





Authorship Statement

The work contained in this thesis is compilation of research papers, generated
from my PhD research,
o Five peer reviewed papers (as first author), framed as individual
chapters.
o These papers have been published, are in press, or have been
submitted for publication during tenure of my PhD.
o Abstracts of three peer reviewed papers (as secondary author) are

framed as Appendices.

[ solely conducted the research described in this thesis, except where indicated
otherwise. The work presented here has not been submitted elsewhere for any

other degree.

RS\
————
Muhammad Fahim

June 2011

i



.....and the farmers watched
as the amber waves of grain

turned brown.

Famine
A novel by Graham Masterton
























Chapter 1
Literature Review













A8 |

Chapter 1. Literature Review

Proteins Properties
¢ Trypsin-like serine proteinase,
e C-terminal autocleavage
P1 (32-64 KDa) e Symptomatology
e Synergism and symptom development
e Suppression of gene silencing

e Mite transmission
e Self-interaction
Gl SRS st:‘mic m(:cmem

(56-58 KDa) e : !
¢ Papain-like cysteine proteinase
e C-terminal autocleavage

P3 (37 KDa) e Plant pathogenicity

6K1 e ?

e ATPase/RNA helicase

CI (70
{00 Cell-to-cell movement

6K2 e Anchoring the viral replication complex to membranes
e Cellular localization
Nla (49 KDa) e VPginvolved in genome replication
e Trypsin-like serine proteinase, acts in cis and in trans
e Protein-protein interaction
NIb (58 KDa) . RNA-dcp.cndcnt RNA polymerase (RdRp)
e Involved in genome replication

Aphid transmission
CP (28-40 KDa) e Cell-to-cell and systemic movement
Virus assembly

Figure 1. Genomic map of Wheat streak mosaic virus. Genomic ssRNA is shown as a solid
line with the covalently linked VPg protein depicted as a solid circle at the 5'-end and a poly A
tail at the 3"-end. ORFs are indicated as boxes, divided into viral products, with their names
inside or above, by vertical lines. The pipo ORF inside P3, translatable with a frameshift, is
indicated by a box inside the P3 region starting downstream of the N-terminal part of P3. a. Pl
is a trypsin-like serine proteinase located at the amino-terminal end of the polyprotein and has
cis auto catalytic activity; and helper component (HC-Pro), a conserved carboxy-terminal
cysteine proteinase domain that acts in cis to cleave the HC-Pro/P3 junction of the viral
polyprotein. b. Nuclear inclusion protein “a” (Nla), the major proteinase of potyviruses acts in
cis and trans and cleaves the polyprotein in eight smaller proteins denoted as P3, cylindrical
inclusion (CI) protein, Nla, Nuclear inclusion “b” (NIb), CP, and two small proteins known as
6K1, 6K2 and VPg.
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Figure 2. Maps of the Australian continent (A) and southeast Australia (B) showing the locations
from which the 17 sequenced Wheat streak mosaic virus (WSMV) isolates were obtained, and the
probable virus distribution routes in infected wheat seed. Disks ( ® ) show locations where isolates
were found; triangle ( A ) shows the source of the three seedborne isolates detected in post-entry
quarantine; and diamond ( ¢ ) shows where seed-infected isolates were identified under post-entry
quarantine. Bold arrows indicate probable distribution routes from the incursion site to the primary
breeding centers. Shaded arrows indicate suspected onward distribution routes. States: NSW = New
South Wales; NT =Northern Territory; QLD = Queensland; SA = South Australia; VIC = Victoria; WA
= Western Australia. Areas of NSW affected by major WSMV epidemics in 2005: A, Murrumbidgee

irrigation area; B,”slopes” region.

Reference: Dwyer et al 2007 Plant Disease
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Figure 3. Genome organization of Wheat, Thinopyrum intermedium and their
derivatives. In this diagram only one of each chromosome pair is represented.
a. Wheat hexaploid (AA BB DD, n=42) consisting of 7 groups.

b. Th. intermedium hexaploid (JJ JsJs SS, n=42) genome, just like wheat these
chromosomes are organized into 7 groups.

¢. Wheat x Thinopyrum partial amphiploid is an allopolyploid consisting of the
three wheat genomes with another set of chromosomes from Th. intermedium.
This additional alien set of chromosomes may vary in composition e.g., Zhong],
Zhong?2, B84-994 etc. discussed in this thesis.

d. Substitution Line (n=42) where one or more chromosome are replaced by
alien chromosome e.g., Yi4212 in chapter 3.

e. Addition line (n=44) where one full genome of wheat has an additional
chromosome from Thinopyrum. e.g., Z1, Z2, Z6 etc discussed in this thesis.

f. Translocation line (n=42), segment from wheat chromosome is replaced by an
alien-chromosomal segment such as Thinopyrum. Wsm1 is one such example
discussed at length in this thesis.
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Gene construct Predicted RNA structure % immune Lines
Sense PVY —_— 7
Antisense PVY € 4

Hairpin PVY (GUS loop) 7 B G 58

Hairpin PVY (reverse intron) m 65
Hairpin PVY (sense intron) m 96

Figure 4. Efficiency of induction of RNAI by different gene constructs and the
predicted structure of RNA transcribed from the transgenes. In the predicted
structures of RNA transcripts, right- and left-pointing arrows represent sense
and antisense orientation of sequences, respectively; small vertical arrows
represent splice-junction sequences remaining after the intron has been spliced
out. Vertical lines in the predicted structures indicate duplex formation

