 - Australian wheat cultivar S
Preston AUS38780 - Australian wheat cultivar S
Wedgetail AUS30790 - Australian wheat cultivar S
Yitpi AUS36172 - Australian wheat cultivar S
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WSMV field trial

A field trial was conducted in the winter growing season of
2009 at Ginninderra Experimental Station, Canberra (35°12'
2.59"S, 149°522.74"E). The experiment was designed in a
complete randomised block design with two replicates of
each line and treatment arranged in two blocks. A total of 19
genotypes were grown in 4.9 m long by 0.8 m wide plots
with each consisting of 3 rows (approximately 50 seed sown
per plot). There was a 54 cm gap between plots and a 1 m
gap at the end of each plot. The field trial was sown on 10th
of July 2009 and harvested on December 21, 2009.

In the field experiment, half of the plots were inoculated
with WSMYV the at 2-3 leaf stage on the morning of 23rd of
August using a spray gun, again on the Ist of Septem-
ber and finally on the 21st of September. The youngest
fully expanded leaf with virus like symptoms was collected
on 6th of November (6 weeks after the last inoculation).
Relative incidence of WSMV was calculated on all plots by
sampling ten plants at random and assaying using ELISA
(Fahim et al. 2010).

The trial was sprayed with fungicide (Tilt250E) at late
tillering according to the manufacturer’s instructions (Syn-
genta Crop Protection, Guelph, Canada). The trial was
grown under rainfed conditions, however due to a dry spell
in October, four allocations of irrigation of approximately
3 mm each were added at weekly intervals.

A maturity score (Zadoks et al. 1974) was taken when
most of the lines were at anthesis. Prior to harvest, height
measurements (cm) were taken as was a harvest index (HI)
cut. This cut measured 0.5 mx0.8 m and was taken ran-
domly across the width of each plot by cutting at ground
level. The tillers were bundled together, dried and weighed
for total biomass. Heads and grain yield per m® were
recorded and HI calculated. The remainder of each plot
was harvested with a single row harvester and total grain
yield recorded along with grain weight from the HI cut.
Kernel weight (from 250 grains) and hectolitre weight were
calculated on a subsample from each plot.

Uninoculated yield trials

A total of 29 advanced derivatives of the Wsm?2 crosses into
Australian cultivars were included in breeding trials in 2008.
Briefly, these lines were included as unreplicated entries in
“percentage replicated” designed trials (Cullis et al. 20006)
conducted in nine high rainfall sites, covering four States of
Australia. The earliest maturing lines were grown in SW
Western Australia, the mid-maturing lines in trial in SE New
South Wales and the latest maturing lines were grown in
trial in SE Victoria and SE South Australia. All trials were
run by commercial enterprises that base their agronomy on
“best farmer practice” for the specific region. Kalyx
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Agriculture (Carlisle WA) ran three trials in Western Aus-
tralia (Kojonup, Mount Barker and Gibson). Agritech Crop
Research Pty Ltd (Young NSW) ran trials in New South
Wales (Cowra, Monteagles and Wallendbeen). Southern
Farming Systems (Newtown Vic) ran trials in Mininerra
and Inverleigh and Mackillop Farm Management Group
Inc. (Naracoorte SA) ran a trial at Conmurra.

Statistical analysis

Genstat (v13) was used for spatial analysis of the uninocu-
lated yield trials and also to conduct two-way ANOVA with
and without interactions on all measured parameters in the
WSMV inoculated trial. Significant differences between
WSMV treatment of lines were identified at «=0.05 when
the differences between means of the measured parameter
were greater than the least significant difference (LSD).

