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Abstract

Lr34in wheat is a non-race-specific gene that confers resistance against multiple fungal
pathogens. The resistant allele Lr34 and the susceptible allele Lr34s can be distinguished
by three polymorphisms that cause alternation of deduced amino acid sequences of Lr34 at
the protein level. In seedlings of a cultivar carrying the resistant Lr34rallele, only a portion
(35%) of its transcripts was correctly spliced and the majority (65%) of its transcripts were
incorrectly spliced due to multiple mis-splicing events. Lr34 mis-splicing events were also
observed at adult plant age when this gene exerts its function. All of the mis-spliced Lr34r
cDNA transcripts observed in this study resulted in a premature stop codon due to a shift of
the open reading frame; hence, the mis-spliced Lr34r cDNAs were deduced to encode
incomplete proteins. Even if a cultivar has a functional Lr34 gene, its transcripts might not
completely splice in a correct pattern. These findings suggested that the partial resistance
conferred by a quantitative gene might be due to mis-splicing events in its transcripts;
hence, the resistance of the gene could be increased by eliminating or mutating regulators
that cause mis-splicing events in wheat.

Introduction

Wheat (Triticum aestivum, 2n = 6x = 42, AABBDD) is a major food crop worldwide, but is
constantly challenged by several fungal diseases, such as leaf rust and stripe rust [1, 2]. There
are numerous genes or quantitative trait loci (QTL) that have been mapped for host plant resis-
tance to epidemic pathogens, including 67 genes/QTL for stripe rust and 69 for leaf rust [3].
The resistance of these genes/QTL can be divided into two types: complete or qualitative resis-
tance, and partial or quantitative resistance [4-11]. Qualitative resistance fits a gene-for-gene
model, in which a pathogen is recognized by a plant host resistance gene resulting in complete
exclusion of the pathogen [12]. Quantitative resistance remains poorly understood but is
explained by two hypotheses: i) a consequence of interactions among multiple resistance genes
[13, 14], or ii) the outcome of direct interactions between pathogen effectors and plant defense
proteins or indirect interactions between pathogen effectors and plant defense proteins trig-
gered by the effectors [15, 16].
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Lr34 is a non-race-specific gene that confers resistance against fungal pathogens causing
leaf rust, stripe rust, and powdery mildew, but also against barley yellow dwarf virus [17-20].
Because of the durability and non-specificity of its resistance against multiple pathogens, Lr34
has become one of the most important disease-resistance genes in wheat worldwide and has
been utilized since the early 20™ century [21-23]. Cloning of Lr34 indicated that the resistant
allele of the gene consists of 24 exons and 23 introns spanning 11,805 nucleotide sequence
from the translational start codon to the stop codon, and it encodes a pleiotropic drug resis-
tance (PDR)-like adenosine triphosphate-binding cassette (ABC) transporter, which consists
of two units each containing a cytosolic nucleotide binding domain (NBD) and a hydrophobic
transmembrane domain (TD) [2]. The resistant allele Lr34r and the susceptible allele Lr34s can
be distinguished by three polymorphisms. The first is the codon TTC encoding phenylalanine
is present in exon 11 of the susceptible Lr34E1 s allele but absent in the resistant Lr34E11r
allele, and the second is that a point mutation in exon 12 from ‘C’ to “T” results in a change
from a tyrosine residue in the susceptible Lr34E12s protein to a histidine residue in the resis-
tant Lr34E12r protein [2, 19]. The third is that susceptible Lr34E22s contains a point mutation
in exon 22 that results in a premature stop codon and thus a shortened Lr34E22s protein lack-
ing 185 amino acids covering the majority of the second transmembrane domain [2, 19, 22,
24]. All three mutations resulted in alternation of deduced amino acid sequences of Lr34r at
the protein level. Understanding of Lr34r transcriptional defects will contribute significantly to
establish a new strategy to improve Lr34 resistance.

Our previous studies on winter wheat cultivars adapted to the southern Great Plains indi-
cated that Lr34 accounted for 18 t035% of the total phenotypic variation in leaf rust reaction
among recombinant inbred lines (RILs) from the biparental cross of ‘Jagger’ carrying a suscep-
tible Lr34E22s allele and 2174’ carrying a resistant Lr34E22r allele [22]. Lr34 was also reported
to account for 29 to 33% of the variance for leaf rust reaction in other studies [2, 14, 25]. How-
ever, the molecular mechanism for the partial resistance conferred by this gene remains largely
unknown.