References:

Smith et al. (2000) Nature.
Waterhouse et al. (1998) PNAS.
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and symptom development. At that time, symptoms, if present,
were scored on a scale of 0-4: 0, healthy; 1, mild with very few
streaks; 2, moderate with streaks that coalesce; 3, severe with
~50 percent of leaf area showing streaks: and 4, the most severe or
lethal symptoms where the streaks become chlorotic and cover
more than 70% of leaf arca. At 14 days post inoculation, leaf
samples were collected (2 plants/treatment) from new leaves and
the presence of virus determined using ELISA as described
above,

Results
Experiment 1

In this experiment, both saliva samples and the extracts of wheat
plants ‘grazed’ by the sheep were assayed by RT-PCR. The
extreme sensitivity of this assay is evident in Fig. 1, which
demonstrates that in a 10 * dilution of extract from an infected
plant, viral RNA could still be detected. The relatively poor
amplification at the highest concentration (10 ') was attributed
to inhibition by components of the leaf extract. The level of
sensitivity demonstrated in Fig. 1 1s such that RT-PCR could
readily have detected a single plant with WSMV infection at a
level 1000 times less than our positive control plants.

Saliva samples collected before each meal from the 6 sheep
consuming infected wheat, were negative for WSMV when
assayed using DAS-ELISA; however, when assayed with RT-
PCR, saliva samples were positive only at 24 h and only from
3 sheep. These few positive RT-PCR results may have resulted
from residual infected wheat tissue in the mouth, either from the
original meal of infected wheat or from regurgitation and
rumination by the sheep. However, given the extreme
sensitivity of the RT-PCR assay, it is also possible that some
of the positive saliva samples could have been false positives.
Experiment 2 specifically investigates the question of virus in
saliva. Most importantly for Expt 1, of the 2352 virus-free wheat
plants ‘grazed’ by the sheep over the 24 hafter they had consumed
heavily infected wheat, none became infected with WSMV or
displayed any symptoms of infection. Figure 2 shows the
RT-PCR results at one time point. The result at all time points
was the same. It must be emphasised that although the first saliva
sampling and the first ‘meal’ of uninfected wheat are described as
0.5h, this 30-min interval was in fact the time between first
offering the tray of infected wheat and offering the first tray of
uninfected wheat. In reality, most sheep had only just finished

107 10® H
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Fig.1. RT-PCR of serial dilution of infected leaf extracts (Expt 1). RT-PCR
reactions to detect WSMV RNA in a senes of 10-fold senal dilutions of leaf
extracts from a WSMV infected plant. The 10-fold serial dilution is shown
over each track; H is the healthy extract control at 10 °. A 341-bp product
comresponding to a portion of the Na region of the WSMV genome is evident
evenat 10°%, Amplification at the highest concentration (10 ') was relatively
poor due 1o inhibition of the PCR reaction by components of the leaf extracts
{unpubl. data),

M. Fahim er al

cating the infected wheat when their saliva was sampled and they
were offered uninfected wheat. The experiment thus mimics
the field situation where a sheep can move directly from an
infected to an uninfected plant.

Experiment 2

Expeniment 2 was designed specifically to test the infectivity of
saliva after sheep were fed infected wheat followed by different
forage, with collection and monitoring of saliva over the
subsequent 24 h. Saliva samples were assayed by both RT-
PCR and ELISA. The infectivity of saliva was also checked
through virus bioassay where saliva samples were inoculated
directly onto healthy wheat test plants.

No WSMYV coat protein (assayed by ELISA) or RNA (assayed
by RT-PCR) was detected in any of the sheep saliva samples from
Expt 2. Regardless of the sampling time before or after the
consumption of a meal of WSMV-infected wheat, the ELISA
results for the saliva of sheep which consumed infected wheat
did not differ significantly from those for the sheep which
consumed uninfected wheat (Fig. 3): results for positive and
negative controls were as expected. Likewise, no viral RNA could
be detected in any of the saliva samples by RT-PCR (Fig. 4);
results for positive and negative controls were as expected.

When the extracts from the infected plants used in Expt 2
were used to inoculate healthy wheat plants, the presence of

Fig.2. RT-PCR of pooled leaf samples in Expt 1. The figure shows the RT-
PCR products (inverted colour image) for the healthy plants grazed at one time
point, namely | h afier the sheep fed on WSMV infected plants. Sheep A - |
were fed WSMV infected plants. Sheep H and 1 were fed healthy plants. Each
track represents the pooling of a young leafof 7 test plants after the recovery
penod. The 8 tracks per sheep represent the 36 plants analysed per sheep per
time point. Molecular markers are shown between the 8 tracks for sheep A
and B, and for sheep D and E, and after sheep 1. The positive WSMV 341-bp
amplicon 1s shown from random pooled samples from the WSMV infected
tray at the zero time point, labelled WSMV T,
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Table 1 Germplasm screened for resistance against WSMV-ACT. Eight wheat plants per genotype were grown in a glasshouse, six inoculated at the three-leaf stage with Wheat streak mosaic virus (WSMV) and two left as
healthy controls. Each experiment included susceptible BW26 controls. Germplasm with resistance was subsequently assessed at controlled temperatures. Resistance (R) is recorded only if resistance was confirmed in