Results
Resistance in glasshouse

The presence of the Wsml resistance gene was inferred
using molecular markers (Talbert et al. 1996; Fahim et al.
2011). However no suitable markers were available for
WsmZ2 and ¢2652, therefore the presence of the respective
resistance genes in progeny lines were inferred using the
established glasshouse bioassay to identify the resistance
phenotype. All original sources of resistance held up to
WSMYV infection in the glasshouse. Testing of sets of Fg
Australian derived sibling lines showed that 13 were either
homozygous for resistance (Wsm2) and 13 were homozy-
gous for susceptibility (wsm2), with three having an inter-
mediate average ELISA level because both resistant and
susceptible plants were amongst the six tested individuals
of those lines (Fig. 1). From these glasshouse studies, uni-
formly resistant and susceptible sibling lines were chosen
for the inoculated field trial. Lines were chosen that had a
uniform disease reaction whilst also ensuring all back-
grounds were represented.

Resistance in the field

Spray inoculation of field plots resulted in excellent uniform
infection and efficiency of inoculation was almost as good
as in the glasshouse. The ELISA performed on leaf samples
showed 80 to 100% infection in all inoculated susceptible
genotypes. All of the inoculated plots of resistant lines had
very low or zero infection (Table 2). Neither visual
inspection of plots nor ELISA detected virus infections
in any un-inoculated plots, regardless of whether they
contained resistance genes or not. This indicated the successful
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Fig. 1 Glasshouse study of

WSMYV reaction of F¢

Australian cultivars x Wsm?2
sibling sets (blocked into

pedigrees). Mean ELISA ratios
(inoculated/healthy) of a range
of lines derived from Fg lines

developed without WSMV

selection. Scores above two are

considered susceptible

Table 2 WSMYV status
of inoculated plots. Ten
plants were sampled at
random from each plot
and assayed by ELISA
for presence of WSMV.
Percentage incidence
was calculated for each
plot and the average
from two replicate plots
presented. All uninocu-
lated plots had zero
infection (data not
shown)

HRZ07.0498
HRZ07.0488
HRZ07.0437

HRZ07.0496
HRZ07.0495
HRZ07.0484
HRZ07.0429
HRZ07.0428
HRZ07.0427
HRZ07.0426
HRZ07.0425

HRZ07.0485
HRZ07.0432
HRZ07.0431
HRZ07.0430

HRZ07.0497
HRZ07.0487
HRZ07.0486
HRZ07.0436
HRZ07.0435
HRZ07.0434
HRZ07.0433

HRZ07.0483
HRZ07.0482
HRZ07.0481
HRZ07.0424
HRZ07.0423
HRZ07.0422
HRZ07.0421

Germplasm  Resistance % Incidence
Locus/Allele  (WSMV)
CA-740 Wsml 0
CA-742 c2652 0
CA-743 Wsm2 0
CA-745 Wsm2 0
HRZ07.0422 Wsm2 0
HRZ07.0425 Wsm2 0
HRZ07.0433  Wsm2 5
HRZ07.0485 Wsm2 0
HRZ07.0486 Wsm2 0
HRZ07.0423  Null 85
HRZ07.0428 Null 85
HRZ07.0431 Null 85
HRZ07.0436 Null 80
HRZ07.0437 Null 95
Chara Null 100
Sunbrook Null 100
Preston Null 100
Wedgetail Null 100
Yitpi Null 100

T
2 4 6 8 10 12 14 16
ELISA ratio (I/H)

establishment of infection in the treated plots, lack of migra-
tion into untreated plots, and lack of viruliferous mites during
the experiment.

A two-way ANOVA was used to analyse the growth
and yield components by genotype and WSMV treat-
ment (Table 3). There were significant genotype differences
in all yield and growth components, while WSMYV inoculation
had significant effects on five of the components. Table 3
summarises the yield components which were affected by
inoculation, and Table 4 shows which lines contributed to
the significant results.

The yield trial suffered from a mid-late season drought
(October) and despite attempts at irrigation, the trial average
was approximately 1 tonne ha™'. However, we still saw
significant yield effects of WSMYV in many of the suscepti-
ble lines (Fig. 2). All lines carrying resistance genes Wsml,
Wsm2 or c2652 had yields that were unaffected by the
disease, despite the highly effective inoculation procedure.