The deployment of the Lr34 gene in wheat breeding is still based on the conventional breed-
ing approach, by which a resistant allele from a donor is introduced to a recipient cultivar car-
rying a susceptible allele. In this study we report that the partial resistance of an endogenous
Lr34 occurs because the majority of its transcripts are incorrectly spliced due to intron reten-
tion or exon skipping. This finding leads to a novel strategy of breeding cultivars resistant to
rust pathogens, in which regulators that result in mis-spliced transcripts of Lr34 are mutated to
increase endogenous Lr34 transcript level and thus resistance to multiple diseases in wheat.

Materials and Methods
Plant materials

The leaf samples, which were found in the initial experiment to have mis-spliced Lr34 tran-
scripts, were collected from 2174 seedlings that were grown in a greenhouse with constant
temperature (20-25°C) and long day condition (16 hour/8 hour for light/dark). Those fully
developed leaves at plants the 4™ or 5™ leaf stage were sampled.

Nine RILs carrying the resistant Lr34 allele from the Jagger x 2174 RIL population were
selected to examine mis-spliced Lr34 transcripts, and these nine RILs were selected based on
their percent infection score averaged across three environments/years [22]. These nine RILs
were vernalized for 6 weeks at 4°C and long days then moved to the same greenhouse as condi-
tioned with constant temperature and long day. The RNA samples were collected one week
after the vernalized RILs were moved back to the greenhouse and the plants were at the 4™ or
5™ Jeaf stage. The RNA samples were collected from the same set of the nine RILs that were
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continuously grown in the same greenhouse until the 4™ or 5% leaf stage as control (CK).
Those fully developed leaves at vernalized and unvernalized seedling plants were sampled for
RNAs.

Adults of four wheat cultivars, including 2174, Jagger, OK bullet, and Duster that were
grown in a field trial at Stillwater Research Station, Oklahoma, were investigated for mis-
spliced Lr34 transcripts. Leaf samples from the adult plants were collected from flag leaves
when the plants were flowering (May 5, 2011). All of the adult plants grown in the field were
not inoculated with any pathogens.

Sequences of clones for mis-spliced Lr34 transcripts

Total RNAs were isolated using TRIZOL and RNAs were reverse transcribed by SuperScript I
reverse Transcriptase (Invitrogen, Grand Island, NY, USA). The paired primers Lr34-Exp-F1
(5" -TAGCAAAGGGCGTCGATTTA-3" ) and Lr34-Exp-R1 (5’ - CTGTTGGAATGTCAGAA
CTTGC-3") were designed to amplify complete cDNA of Lr34 including 36 bp at the 5> UTR
and 22 bp at the 3> UTR. PCR was performed using LongAmp Taq DNA polymerase (New
Englan Biolabs, Ipswich, MA, USA). PCRs were performed using a cycling program consisting
of a denaturation cycle at 94°C for 5 min; 40 cycles of amplification (94°C for 30 sec, 60°C for
4 min, 72°C for 30 sec per cycle), and a final extension cycle of 72°C for 10 min. The PCR
products of ~4.2 kb cDNAs were then run at a 1% low melting gel, purified by Wizard SV Gel
and PCR Clean-Up system (Promega, Madison, W1, USA), and cloned into pGEM-T vector
(Promega, Madison, WI, USA). Plasmid DNAs from single clones were completely sequenced.

Two PCR markers for mis-spliced Lr34 transcripts

After different forms of mis-spliced Lr34 transcripts were found, two pairs of primers were
designed to investigate for two frequently occurred mis-spliced Lr34 transcripts. Primers
Lr34-DMS-F2 (57 -AGATGATTGTGGGCCCCGCAAGT-3" ) and Lr34-DMS-R2 (5 ~TTAC
GAGTGCAATAATGGCAAGCTG-3") were designed to examine the skipping of 92 bp at the 5’
end of exon 10, and the PCR product size from normal Lr34 transcripts was 597 bp, and partial
E10 skipping fragment was 505 bp. Lr34-DMS-F3 (5’ ~-CTATATGGGAGCATTATTTTTTTCC
ATCATG -3’ ) and Lr34-DMS-R3 (5’ - AACCATCCTGGCATGGAGGTCT-3" ) were designed
to examine the skipping of 44 bp at the 5’ end of partial exon 12. For partial E12 skipping, the
normal Lr34 transcript was 414 bp, and the fragment with skipped partial exon 12 was 370 bp.
Those primers specific to Lr34 were not able to amplify gDNAs, if any was contaminated in
the cDNA samples, because one of each pair covered two exons. PCRs for the mis-spliced Lr34
markers were performed using a cycling program consisting of a denaturation cycle at 94°C
for 5 min; 40 cycles of amplification (94°C for 30 sec, 55°C for 30 sec, 72°C for 30 sec per
cycle), and a final extension cycle of 72°C for 10 min.