subsequent testing at 20°C

Germplasm Source Identifiers/accession

Description WSMV References/source

Wheat Wheat cultivars
and breeding lines

Annuello, Barian, Bolac, Brennan, Bob White26, Camm, S
Chara, Corella, CSP44, Currowong, Declic, Diamond
Bird, Drysdale, EGA Gregory, Frame, GBA Ruby,
Giles, H45, HD2009, WC03.87, WC(03.008,
WC03.1010.3, Janz, Jinan 177, Karl, Kellalac,
Kennedy, Lalbahadur, Mackellar, Marombi, Myna,
Pugsley, Romany, Rosella, Rudd, Silver Star, Sunvale,
Sunbri, Sunstate, Super Seri, Tennant, Ventura, Vilmorin,
VI404, Wedgetail, WL711, Wylah, Xiaoyan 54, Xiaoyan 6,

Wheat land races

c2652

C0960293-2
(Wsm2) various

Wheat (contd)

Wsm1 various

Figure S1

CA716, CPI146018

CA742, Haber9379, CPI146896
CA744 Original

CA717, AUS34288, PI615160

CA743, Haber7760, CPI146635

CA745, Haber9104, CPI146894
CA833, RonL, CPI147321
CA739, KS93WGRC27

CA740, KS95H10-3

CAT741, Haber9376, CPI146895

CA 837, Rec213, KSOOWRGC51

CAB832, Mace, CPI147322

Yitpi, Young, Z1-sib
42 wheat land races collected during 1920s

Spring wheat selected from breeding line C2652
Advanced resistant derivative of CA716
P1222668/TAM 107//(NOVI SAD 14/NOVI
SAD 603//NEWTON/3/PROBRAND
835_ CO850034). P1222668 is ex- Azerbaijan
As above but sourced ex- AWCC Tamworth,
Australia
Winter wheat ‘4th cycle’ WSMV selection
seed, CO960293-1-1-3gen
Spring wheat, Superb2*/C0960293-2 (BC1F9)
Hard white winter wheat (awned) KSO3HW 158,
selected from the cross Trego/C0960293-2
Pedigree C117884/4* KARL, Wsm1 translocation
(4Ai#-2S 4DL) from intermedium 4Ai-2, ClI17884
also contained Ae. speltoides 7S substituting for 7A
Wsm 1 translocation (4Ai#2S 4DL); an improved
selection of KSQ3WGRC27
Pai ToborochiZ/Cl15091 F;, derivative,
where C115092 is a disomic substitution
line 4Ai#2 (4A). Selection for resistance
and against an J15 marker. Likely Wsm1
translocation on 4AS (T4Ai#2S-4AS .4AL)
Shorter Wsm1 recombinant translocation,
derived from KS93WGRC27. 4Ai#2S-4DS .4DL
(where only 18% of S arm is alien)
Winter wheat with Wsm 1, bred from CI117884

Harbans Bariana
(Sydney University)
Steve Haber (AAFC, Winnipeg)

Haley et al. (2002) Seifers et al.

(2006, 2007) Lu et al. (2011b)

Gill et al. (1995)

Dallas Seifers, Kansas

State University

Haber et al. (2007)

Friebe et al. (2009)

Graybosch et al. (2009)

2ouUp)sIsaL ANSA
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Table 1 (Continued)

Germplasm

Source

Wheat-alien amphiploids
and partial amphiploids

Addition lines (2n = 44)

Substitution lines (2n = 42)

Th. intermedium derived

Th. ponticum derived
Th. scirpeumn derived
L. elongatum derived
Haynaldia villosa derived

TAI Series

Z-Series

L-Series

Identifiers/accession Description WSMV References/source
Zhong1 2n = 56 wheat/ Th. intermedium R Qi et al. (1979) Sun
Zhong?2 2n = 56 wheat/ Th. intermedium R (1981) Chen et al. (2003)
Zhong4 2n = 56 wheat/ Th. intermedium R
Zhong5 2n = 56 wheat/ Th. intermedium R
TAF46 2n = 56 wheat/ Th. intermedium R Cauderon (1966)
Summer 1, CPI1119107, CA830 2n = 56 wheat/ Th. intermedium R NE Normal University,
Changchun, China
Otrastajuscaja 38, Ot38, 2n = 56, wheat/Th. intermedium. Produced in R Berezhnoi (1987)
CPI114085, CA596, 1920-30s. Released in Russia in 1978 as a
grain and fodder plant
OK7211542, CPI114084, CA595 2n = 56 wheat/ Th. ponticum R
B84-994, CP1109887, CA574 2n = 56 T turgidum/ Th. scirpeum (J1J1J2J2) R Mujeeb-Kazi & Miranda (1984)
CS-LE, CA731 2n = 56 Wheat/Lophopyrum elongatum amphiploid R Rana Munns, CSIRO
CAB57, CPI115741 2n = 42 T. durum/Haynaldia villosa amphiploid, S
from Nanjing Agricultural University
TAI11 TAI11: 2n = 44, ex Zhong?2 = He et al. (1989)
TAI12 2n = 44, ex Zhong2 S
TAI14 2n = 42 + 2t, ex Zhong2 S
TAI15 2n = 44, ex Zhong2 S
TAI21 2n = 44, ex Zhong4. Pedigree Ken149 *2/Zhong4 S
TAi22 2n = 44, ex Zhong4. Pedigree Ken149 *2/Zhong4 S
TAI23 2n = 44, ex Zhongb. Pedigree Zhuocheng1 *2/Zhongb S
TAI24 2n = 44, ex Zhong5. Pedigree Zhuocheng1 *2/Zhongb S
TAi26 2n = 44, ex Zhong3. Pedigree 3B2 *2/Zhong3 S
TAI27 2n = 44, ex Zhong3. Pedigree 3B2 *2/Zhong3 R Dong et al. (2004);
(see Discussion) Jiang et al. (2005);
Gao et al. (1994)
z2 2n = 44, ex Zhong5 R Larkin et al. (1995)
Z8 2n = 44, ex Zhong5 S
Z4 2n = 44, ex Zhong5 S
Z5 2n = 44, ex Zhong5 5
Z6 2n = 44, ex Zhong5 R
L1 2n = 44 ex-TAF46 group 7 addition S Cauderon (1966)
L2 2n = 44 ex-TAF46 group 3 addition <
L3 2n = 44 ex-TAF46 group 1 addition S
L4 2n = 44 ex-TAF46 group 4 addition 5
L& 2n = 44 ex-TAF46 group 5 addition R
L7 2n = 44 ex-TAF46 group 6 addition S
L1 (7A) L1 substituting for 7A S Bob Mclntosh,