The disease reactions of the Australian derived sibling
lines observed in the glasshouse were also very evident in
the field trial. There was no loss of yield on average for the
five Wsm?2 resistant lines (range 6% loss to 5% increase for
individual genotypes), however, total grain yields of all lines
not carrying resistance were reduced in the presence of
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Table 3 Two-way analysis of variance of 19 wheat genotypes treated
with and without WSMV showing F statistic. * represents significant
difference in at least one of the genotypes tested at P<0.05

Growth and Yield
Components

Significance Differences
(P values) Among

Significant Differences
(P values) between

Genotypes WSMV Treatments
Grain Yield (t/ha) <0.001* <0.001*
Heads/M? <0.001* 0.254
Total Biomass (g) <0.001* <0.001*
Harvest Index (%) <0.001* <0.001*
Kernel Wt (g) <0.001* 0.011*
Hectolitre Weight (g) <0.001* 0.094
Height (cm) <0.001* <0.001*
Zadoks Score Near Anthesis <0.001* 0.074

disease, and for most of these lines the reduction was sig-
nificant (P<0.05). All five Australian wheat cultivars
showed a reduction of yield ranging from 29% to 44%.
The susceptible sibling lines also had reduced yields, rang-
ing from 22% to 44%.

The harvest index was significantly affected by WSMV
inoculation. Total biomass was reduced by inoculation,
whereas the number of heads per m* was not. The lines that
were significantly different for HI parameters were generally
susceptible although one resistant selection (HRZ07.0433)

had a higher harvest index and another (HRZ07.0485) had
higher total biomass in the uninoculated plots.

WSMYV had no significant effect on the height of resistant
lines whereas it significantly (P<0.05) stunted Sunbrook,
Preston and Wedgetail. Wedgetail was most severely affected
(51% reduction), followed by Preston (31%), Sunbrook
(30%), Chara (20%) and Yitpi (19%). Grain size was affected
by WSMYV infection in Chara and two of the HRZ susceptible
lines; kernel weight was significantly reduced in inoculated
plots. WSMV had no effect on maturity score or hectolitre
weight.

To assess whether linkage drag might be a problem for
the Wsm?2 resistance, we grouped the germplasm into four
pools for comparisons: 1) the unadapted resistant sources, 2)
the lines from elite Australian backgrounds with intro-
gressed Wsm2, selected for resistance; iii) the susceptible
sibling lines of pool 2; and 4) the adapted Australian
parents. Each pool was analysed with and without the virus
treatment (Fig. 3). The un-inoculated resistant sources (pool 1)
which were not in adapted backgrounds yielded significantly
less than any of the other un-inoculated pools. The other three
un-inoculated pools did not differ significantly from each
other. When crossed into adapted germplasm, Wsm2 protects
against yield losses from inoculated WSMYV, as seen in the
comparison of the resistant pool against its susceptible pool

Table 4 Percentage change

caused by inoculation for signif- Genotype Resistance  Percentage Change in Inoculated Treatments (Inoculated- Uninoculated*100/

icant growth/yield components Locus/Allele  Uninoculated)