Results
The majority of Lr34 transcripts in seedlings were mis-spliced

In an initial experiment of this study, we attempted to amplify a complete cDNA of Lr34r that
can be used to create transgenic wheat. Winter wheat cultivar 2174 that has been experimen-
tally confirmed to have a resistant allele at Lr34-Dr on homoeologous chromosome 7D [22]
was used to amplify the complete cDNA of Lr34-Dr. At the beginning of the study, no
sequence for homoeologous Lr34 genes in common wheat was available, primers Lr34-Exp-F1
and Lr34-Exp-R1 primers used to amplify Lr34r on chromosome 7D were found to amplify
Lr34-B that was translocated to homoeologous genome 4A in hexaploid wheat [26]. A total of
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Fig 1. Structure of mis-spliced cDNAs derived from Lr34. (A), The Lr34 gene structure consisting of 24
exons and 23 introns. (B), The correctly spliced Lr34 mRNA. (C-l), the left panels: locations of alternative
splicing events described as skipped or cassette exon (CE), intron retention (IR), alternative 3’ splicing sites
(A3SS), and alternative 5’ splicing sites (A5SS). (C), Partial exon 10 skipping, 92 bp (C-1) and 11 bp (C-2) at
the 5’ end of exon 10. (D), 44 bp at the 5’ end of exon 12 skipping. (E), Complete exon 16 skipping. (F),
Complete intron 1 retention; (G), Complete intron 9 retention. (H), Complete intron 14 retention. (1), Intron 6
was partially retained with 12 bp (I-1) or 17 bp (I-2) at the 3’ end of this intron respectively. (C-l), the right
panels, deduced proteins of Lr34. Grey boxes indicate exons, lines indicate introns, dotted line boxes indicate
the skipped exons, black boxes indicate the retained introns, stars indicate mis-spliced fragments in mRNA,
and hearts indicate the premature stop codon. (J), The non-functional Lr34 of Jagger. (K), Protein structure of
functional Lr34 of 2174, consisting of two units each containing a cytosolic nucleotide binding domain (NBD)
and a hydrophobic transmembrane domain (TD).

doi:10.1371/journal.pone.0171149.g001

43 clones were sequenced using primer M13 from cloning vector, 23 clones were found to
come from Lr34 and the remaining 20 clones were found to come from Lr34-B. The sequence
of a complete Lr34-B in 2174 (S1 Fig) is putative functional, which is similar to the Lr34-B in
wheat cultivar ‘Chinese Spring’ that was reported to be translocated to chromosome 4A [26].
Only the sequences from Lr34 were further analyzed in this study.

A resistant Lr34r gene consists of 24 exons and 23 introns in 2174 (Fig 1A), and its cDNA
would be functional if all of its introns were spliced out and exons were retained and assem-
bled in a correct pattern (Fig 1B). Surprisingly, however, 15 (65%) cDNAs of the 23 Lr34r
cDNA clones were found incorrectly spliced (S1 Table). All of these clones were from the same
RNA samples collected from complete leaves of the 2174 seedlings grown in the constant tem-
perature and long days, and the plants were at the 4™ or 5™ leaf stage.

From the 15 mis-spliced Lr34 clones, nine unique mis-splicing events were observed,
including four involving exon skipping and five involving intron retention. The exon skipping
events included two partial exon skipping at the same exon: 92 bp (Fig 1C-1) or 11bp (Fig 1C-
2) at the 5" end of exon 10, a partial exon skipping of 44 bp at the 5’ end of exon 12 (Fig 1D),
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and a complete exon skipping of exon 16 (Fig 1E). The intron retention events included three

introns that were completely retained: intron 1 (99 bp) (Fig 1F), intron 9 (92 bp) (Fig 1G), and
intron 14 (437 bp) (Fig 1H), and intron 6 that was partially retained with 12 bp or 17 bp at the
3’ end of this intron (Fig 11, S2 Fig).

The 15 mis-spliced Lr34r cDNAs included 11 cDNAs that had a single event of exon skip-
ping or intron retention and 4 cDNAs that had combination of different mis-splicing events
(S1 Table). The most frequent mis-splicing events were a skipping of 92 bp at the 5’ end of
exon 10 (6 clones) and 44 bp at the 5’ end of exon 12 (5 clones). A multiple sequence alignment
of 15 mis-spliced Lr34 sequences is shown in S3 Fig. Since the sequenced cDNA clones may
not include a mis-spliced transcript that was expressed at a low transcriptional level, it is antici-
pated that many more mis-splicing events exist in Lr34r transcripts.