University of Sydney

‘e 12 ungv] "W
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Molecular markers

New molecular markers were developed for the Wsm -
carrying translocations. Initial screening of portenual
markers was carried out on DNA obtained from Th. inter
medium and Chinese Spring wheat. The polymorphic
markers between wheat and Th. intermediuon were tested
on the following matenal: Wsm1-CA739 (4A1#254D1

Wsm1-CA740 (4A1#254DL); Wsm1-CA837 (Rec2l3,
the shortest translocation on 4D; 4A1#25-4DS4DL: Fri
cbe et al., 2009); Wsmi-Mace (Onginal 4A:1#254DI
with no yield penalty); and Weml-CA741 (4Ai#2S
4AS4AL; Haber er al., 2007). The controls included:
Ih. intermedium; wheats (Chinese Spring and Karl);
Y4212, a substutution of a group 2 Th. mtermedium
chromosome for 2D (Xin et al., 2001); and Mackellar, a
wheat carrying a group 7 Th. imtermedizem translocation
on 7DL (Larkin et al., 2002). A total of 120 primer pairs
were designed and tested using the following approaches;
all primers were ordered either from Sigma or Invitrogen.

Wild grasses derved ESTs and SSRs

Ihe NCBI darabase was searched for expressed
sequence tags (ESTs) and simple sequence repeats
(SSRs) from the following Triticeae species: Th. inter
medium, Th. ponticum, Th. bessarabicum, Th. juncei
forme, Th. caespitosum, Th. junceum, Agropyron

cristatum, Lophopyrum elongatum, Psendoroegneria
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Table 1. Germplasm and glasshouse WSMYV test. Eight plants per genotype were grown in a glasshouse, six inoculated at the three-leaf stage
with WSMV and two left as healthy controls. Resistance (R) is recorded only if resistance was confirmed in subsequent testing at 20°C

Superb is a high yield spring milling wheat Grandin*2/AC Domain, HY644 is FHB resistant high yield spring feed wheat and
HY644/C0960293 was homozygous for resistance.

Identifier Other accession names Resistance gene Description WSMV
CA740 KS95H10-3 Wsm1 Wsm1 translocation (4Ai#2S .4DL); an improved selection R
CA743 Haber7760, CP1146635 Wsm?2 Winter wheat “4th cycle” WSMV selection R
CA745 Haber9104, CP1146894 Wsm2 Spring wheat, Superb 2*/C0960293 (BC1F9) R
CA742 Haber9379, CP1146896 Selection from repeated rounds of WSMV selection in doubled haploid | R
q2eee line C2652
HRZ07.0422 Wsim2 EGA Hume// HY644 /C0O960293 R
HRZ07.0425 Wsm2 EGA Hume//CA745 R
HRZ07.0433 Wsm?2 Sunstate// HY644 /C0960293 R
HRZ07.0485 Wsm2 Yitpi// HY644 /C0960293 R
HRZ07.0486 Wsm?2 Sunstate// HY644 /C0960293 R
HRZ07.0423 - EGA Hume// HY644/C0O960293 S
HRZ07.0428 - EGA Hume// CA745 S
HRZ07.0431 = Yitpi// HY644/C0O960293 S
HRZ07.0436 - Sunstate// HY644 /C0960293 3
HRZ07.0437 - Sunstate// CA745 5
Chara - Australian wheat cultivar 5
Sunbrook - Australian wheat cultivar S
Preston - Australian wheat cultivar g
Wedgetail - Australian wheat cultivar S
Yitpi = Australian wheat cultivar S
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Growth and Yield Significance Difference Significant Difference
Components Between Genotypes between WSMV Treatments
Grain Yield <0.001* <0.001*