(from Table 1) and associated

Means and Least Significant Grain Yield Total Biomass HI Height Kernel Wt

Difference (L.S.D.). * represents

genotypes that were significantly CA-740 Wsml 37 -8 -7 6 —4

affected for the associated yield/ CA-742 c2652 5 -10 -14 -5

i T S B TS A S (T S

yield / total above ground CA-745 Wsm2 8 -15 18 -4

biomass*100) HRZ07.0422 Wsm2 13 15 -3 8 -3
HRZ07.0425 Wsm2 -10 12 -5 8 -2
HRZ07.0433 Wsm2 3 1 —35% —20 7
HRZ07.0485 Wsm2 5 —34* -16 -12 -1
HRZ07.0486 Wsm2 3 -29 —-14 -15 1
HRZ07.0423 Null -22 13 -3 —28 —13*
HRZ07.0428 Null —31* -12 —22 -18 -7
HRZ07.0431 Null —33* —33* -26 -19 -1
HRZ07.0436 Null =31 13 -1 3 —9%
HRZ07.0437 Null —44* —38* -13 -19 —6
Chara Null —34 =37 -30* —20 —13*
Sunbrook Null -29 —41 -5 -30%* 3
Preston Null —46* —46* —25% =31* =7
Wedgetail Null —49%* -33 -12 —51* 3
Yitpi Null —49%* -21 —33%* -19 -3
Mean 0.95 100.68 30.37 57.51 30.14
L.S.D. 0.38 46.74 9.53 14.31 2.8
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Fig. 2 Effect of resistance on 1.8
yield: Yield comparison (t/ha).

* indicated lines that were 1.6
significantly affect by WSMV 14

inoculation (P<0.05)
1.2

t/ha

counterpart and also has comparable yield in the absence of
virus to the cultivars and the susceptible sibling lines (Figs. 2
and 3).

The lack of yield penalty was further explored by yield
trialing of the 26 homozygous Australian derived sibling
sets of lines segregating for Wsm2. In 13 yield trials in 2008,
lines carrying the Wsm?2 resistance averaged 79% of the site
mean yields, whilst the non-Wms2 lines averaged 82%.
There was no significant difference between these averages.
This showed that Wsm2 carrying derivatives had no yield
penalty compared to their siblings in the absence of wheat
streak mosaic disease.

Discussion

We had previously documented in glasshouse trials that
inoculating susceptible wheat lines with WSMV adversely
affected their growth, while resistant lines derived from
Wsml, Wsm2 and ¢2652 remained unaffected (Fahim et al.
2011). The current report extends the analysis and confirms

0.8

0.6

04

0.2

0
NS

L.S.D.
O Uninoculated
m Inoculated
)
N

S (] 9 ~ A
VIS IS L EL S
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that Wsmi, Wsm2 and c2652 are also effective in the field to
protect against yield losses.

Earlier studies conducted in controlled temperature cab-
inets had also shown that there were differences in the
temperature sensitivity of the resistances expressed in deriv-
atives from the three different sources (Fahim et al. 2011;
Seifers et al. 1995, 2006, 2007). All were similarly effective
up to 20°C against the ACT isolate of WSMV. At temper-
atures above 20°C, the resistance expressed by line CA740,
which carried the Wsml gene on a 4Ai#2S.4DL transloca-
tion, was ineffective. This response against the ACT isolate
was similar to that reported earlier against the SidneyS81
isolate from Kansas (Seifers et al. 1995). The resistance
derived from C0960293-2 (now designated Wsm?2) was
similarly temperature-sensitive in most lines, but one selec-
tion expressed effective resistance at 26°C. Finally, the
tested lines that derived their resistance from c2652
expressed resistance that was effective at temperatures as
high as 28°C.

With the current field study we established that lines that
were susceptible in the glasshouse also suffered major yield

Fig. 3 Average yield (t/Ha) of 1.6+ .
lines grouped as follows: 1.4 W uniioculted
Resistance sources, the four " | Oinoculated
sources of resistant germplasm; 1.2 1
Resistant Breeder Lines, the 1
five derived lines carrying -
Wsm2; Susceptible Breeder L 0.8+
Lines, the five derived lines * 0.6
without Wsm2; Australian 2
varieties, the five susceptible 0.4+
Australian varieties. Means and 0.2
standard errors of means are 7
shown 0 T T T
@ 20 o€ N
. xaf 2 S A
S 2 e U
¥ v eV i
_Ee S\}QC
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losses to WSMYV in the field, and lines that expressed
resistance to WSMV were protected from yield losses in
the field. Wsm1 was shown by Sharp et al. (2002) to confer
significant yield protection in the field over two years; the
average yield was 80% compared to uninoculated plots,
whereas sibling lines without Wsml when inoculated
yielded on average only 26% of the uninoculated plots.
Divis et al. (2006) also reported the effectiveness of Wsml
against infection and yield loss in the field. Seifers et al.
(2006, 2007) likewise showed that both Wsml and Wsm?2
were effective in the field at protecting yield against North
American isolates of the virus. This current study extends
these findings to the warmer field conditions of Australia
and shows that Wsml and Wsm2 confer total protection
against infection and yield loss using an Australian isolate,
WSMV-ACT. This is also the first demonstration that resis-
tance derived from a new high temperature effective resis-
tance, ¢2652, is completely effective under field conditions.