The mis-splicing of Lr34rresulted in loss of interaction site at the protein
level

A complete Lr34r cDNA encodes a functional Lr34r protein consisting of two units, each con-
taining one cytosolic nucleotide binding domain (NBD) and one hydrophobic transmembrane
domain (TD) (Fig 1]) [2, 26]. All of the mis-spliced Lr34r cDNA transcripts observed in this
study resulted in a premature stop codon due to a shift of the open reading frame; hence, the
mis-spliced Lr34r cDNAs were deduced to encode incomplete proteins (Fig 1C to 11-1), but
with one exception that was deduced to have an insertion of three amino acids in the full pro-
tein due to retention of 12 bp at the 3’ end of intron 6 (Fig 11-2).

A G/T polymorphism occurs in exon 22, resulting in a non-functional protein due to a pre-
mature stop codon and the lack of 185 amino acids at the C terminal in the Lr34s protein
encoded by the Jagger Lr34s allele (Fig 1]) compared with the 2174 Lr34r allele (Fig 1B). The
deduced proteins from the mis-spliced cDNAs observed in this study (Fig 1C to 1I-1) were
even shorter than the Jagger Lr34s protein (Fig 1]) and did not include the 2"¢ NBD-TD unit
present in the functional protein (Fig 1K); hence, the truncated Lr34 proteins deduced from
the mis-spliced cDNAs are unlikely to be functional in resistance to leaf rust.

Regulation of mis-spliced Lr34 transcripts by genetic, environmental and
developmental factors

Lr34 transcripts in seedlings were unexpectedly found to be incorrectly spliced, leading us to
test if the mis-splicing events occurred in the RNA samples of the plants grown in the specific
temperature-photoperiod regime only or these events also occurred in winter wheat plants
that were vernalized or in adult plant age when Lr34r exerts its function. We designed two
pairs of specific primers to detect mis-spliced Lr34 transcripts that more frequently occurred
in the 2174 plants tested in the initial experiment. Primers Lr34-DMS-F2 and Lr34-DMS-R2
were used to examine the skipping of 92 bp at the 5’ end of exon 10, and Lr34-DMS-F3 and
Lr34-DMS-R3 were used to examine the skipping of 44 bp at the 5’ end of exon 12.

First, we selected nine RILs from the Jagger x 2174 mapping population (Fig 2A), and all of
the nine lines were identified to have the 2174 resistant allele of Lr34 but representative of the
variability in leaf rust reaction that were identified in the field [23]. When the nine RILs were
grown in the same temperature-photoperiod controlled regime as tested in the initial experi-
ment (CK), the exon skipping at exon 10 (E10) (Fig 2B) and exon 12 (E12) (Fig 2D) were
detectable in agarose gels. The proportion of mis-spliced transcripts was similar among RILs
(Fig 2B).

When the RILs were treated with low temperature (LT) for 6 weeks and then moved to the
same temperature-photoperiod controlled greenhouse for one week, however, the proportion
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Fig 2. Comparison of patterns of mis-spliced transcripts among RILs. (A), Frequency distribution of nine
RILs carrying the resistant Lr34 allele selected from the Jagger x 2174 RIL population for percent infection
score averaged across three environments/years. (B), Expression of normal and mis-spliced Lr34 using
primers Lr34-DMS-F2 and Lr34-DMS-R2 to amplify regions covering exon 10 (E10) and primers
Lr34-DMS-F2 and Lr34-DMS-R2 exon 12 (E12). M: DNA ladder marker; Lane 1-9: 9 lines that have the
resistant Lr34 allele in the RILs population. Lane 10: mis-spliced cDNA (PCR products from the plasmid
containing mis-spliced Lr34 cDNA). Lane 11: normal cDNA (PCR products from the plasmid containing
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normal Lr34 cDNA. CK indicates plants that were grown in greenhouse as control, and LT indicates plants that
were treated with low temperature.

doi:10.1371/journal.pone.0171149.9002

of the exon 10 skipped transcripts varied from undetectable mis-splicing (lane 2, Fig 2C) to
completely mis-spliced transcripts (lane 3, Fig 2C). Furthermore, new patterns of mis-spliced
transcripts were observed in the agarose gel. Sequencing results of PCR products from two
bands which migrated higher than expected (lane 9, Fig 2C) indicated that one had retained
intron 9 and the other had retained both introns 9 and 10. When the plants were treated with
low temperature, the proportion of the mis-spliced exon 12 varied widely from undetectable
mis-splicing (lanes 2 and 7, Fig 2E) to completely mis-spliced transcripts (lanes 3, 5 and 6, Fig
2E). These resulted indicated that the proportion of mis-spliced exon 10 and exon 12 in the
total transcripts was regulated by low temperature.