Heads/M? <0.001* 0.254

Total Biomass <0.001* <0.001*

HI <0.001* <0.001*

Thousand Kernel Wt | <0.001* 0.011*

Hectolitre Weight <0.001* 0.094

Height <0.001* <0.001*

Zadoks Score <0.001* 0.074

Establishment <0.001* 0.304

19

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
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Figure 1. Glasshouse study of WSMV reaction of Fs Australian cultivars x Wsm?2
sibling sets (blocked into pedigrees). Mean ELISA ratios (inoculated/healthy) of a
range of lines derived from Fs lines developed without WSMV selection. Scores
above two are considered susceptible.
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Figure 1 Structure of the Wheat streak mosaic virus (WSMV) genome and the pStargate-Nfa transgene. (3) Genome map of WSMV showing the
region used to generate pStargate-Nia, (b) Design of pStargate-Na construct used to transform wheat using biolstics, and the two Stargate amph-
cons (1 & 3) used to characterize the putative transgenics. (¢) Dragram of pCMneoSTLS2 containng the npth gene for Geneticin resistance, used
n the cotransformation experniments, and showing the position of the primers pNeo3 and pNeoS

typically causes light-green to faint yellow streaks in wheat
leaves parallel to the veins. As the disease progresses,
affected plants appear retarded and show a general yel-
low mottling. Diseased plants are also moderately to
severely stunted (Figure 2) with prostrated tillers often
with empty spikes or spikes with shrivelled kernels.

Virus accumulation in leaves was determined using
ELISA and expressed as a ratio of inoculated plants to

noninoculated controls, Ten families had at least one
highly resistant indvidual (ELISA ratio approximately 1),
while all Bobwhite 26 (BW26) nontransformed control
plants were highly susceptible (ELISA ratio >9) (Figure 3).
All T, indviduals of three families hpws2a, 17 and 18
were completely immune to WSMV when challenged,
suggesting they possess multiple loci of the Stargate-Nia
transgene. Seven families were segregating for both

Figure 2 Phenotypes of wheat lines infected by Wheat streak mosaic virus. Wheat plants were inoculated at three leaf stages (a) family hpws24b
where the presence of the transgene was responsible for an intermediate resistance or recovery phenotype evident in the inoculated right plant
compared to an inoculated susceptible plant (left). (b) Fully resistant inoculated transgenic segregant (night) and inoculated susceptible nontrans-

genic segregant (left) of family hows2b. (c) Bobwhite26 controls, infected (left) and uninoculated (night)

© 2010 CSIRO
Journal compdation © 2010 Blackwedl Publshing Ltd, Plant Biotechnology Journal, 8, 821-824
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Table 1 Conservation of amiRNA targets in WSMV Genome. The alignment used to design amiRNA against conserved targets in WSMV genome. AlignX was used with default settings using Vec-
tor NTI 10. (a) Alignment of the five chosen target regions in the five published WSMV genomes at the time of the design of the amiRNA. (b) Alignment in the five target regions in the ten new
WSMV genomes that became available subsequent to amiRNA design. (c) Alignment of the amiRNA target regions in the WSMV-ACT isolate (unpublished and obtained subsequent to the design
of FGmIR395 and production of the transgenic plants). The mismatched nucleotides with other isolates are highlighted. amiRNA-1 and amiRNA-2 target the replicating strand, signified by number-
ing 1-21 from left to right; amiRNA-3, amiRNA-4 and amiRNA-5 target the genomic strand of the WSMV, signified by numbering 1-21 from right to left. The chosen targets remain absolutely
conserved in all five target regions of the WSMV-ACT isolate, when virus population RNA was resequenced from inoculated plants in the study including —S, +R, and the transgenic breakdown

plants +S

amiRNA-1 Target sequence amiRNA-2 Target sequence amiRNA-3 Target sequence amiRNA-4 Target sequence amiRNA-5 Target sequence

AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
Accession Description Origin 1 21 1 21 21 1 21 1 21 1
(a)
AF057533 Sydney 81 Nebraska AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
1AF285169 Type Strain Kansas AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
AF285170 El Batan Mexico AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATSCCAETATGTECCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
AF454454 Czech Czech AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTTCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
AF454455 Turkish Turkey AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
(b)
AF511614 H95S Kansas AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGTTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
AF511615 H98 Kansas AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CIGCGAACGTCTTGCAAGTTA
AF511618 D96 Idaho AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
AF511619 ID99 Idaho AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
AF511630 Mon96 Montana AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
EU914917 Naghadeh Iran AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATT‘]CATTATGT@CC‘QA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
EU914918 Sadat-Saher Iran AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
F511643 WA99 WA, USA AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTECATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
FJ348358 WA94 WA, USA AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGA'I'FiCATI’ATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCQ‘AACGTCTTGCAAGTI’A
FJ348359 ARG2 Argentina AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA
(c)
Unpublished ACT Australia AGCTCTCGCATAGAGATAAGC TCGAGCAAGATCTTTCACACG GAAGATTCCATTATGTGCCGA CCAGGAAGCATTTTCTGGTCA CCGCGAACGTCTTGCAAGTTA

WSMYV, Wheat streak mosaic virus.
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Figure 1 Structure of the Wheat streak mosaic virus (WSMV) genome (approximately 9400 nt), the target sites for amiRNAs and the FGrmiR395
transgene. (a) Genome map of WSMV showing the five conserved regions (indicated by scissors) targeted by amiRNAs, amiRNA-1 to amiRNA-5. (b)
Design of FGMIR395 construct (1400 nt) used to transform wheat using biolistics, shown are the probe region for Southern blot and primer sequences
FgPf1 and M13RevP used in PCR. (c) Diagram of pCMneoSTLS2 containing the nptll gene for geneticin resistance, used in the cotransformation of
mmature wheat embryos and showing the position of the PCR primers pNeo3 and pNeo5S

(a)

plasmid pCMneoSTLS2 (Maas et al, 1997) that contained neo-
mycin phosphotransferase gene (nptll), confernng resistance to
geneticin  (G418). From a wheat transformation of 379
embryos, a total of 23 T, transgenic wheat plants were gener-
ated from 16 different embryos; therefore, there were at least
16 independent events.