The five cultivars we tested were all susceptible to
WSMYV and along with the five susceptible siblings from
Australian derived material, all experienced substantial los-
ses (Table 4, Fig. 2). Among the tested cultivars, Wedgetail
illustrates most clearly the potential for losses and, corre-
spondingly, the benefits of conferring effective genetic resis-
tance. As a winter wheat with high grain quality which is
grown in environments where it is also sown early and used as
winter forage, it is vulnerable to becoming infected at early
plant growth stages if large populations of viruliferous WCM
are present, for example following a mild summer with mois-
ture and appropriate green bridges. This heightened risk of
WSMYV infection causing losses of both forage and grain yield
has undermined confidence in the valuable dual-purpose
application of this cultivar.

Infection with WSMYV induces an array of changes that
interact to reduce biomass, grain yield and quality. The
manner and extent of these interactions vary with the earli-
ness of infection, intensity of inoculation, host genotype and
environmental conditions. In this study we observed, for
example, that virus infection stunted plants of the cultivar
Sunbrook but did not reduce plot yield significantly. In the
cultivar Wedgetail, by contrast, infection reduced height
(a proxy for biomass) and yield dramatically, but in sufficient-
ly similar measure that the HI parameter was not changed
significantly. The cultivars Preston and Yitpi experienced
proportionally greater losses of grain yield than biomass,
reducing their HI. Foliar symptoms that range from light
chlorotic streaking and mosaic to severe chlorosis and necro-
sis affect the volume and quality of wheat as forage. Severe
infection stunts growth and retards development, producing
fewer tillers and delayed or deminished anthesis and seed set
(Martin and Harvey 1992; Tatineni et al. 2010), followed by
poor seed filling (Weise 1987). When a high proportion of
plants in a field are infected at an early growth stage, these
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effects combine to reduce yields substantially. For example, in
a two-year field study for seven cultivars in Oklahoma,
Hunger et al. (1992) estimated that WSMV infection
reduced fertile tillers and grain yield by as much as 75% and
87%, respectively.

The expression of a resistance gene may protect against
losses from virus infection but may be associated with other
genes that contribute to reduced yields in the absence of
infection. This effect of linkage drag hindered the deploy-
ment of the Wsm 1 resistance gene in its original form (Sharp
et al. 2002); though studies that have examined more
recently developed Wsm! lines suggest the linkage drag may
be overcome (Baley et al. 2001; Divis et al. 2006). In the
present study, Wsm?2 derivatives in adapted backgrounds
showed no signs of linkage drag in the absence of virus
(Fig. 3) which bodes well for the deployment of this resistance
in new cultivars. That assessment for ¢2652 will have to wait
for backcross derivatives in adapted backgrounds to be
developed.

Resistance conferred by Wsmi, Wsm2 and c2652 were
effective in protecting against WSMV under field condition.
However, these WSMYV resistant wheat lines are still sus-
ceptible to other viruses such as BYDV and HVP (Gieck et
al. 2007; Seifers et al. 2009, 2011). Therefore, it would be of
great value to stack resistance genes against these viruses
into high yielding cultivars. Continuing evolution of virus
populations may also bring about shifts from avirulence to
virulence in interactions with any single resistance gene.
This highlights the importance of pyramiding genes for
resistance to WSMV along with those that protect against
other important diseases.
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