Nest, we examined mis-spliced Lr34 transcripts in adult plants, in which Lr34r exerts its
function in resistance to pathogens. Primers Lr34-DMS-F2 and Lr34-DMS-R2 for the skipping
of 92 bp at the 5’ end of exon 10, and Lr34-DMS-F3 and Lr34-DMS-R3 for the skipping of 44
bp at the 5’ end of exon 12. Four cultivars, 2174, Jagger, OK Bullet and Duster representing dif-
ferent genetic backgrounds, all showed the skipping of complete exon 10 (Fig 3A) and skipping
of partial exon 12 (Fig 3B) of Lr34 transcripts in flag leaves collected from plants in the field,
indicating that the biological phenomenon was not unique in 2174. These cultivars showed
similar proportion and patterns of mis-spliced Lr34 transcripts, based on DNA band patterns
on the gels.

Discussion

The alternative splicing events observed in the same Lr34r gene from the wheat cultivar 2174
could be interpreted using common patterns described previously, including skipped or cas-
sette exon (CE), intron retention (IR), alternative 3’ splicing sites (A3SS), as well as alternative
5’ splicing sites (A5SS) [27]. Since the RNA samples used for the Lr34 cDNA clones may not
include a mis-spliced transcript with low expression level, it is possible that many more splic-
ing events in Lr34 transcripts were not observed in this study. The mis-splicing events occur-
ring in the region from exon 1 to exon 3 were observed in Thatcher isogenic lines [2], though
it was not known how the transcripts were spliced out. In an analysis of ESTs deposited in
GenBank, we found only two Lr34 EST's in the databases, both of which are from the Chinese
wheat cultivar Mingxian169. One was mis-spliced due to the presence of the complete intron 6
as well as the absence of 92-bp at the 5" end of exon 10 and 44-bp at the 5" end of exon 12 (Gen-
Bank accession number, GU929206), and the other was mis-spliced due to the presence of the
complete intron 7 as well as the absence of 44-bp at the 5" end of exon 12 (GU929207). Obvi-
ously, the phenomenon of mis-spliced transcripts in Lr34 in hexaploid wheat is common, but
it has gone undetected in previous studies.

When a resistant Lr34 gene was artificially mutated by EMS and the mutants that led to
either alternative splice sites or mis-spliced cDNAs resulted in frame shifts, or premature stop
codons, the mutant plants showed reduced resistance to leaf rust [2]. This previous study on
the artificial mutant demonstrated the Lr34 mis-splicing phenomenon at the DNA level. The
present study demonstrated that even if a cultivar has a functional Lr34 gene, the majority of
its transcripts in seedlings are mis-spliced, revealing the Lr34 mis-splicing phenomenon at the
posttranscriptional level.

Almost all of the deduced proteins from the mis-spliced Lr34 transcripts observed in this
study are shorter than the truncated protein encoded by the Jagger Lr34 allele, and they thus
are unlikely to have function for resistance to leaf rust or stripe rust races previously tested.

PLOS ONE | DOI:10.1371/journal.pone.0171149 January 30, 2017 7/11



..@.' PLOS | ONE Lr34 Gene in Wheat

M 1 2 3 4 Cl Q2 CO

C

Fig 3. Mis-spliced Lr34 transcripts in wheat cultivars. (A), Mis-spliced Lr34 transcripts using primers
Lr34-DMS-F2 and Lr34-DMS-R2 to amplify regions covering exon 10. (B), Mis-spliced Lr34 transcripts using
primers Lr34-DMS-F3 and Lr34-DMS-R3 to amplify regions covering exon 12. (C), actin expression as
control. M. Marker (arrow showing 500-bp fragment); 1. Jagger; 2. 2174; 3. OK Bullet; 4. Duster; C1: clone 1
that has intron 9 retention; C2: clone 2 that has partial exon 10 (92 bp) skipped; C3: clone 3 that has partial
exon 12 (44 bp) skipped; CO: clone that has correct spliced exons and introns.

doi:10.1371/journal.pone.0171149.9003

However, the possibility cannot be excluded that the proteins of various lengths deduced from
the mis-spliced Lr34 transcripts may contribute to resistance against powdery mildew or barley
yellow dwarf virus. Proteins of different lengths generated from a single gene may relate func-
tionally to resistance to diseases made by different types of pathogens [28, 29]. Functional
identification of a specific Lr34 isoform by using transgenic wheat may provide clues as to
whether the mis-spliced Lr34 transcripts are involved in resistance to multiple pathogens.