The transgenic lines were designated FanGuard plasmid (FGP)
plus a number corresponding to the bombarded embryo.
Where multiple T, plants were obtained from a single embryo,
they were distinguished with lower-case letters, e.q. FGPla and
FGP1b. All Ty, Ty, and T, transgenic plants were morphologi-
cally indistinguishable from the wild-type parental cultivar, Bob
White selection 26 (BW26), implying that the FGmiR395 does
not influence growth or development (Figure 3b).

Plants recovered from the transformation selection cultures
were screened through PCR for the nptll selectable marker from
the pCMneoSTLS2 cotransformation vector (Figure 1c). This
confirmed that all 23 plants coming through the antibiotic
selection were true transgenics carrying the selectable marker.
Genomic PCR screening for the presence of FGmIR395 was car-
ried out using primers, fgPf1 and Mi3RevP, that span from

Figure 2 amiRNA Secondary Structure. A com-
parson of truncated Osa-miR395 and FGMIR39S
secondary structures. (a) Predicted secondary
structure of mIR395 truncated to include only
the first five natve miIRNAS. (b) Predicted second-
ary structure of FGmMIR395 replacing the first five
natural mIRNA sequences with amiRNAS design
against Wheat streak mosaix virus, numbered
1-5 These are the predicted fold structures of
transcopts using RNAfold. Bars showing regions
corresponding to amiRNA guide strand. Second-
ary structure probabdities are indicated by heat
map (Blue, weak; Red, strong)

within the promoter region, full ubiquitin intron and all of the
FGMIR395 transgene including the nos terminator (Figure 1b).
PCR analysis of T, families confirmed that 14 of the 23 families
had FGmIR395 as well as nptll (Figure 3a, PCR data not shown)
and 10 of these were from different embryos and were there-
fore independent transgenic events. Southern blot analysis of T,
plants from a subset of these lines confirmed the presence of
transgene (Figure 4). Nine families were negative for FGmiR395
and positive for nptill. The latter lines were discarded after the
preliminary assessment for resistance (next section).

Preliminary assessment of FGmIR395 transgenic wheat
in T|

The T, generation was subsequently challenged with WSMV
through mechanical inoculation at the three-leaf stage (4-17
plants per family) using the spray gun. Wheat streak mosaic dis-
ease is characterized by light-green-to-faint-yellow streaks in
wheat leaves parallel to the veins. The virus arrests growth, and
plants show moderate-to-severe stunting with prostrated tillers
often with empty spikes or spikes with shrivelled kernels
Serological characterization of the transgenic families involved

© 2011 CSRO
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Figure 7 Expression analysss of Wheat streak mosaic wus-specific amiR-
NAs: Levels of the amiRNAs in immune transgenx segregant FGP4a 22
were examined using the MiRtect IT splinted ligation assay. Assays with
bndge oligonucieotides specific for (3) amiRNA, (b) amRNA*, and (c)
nternal controls. The numbers in the bottom panel correspond to
AmMIRNA-1 to -5, respectively

(@) (b) (c)

Figure 8 Segregation of resstance in T progeny of Ty indesndual
FGP4a 18 (a) Inoculated T, plants and FGmiR395 PCR results. (1) and (v)
transgene-negative susceptibles, (1) transgene carrying moderately resis-
tant; (w) (iv) (v1) and (wi) transgene-carrying immunes. (b) Southern biot
for copy size of FGP4a (+R) and FGP4a (=S), where FC shows the
expected full size, and TC shows a truncated copy. {¢) Southern bilot for
copy number FGP4a (+R) and FGP4a (-5)

Seeds collected from three FGP4a T, individuals, representing
immune (FGmIR395+R), resistance breakdown (FGMiR395+MR),
and susceptible phenotypes (FGmIR395-S) were analysed in T,
generation (Table 2 and Table $2)

A total of 29 plants were grown and bioassayed from the
seed collected from T, segregant FGP4a 22 (+R), and when
challenged with WSMV, all 29 T, individuals proved to be
immune to WSMV and no virus was retrieved on BW26
through back-assay. The progeny of intermediate phenotype
FGP4a.18 (+MR) with resistance breakdown phenotype in T,
produced 15 resistant progeny in T, plants (of 35 total). This T,
segregation for resistance in FGP4a.18 15 also ilustrated in
Figure 8a. We hypothesize this may indicate the segregation of
an antagonistic factor such as an interfering truncated trans-
gene copy away from a functional copy of FGmIR395 resulting
in more stable resistance. Southern blot analysis for copy size
did reveal the presence of a truncated copy (Figure 8b). Further-
more, it is also possible that the zygosity of FGmIR395 might be
involved in the amiRNA production where the homozyqgous level
of expression may result in more stable resistance. The T, prog-
eny propagated from a negative segregant parent FGPd4a.31
(FGMIR395-5) were fully susceptible and indistinguishable from
the wild-type susceptible BW26 controls.