The occurrence of multiple Lr34 mis-splicing events in a single RIL made it impossible to
make any association between the phenotype and a specific mis-splicing event among the
RILs, because a highly susceptible reaction to leaf rust could be a consequence of different mis-
splicing events. The plants treated with low temperature showed higher proportion and more
forms of mis-spliced Lr34 transcripts, compared with the control plants, indicating that the
Lr34 splicing was sensitive to low temperature (Fig 2C and 2E). Resistance of wheat seedlings
to rust diseases is also sensitive to temperature. Lr34 resistance to rust infection was increased
in seedlings grown at lower temperature, as reported in previous studies [2, 4, 9]. However, it
was also reported that some seedlings of Thatcher backcross lines having Lr34 alone showed
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decreased resistance at lower temperature, i.e., ITs; to 3 at 5°C vs. ITs 2 to 3- at 20°C [30]. The
inconsistency of the results on regulation of Lr34 resistance by low temperature may be due to
the genetic background of both the host lines and pathogen isolates. It is not known whether
the less correctly spliced Lr34 products could result in decreased resistance to all rust patho-
gens across all genetic backgrounds.

The findings in this study lead to a novel strategy of breeding cultivars resistant to rust path-
ogens. The mis-splicing events resulted in non-functional forms of the Lr34 protein for
resistance to the rust diseases in wheat, which is a natural biological event that might be ame-
liorated by an understanding of mechanisms underlying mis-splicing events. Splicing of a
gene is performed by an RNA and protein complex known as the spliceosome, a process regu-
lated by a group of proteins or auxiliary elements known as exon splicing enhancers and
silencers (ESEs and ESSs) and intron splicing enhancers and silencers (ISEs and ISSs) [31].
Enhancers can activate adjacent splice sites or antagonize silencers, whereas silencers can
repress splice sites or enhancers. A full list of splicing regulators in humans is available, but
splicing regulators in wheat are unknown and await to be identified. Further studies need to
identify proteins in spliceosome that bind with Lr34 pre-mRNA, identify exon splicing
enhancers and silencers and intron splicing enhancers and silencers, identify and utilize natu-
ral mutants of negative regulators, and understand functions of various Lr34 protein isoforms
in transgenic wheat.

Conclusion

There are numerous genes/QTL that confer partial resistance to epidemic pathogens, and the
innate mechanisms underlying the partial resistance are believed to be a consequence of inter-
actions among multiple resistance genes in plants or an outcome of interactions between path-
ogen effectors and plant proteins. This study reported that only a portion of Lr34 transcripts
was correctly spliced in seedlings and adult plants, which could be a novel mechanism that
underlies the partial resistance against leaf rust by Lr34 in wheat. Our findings provide new
insights into how the resistance of Lr34 against rust diseases can be posttranscriptionally regu-
lated in wheat.

Supporting Information

S1 Fig. Sequence of the complete Lr34-B cDNA.
(DOCX)

S2 Fig. Multiple alternative sites of intron 6 in Lr34.
(DOCX)

S3 Fig. Multiple sequence alignment of mis-spliced Lr34.
(DOCX)

S1 Table. Various mis-splicing events in Lr34 transcripts.
(DOCX)

Author Contributions
Conceptualization: LY.
Data curation: TF LY.

Formal analysis: TF BCRH LY.

PLOS ONE | DOI:10.1371/journal.pone.0171149 January 30, 2017 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171149.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171149.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171149.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171149.s004

@° PLOS | ONE

Lr34 Gene in Wheat

Funding acquisition: LY.

Investigation: TF LY.

Methodology: TF LY.

Project administration: LY.

Resources: BC.

Software: LY.

Supervision: LY.

Validation: LY.

Visualization: LY.

Writing - original draft: TF LY.

Writing - review & editing: BC.

References

1.

10.

1.

12.
13.

14.

15.

Fu D, Uauy C, Distelfeld A, Blechl A, Epstein L, Chen X, et al. A kinase-START gene confers tempera-
ture-dependent resistance to wheat stripe rust. Science 2009; 323:1357-1360. doi: 10.1126/science.
1166289 PMID: 19228999

Krattinger SG, Lagudah ES, Spielmeyer W, Singh RP, Huerta-Espino J, McFadden H, et al. A putative
ABC transporter confers durable resistance to multiple fungal pathogens in wheat. Science 2009;
323:1360—-1363. doi: 10.1126/science.1166453 PMID: 19229000

Mclntosh RA, Yamazaki Y, Devos KM, Dubcovsky J, Rogers J, Appels R. Catalogue of gene symbols.
Mac-Gene 2008.

Dyck PL, Samborski DL, Anderson RG. Inheritance of adult-plant leaf rust resistance derived from the
common wheat varieties Exchange and Frontana. Can. J. Genet. Cytol. 1966; 8: 665—-671.

Caldwell RM, Roberts JJ, Eyal Z. General resistance (“slow-rusting”) to Puccinia recondita f. sp. tritici in
winter and spring wheat. Phytopathology 1970; 60: 1287.

Parlevliet JE, Zadoks JC. The integrated concept of disease resistance; a new view regarding horizontal
and vertical resistance in plants. Euphytica 1977; 26: 5-21.

Bjarko ME, Line RF. Quantitative determination of the gene action of leaf rust resistance in four cultivars
of wheat, Triticum aestivum. Phytopathology 1988; 78: 457—-461.

Das MK, Rajaram S, Kronstad WE, Mundt CC, Singh RP. Associations and genetics of three compo-
nents of slow rusting in leaf rust of wheat. Euphytica 1993; 68: 99—109.

Rubiales D, Niks RE. Characterization of Lr34, a major gene conferring nonhypersensitive resistance to
wheat leaf rust. Plant. Dis. 1995; 79: 1208-1212.

Singh RP, Huerta-Espino J, Rajaram S. Achieving near-immunity to leaf and stripe rusts in wheat by
combining slow rusting resistance genes. Acta Phytopathol. Entomol. Hung. 2000; 35: 133—139.

Kolmer J, Chen X, Jin Y. Diseases which challenge global wheat production—the wheat rusts. Wheat:
Science and Trade. Edited by Carver BF. Wiley-Blackwell, IA. 2009; 89-124.

Flor HH. Current status of the gene-for-gene concept. Annu Rev Phytopathol 1971; 9: 275-296.

Singh RP, Trethowan R. Breeding Major Food Staples. Edited by Kang M., Priyadarshan P. M. Black-
well publishing, Ames, 2007; 109-140.

Lillemo M, Asalf B, Singh RP, Huerta-Espino J, Chen XM, He ZH, et al. The adult plant rust resistance
loci Lr34/Yr18and Lr46/Yr29 are important determinants of partial resistance to powdery mildew in
bread wheat line Saar. Theor Appl Genet2008; 116: 1155—1166. doi: 10.1007/s00122-008-0743-1
PMID: 18347772

Kroéner A, Hamelin G, Andrivon D, Val F. Quantitative resistance of potato to Pectobacterium atrosepti-
cum and Phytophthora infestans: integrating PAMP-triggered response and pathogen growth. PLoS
One 2011; 6:e23331. doi: 10.1371/journal.pone.0023331 PMID: 21853112

PLOS ONE | DOI:10.1371/journal.pone.0171149 January 30, 2017 10/11


http://dx.doi.org/10.1126/science.1166289
http://dx.doi.org/10.1126/science.1166289
http://www.ncbi.nlm.nih.gov/pubmed/19228999
http://dx.doi.org/10.1126/science.1166453
http://www.ncbi.nlm.nih.gov/pubmed/19229000
http://dx.doi.org/10.1007/s00122-008-0743-1
http://www.ncbi.nlm.nih.gov/pubmed/18347772
http://dx.doi.org/10.1371/journal.pone.0023331
http://www.ncbi.nlm.nih.gov/pubmed/21853112

@° PLOS | ONE

Lr34 Gene in Wheat

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Vergne E, Grand X, Ballini E, Chalvon V, Saindrenan P, Tharreau D, et al. Preformed expression of
defense is a hallmark of partial resistance to rice blast fungal pathogen Magnaporthe oryzae. BMC
Plant Biol2010; 10: 206—223. doi: 10.1186/1471-2229-10-206 PMID: 20849575

Singh RP. Genetic association of gene Bdv1 for tolerance to barley yellow dwarf virus with genes Lr34
and Yr18for adult plant resistance to Rusts in Bread Wheat. Plant Dis 1993; 77: 1103-1106.

Suenaga K, Singh RP, Huerta-Espino J, William HM. Microsatellite markers for genes Lr34/Yr18and
other quantitative trait loci for leaf rust and stripe rust resistance in bread wheat. Phytopathology 2003;
93: 881-890. doi: 10.1094/PHYTO.2003.93.7.881 PMID: 18943170

Lagudah ES, Krattinger SG, Herrera-Foessel S, Singh RP, Huerta-Espino J, Spielmeyer W, et al.
Gene-specific markers for the wheat gene Lr34/Yr18/Pm38 which confers resistance to multiple fungal
pathogens. Theor Appl Genet2009; 118: 889-898.

Kolmer JA, Garvin DF, Jin Y. Expression of a Thatcher wheat adult plant stem rust resistance QTL on
chromosome arm 2BL is enhanced by Lr34. Crop Sci. 2011; 51: 526-533.