Transgenic event FGP15a

In FGP15a, a total of 52 indwviduals were analysed in T, genera-
tion. There appears to be one copy of FGmIR395 and one copy

of nptl, and both segregate in simple Mendelian proportions
(Table 2). Most of 32 tested FGmMIR395 + segregants were
strongly resistant (+R), but six had moderate resistance (+MR)
(Figure 5d). These six segregants had lower virus accumulation
and were less stunted compared to the FGmIR395 null segre-
gants (Figure 5d).

Three different FGP15a T, segregants were selected for anal-
ysis in T,, and once again, resistant phenotypes were recovered
from a susceptible transgene-positive T, parent (FGP15a.2). The
family had one site of insertion of the transgene, however, a
strong signal might suggest concatamerization at this site; there
was also ewidence of a truncated copy (Figure 4). From the +R
T, individual FGP15a.1, only one of 35 T, was not immune

Transgenic event FGP8c

In FGP8c¢, four classes of phenotype were observed. A total of
70 individuals were analysed for the transgenes, and 51 were
assayed in T, for WSMV resistance (Table 2). Of T, plants tested
(Figure 5¢), 30 were +R with average plant height of 45.56 cm;
seven were +MR where resistance held up at 14 d p.i. but grad-
ually broke down with the virus titre ratio above ten at 28 d
p.i. and average plant height of 28.5 cm; 14 segregants were
+S despite carrying a full copy of FGmIR395, with average plant
height of 16.92 cm and indistinguishable from the 19 -S segre-
gants with average plant height 14.26 cm

Seeds were collected from three T, individuals representing
+R, 45, and -S dasses (Table 2). From the immune +R individ-
ual FGP8c.11, resistance segregated normally (24 : 8) in T,
Again, the T, progeny of a +S plant, FGP8c.10, segregated
some strongly resistant plants (14 : 21). The Southern blot anal-
ysis revealed the presence of three copies (Table 2, Figure 4)
that appeared to be of equal size but seqregated together at
one insertion locus

Leaf saps from the strongly resistant segregants of event FGP
8¢ were back-inoculated to susceptible controls and found to
be immune; this s illustrated in Figure 6 by T, individual
FGP8c.2. However, individuals such as FGP8c.7 showed some
breakdown of resistance after 14 d p.1, and sap from this plant
was infective to the same extent as the null segregant FGP 8c.1
(Figure 6)

Transgenic event FGP18

Event FGP18 was examined further because the apparent full-
length insertions of the FGMR395 gene failed to confer any
plants with a high level of resistance in T, (Figure 3a, Figure
5e). In 38 T, segregants, the nptll gene segregated simply, but
segregation was sianificantly distorted away from the
FGmIR395 transgene (17 : 21, Table 2). While none of the T,
individuals were strongly resistant, Fiqure Se shows that the
FGmiR395-carrying plants clustered distinctly from the null
segregants, with average plant height of +S being 26.1 cm,
compared to 14.6 cm in -S segregants (Figure Se, Table S2)
Southern blot analysis revealed the presence of four copees (Fig-
ure 4a) including truncated copies (Figure 4b). The T, progeny
from a +#S and -S T, parent were analysed for virus resistance
Resistance was evident in 12 T, indwviduals from FGP18.10 of
44 tested (Table 2). It is noteworthy that even in this multi-
insertion transgenic event, which appeared in T, generation to
be ineffective, by T,, 1t was possible to identify fully resistant
transgenic segregants. Plant FGP18.6 is noteworthy. Using PCR
and bioassay, it was classified as -S; it did have transgenic
sequence present (Figure 4a), but the sequence is truncated
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(Figure 4b). Presumably, the truncation has eliminated one or
both of the primer sites so that the PCR gave no product
When only the truncated copy is present, the plants are suscep-
tible in both T, and T; generations (Table 2)

The possibility that the wirus was evolving to avoid all five
amiRNA species can be dismissed based on two lines of evi-
dence. T, transgenics were challenged with the infected sap
derived from both susceptible and transgene-carrying suscepti-
ble seqregants in T,. Leaf sap collected from FGmMIR395+S T,
plants was used to inoculate T, progeny. These potentially
evolved virus populations continued to be controlled by resistant
transgenics. Furthermore, in a number of famibes (Table 2), +R
and +MR phenotypes emerged from +S T, parents. Therefore,
the onginal +S susceptibility was not the result of virus muta-
tion, otherwise, resistance would not have emerged in T, when
challenged with the putatively mutant virus preparations. In
addition, deep sequencing was carned out of small RNA frac-
tions extracted from wvirus-inoculated plants of the three pheno-
types, +R, +5, and -S. This allowed the full virus genomic
sequence to be reconstructed from each of these virus popula-
tions. As reported in Table 1, the virus sequence of WSMV-ACT
recovered from the non-transgenic plant (=S), in each of the
five target regions, was exactly the sequence as used in the
construction of the amiRNA, Furthermore, the sequence In
these regions was entirely unchanged in the virus population
from both the transgenic resistant plant (+R) and the transgenic
susceptible plant (+S)