Bossolini E, Krattinger SG, Keller. Development of simple sequence repeat markers specific for the
Lr34 resistance region of wheat using sequence information from rice and Aegilops tauschii. Theor Appl
Genet2006; 113: 1049-1062. doi: 10.1007/s00122-006-0364-5 PMID: 16896711

Cao S, Carver BF, Zhu X, Fang T, Chen Y, Hunger RM, et al. A single-nucleotide polymorphism that
accounts for allelic variation in the Lr34 gene and leaf rust reaction in hard winter wheat. Theor App/
Genet2010; 121:385-392. doi: 10.1007/s00122-010-1317-6 PMID: 20352181

Risk JM, Selter LL, Krattinger SG, Viccars LA, Richardson TM, Buesing G,et al. Functional variability of
the Lr34 durable resistance gene in transgenic wheat. Plant Biotech J2012; 10: 477-87.

Dakouri A, McCallum BD, Walichnowski AZ, Cloutier S. Fine-mapping of the leaf rust Lr34 locus in Triti-
cum aestivum (L.) and characterization of large germplasm collections support the ABC transporter as
essential for gene function. Theor Appl Genet2010; 121: 373-84. doi: 10.1007/s00122-010-1316-7
PMID: 20352182

Schnurbusch T, Paillard S, Schori A, Messmer M, Schachermayr G, Winzeler M, et al. Dissection of
quantitative and durable leaf rust resistance in Swiss winter wheat reveals a major resistance QTL in
the Lr34 chromosomal region. Theor Appl Genet2004; 108: 477—484. doi: 10.1007/s00122-003-1444-
4 PMID: 14523520

Krattinger SG, Lagudah ES, Wicker T, Risk JM, Ashton AR, Selter LL, et al. Lr34 multi-pathogen resis-
tance ABC transporter: molecular analysis of homoeologous and orthologous genes in hexaploid wheat
and other grass species. Plant J2011; 65: 392—-403. doi: 10.1111/j.1365-313X.2010.04430.x PMID:
21265893

Koscielny G, Le Texier V, Gopalakrishnan C, Kumanduri V, Riethoven JJ, Nardone F, et al. ASTD: The
alternative splicing and transcript diversity database. Genomics 2009; 93. 213-220. doi: 10.1016/j.
ygeno.2008.11.003 PMID: 19059335

Kriventseva EV, Koch I. Apweiler R, Vingron M, Bork P, Gelfand MS, et al. Increase of functional diver-
sity by alternative splicing. Trends Genet2003; 19: 124—128. doi: 10.1016/S0168-9525(03)00023-4
PMID: 12615003

Matlin AJ, Clark F, Smith CWJ. Understanding alternative splicing: towards a cellular code. Nature Rev
Mol Cell Biol 2005; 6: 386—398.

Abdul SD. Brown rust of wheat: Temperature sensitivity, genetic analysis and pathogen variation. Ph.D.
Thesis. 1994; University of Cambridge, Cambridge, UK.

Black DL. Mechanisms of alternative pre-messenger RNA splicing. Annual Rev Biochem 2003; 72:
291-336.

PLOS ONE | DOI:10.1371/journal.pone.0171149 January 30, 2017 11/11


http://dx.doi.org/10.1186/1471-2229-10-206
http://www.ncbi.nlm.nih.gov/pubmed/20849575
http://dx.doi.org/10.1094/PHYTO.2003.93.7.881
http://www.ncbi.nlm.nih.gov/pubmed/18943170
http://dx.doi.org/10.1007/s00122-006-0364-5
http://www.ncbi.nlm.nih.gov/pubmed/16896711
http://dx.doi.org/10.1007/s00122-010-1317-6
http://www.ncbi.nlm.nih.gov/pubmed/20352181
http://dx.doi.org/10.1007/s00122-010-1316-7
http://www.ncbi.nlm.nih.gov/pubmed/20352182
http://dx.doi.org/10.1007/s00122-003-1444-4
http://dx.doi.org/10.1007/s00122-003-1444-4
http://www.ncbi.nlm.nih.gov/pubmed/14523520
http://dx.doi.org/10.1111/j.1365-313X.2010.04430.x
http://www.ncbi.nlm.nih.gov/pubmed/21265893
http://dx.doi.org/10.1016/j.ygeno.2008.11.003
http://dx.doi.org/10.1016/j.ygeno.2008.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19059335
http://dx.doi.org/10.1016/S0168-9525(03)00023-4
http://www.ncbi.nlm.nih.gov/pubmed/12615003