The recovery phenotype

Individuals with a recovery phenotype were observed in trans-
genic family FGP13b. These plants had virus symptoms at 14 d
p.i. and a hugh virus titre, however, when assayed at 28 d p.,,
wirus was not detected through ELISA nor were there any symp-
toms observed on the newly emerged leaves. An example of
this phenomenon is displayed in transgenic segregant FGP13b.2
(Figure 9), where the new leaf displayed charactenstic virus
symptoms at 14 d p.i. (sull ewident at 28 d p.i., Figure 9b) and
had an ELISA ratio of 2.5. However, as the plant developed fur-
ther, no virus symptoms were observed on the newly emerged
leaves at 28 d p.i. (Figure 9¢). Moreover, no WSMV-specific
PCR product could be amplified from reverse-transcribed RNA
from the newly emerged leaves. This suggests that the amiRNA
was ineffective in the young plant but expressed better and
became effective in overcoming virus multiplication as the plant
developed further

Sap was extracted from the newly emerged leaves and inocu-
lated onto susceptible BW26 plants to test whether the virus
has been completely eliminated from the newly emerged leaves
No infectious wvirus could be recovered in this back-assay
(Figure 6, FGP13b.2). This lead to the conclusion that in some
resistant transgenic events, the virus was able to get away to
nitial establishment but that the amiRNA expression sub-
sequently was able to completely eliminate the virus from the
recovering plant

Discussion

We engineered a complex rnice-derived miR395 with five artificial
mIRNA. precursors designed to target WSMV genome, to
achieve amiRNA-mediated resistance in wheat. We retained the
predicted secondary structure of miR395 in the synthetic
FGmMIR395 transgene and hypothesized that the FanGuard

Virus resistance via multiple artificial miRNAs 9
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Supplementary Table: 1. Oligo sequences used in miRTect analysis of amiRNA

accumulation in immune transgenics. The bridging oligos were synthesised and

reaction was carried out using manufacturer’s protocol. The oligos without *

were used to detect the guide strands. The oligos with * were used to detect

passenger strands. The tag sequence GAATGTCATAAGCG is common in all

bridging oligos and is known as the detection oligo.

amiRNA amiRNA-specific oligo Bridging oligo

amiRNA-1 gcttatctctatgegagagcet GAATGTCATAAGCGgcttatctctatgegagagcet
amiRNA-1* agctctcgeatagagataage GAATGTCATAAGCGagctctcgcatagagataage
amiRNA-2 cgtgtgaaagatcttgctcga GAATGTCATAAGCGcgtgtgaaagatcttgetcga
amiRNA-2* tcgagcaagatctttcacacg GAATGTCATAAGCGtcgagcaagatctttcacacg
amiRNA-3 ccaggaagcattttctggtca GAATGTCATAAGCGccaggaagcattttctggtca
amiRNA-3* tgaccagaaaatgcttcctgg GAATGTCATAAGCGtgaccagaaaatgcttcctgg
amiRNA-4 ccgegaacgtettgeaagtta GAATGTCATAAGCGccgcgaacgtcttgeaagtta
amiRNA-4* taacttgcaagacgttcgegg GAATGTCATAAGCGtaacttgcaagacgttcgegg
amiRNA-5 gaagattccattatgtgeega GAATGTCATAAGCGgaagattccattatgtgecga
amiRNA-5* tcggcacataatggaatcttc GAATGTCATAAGCGtcggcacataatggaatctte
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Supplementary Table 2. Families used in segregation analysis in T2
+R = FGmiR395 carrying, resistant; +MR = transgene, moderately resistant;
+S = transgene, susceptible; -S = transgene null, susceptible. Symptoms are
scored on a 0-4 scale.
; Symptoms
Event Phenotype n= :)Cl;:)‘t Eeigut
7dpi 14dpi | 21dpi 28dpi
FGmiR395+R 15 | 424412 0 0 0 0
FGmiR395+MR | 2 26x0.7 0 1.7+0.0 2.50.1 2.3+0.9
FGP4a
FGmiR395+S 7 14.5+0.8 02025 | 140.1 2.1+0.2 3.2+0.2
FGmiR395-5 8 18:2:+:1.2 0.8+0.2 2.1+0.1 3.3+0.09 3.5+0.1
FGmiR395+R 13 | 46.4+1.03 0 0 0 0
FGP6
FGmiR395-S 13 | 14.6+1.4 0.5+0.2 1.53022. 2.2+0.2 3.2+0.1
FGmiR395+R 30 | 45.5+1.0 0 0 0 0
FGmiR395+MR | 7 28.5+1.8 0 1.320.09 | 2.1+1 2.6+0.2
FGP8c
FGmiR395+S 14 | 16.9+1.0 0 1.7+0.1 2.6+0.1 3.1+0.09
FGmiR395-5 19 | 14.2+0.7 0.520.1 2.0+0.1 2.9+0.1 3.7+0.09
FGmiR395+R 32 | 47.0+0.8 0 0 0 0
FGP15a | FGmiR395+MR | 5 21.2+0.7 0 1+0.25 1.9+£0.09 2.5+0.1
FGmiR395-S 14 | 15.0¢1.5 0.2+0.1 1.71+0.2 | 3.03+0.1 3.5+0.1
FGmiR395+MR | 17 | 26.1£1.3 0.1+0.1 1.4+0.2 2.1+0.1 3.44+0.1
FGP18
FGmiR395-S 21 | 14.240.9 0.8+0.1 1.9+0.1 3.04+0.1 3.7+0.08
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