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Abstract Recent advances in whole genome sequencing
(WGS) have allowed identification of genes for disease sus-
ceptibility in humans. The objective of our research was to
exploit whole genome sequences of 13 rice (Oryza sativa
L.) inbred lines to identify non-synonymous SNPs (nsS-
NPs) and candidate genes for resistance to sheath blight, a
disease of worldwide significance. WGS by the Illumina
GA IIx platform produced an average 5x coverage with
~700 K variants detected per line when compared to the
Nipponbare reference genome. Two filtering strategies
were developed to identify nsSNPs between two groups of
known resistant and susceptible lines. A total of 333 nsS-
NPs detected in the resistant lines were absent in the sus-
ceptible group. Selected variants associated with resistance
were found in 11 of 12 chromosomes. More than 200 genes
with selected nsSNPs were assigned to 42 categories based
on gene family/gene ontology. Several candidate genes
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belonged to families reported in previous studies, and three
new regions with novel candidates were also identified. A
subset of 24 nsSNPs detected in 23 genes was selected for
further study. Individual alleles of the 24 nsSNPs were
evaluated by PCR whose presence or absence corresponded
to known resistant or susceptible phenotypes of nine addi-
tional lines. Sanger sequencing confirmed presence of 12
selected nsSNPs in two lines. “Resistant” nsSNP alleles
were detected in two accessions of O. nivara that suggests
sources for resistance occur in additional Oryza sp. Results
from this study provide a foundation for future basic
research and marker-assisted breeding of rice for sheath
blight resistance.

Abbreviations
PCR  Polymerase chain reaction
SB Sheath blight

SNP Single nucleotide polymorphism
WGS  Whole genome sequencing
Introduction

Sheath blight (SB), caused by the fungal pathogen Rhizoc-
tonia solani Kuhn, causes significant yield loss and reduc-
tion in grain quality for rice (Oryza sativa L.) in the
southern U.S. and other regions of the world (Lee and Rush
1983; Rush and Lindberg 1996). All current U.S. rice culti-
vars are susceptible to R. solani with costly fungicide appli-
cations as the primary means of control. Various studies
have shown that response of different rice lines to infection
by R. solani is expressed as partial resistance (Liu et al.
2009), also referred to as incomplete, quantitative, field, or
horizontal resistance (Wang et al. 2010). Numerous genetic
and QTL mapping studies have reported partial resistance,

@ Springer


http://dx.doi.org/10.1007/s00122-011-1687-4

64

Theor Appl Genet (2012) 124:63-74

hereafter referred to simply as “resistance”, to R. solani is
controlled by multiple regions in the genome each with
small or moderate effect (http://www.gramene.org). As part
of the RiceCAP research efforts (http://www.uark.edu/ua/
ricecap), a recombinant inbred line mapping population
was used to identify a “major” QTL for SB resistance on
chromosome 9 (Liu et al. 2009). This same region was also
reported in previous studies to impact SB resistance
(Pinson et al. 2005; Tan etal. 2005; Zuo etal. 2008),
including the RiceCAP SB2 mapping population evaluated
in Louisiana and Arkansas (Nelson et al. unpublished data).
A recent study reported a QTL of large effect for resistance
on chromosome 11 containing 154 genes of which 11 were
tandem repeats of xylanase inhibitor (chitinase) genes
(Channamallikarjuna et al. 2010). Zhao et al. (2008) found
50 genes of diverse function that were transcritpionally
activated in rice after challenge by R. solani. Venu et al.
(2007) detected numerous up- and down-regulated rice
genes after infection by R. solani using SAGE and micro-
array analysis. Increased resistance was observed in trans-
genic rice containing an engineered ribosome inactivating
protein (Kim et al. 2003), thaumatin and chitinase genes
from rice (Maruthasalam et al. 2007), and chitinase genes
from Trichoderma atroviride and T. virens (Liu et al. 2004;
Shah et al. 2009). O. nivara accessions IRGC 104443 and
IRGC 100898 were shown recently to exhibit SB resistance
under greenhouse, growth chamber, or laboratory condi-
tions (Prasad and Eizenga 2008). In spite of the research
efforts described above, the routine use of marker-assisted
selection to enhance SB resistance in commercial rice culti-
vars has not been reported.

The advent of next-generation sequencing has been pro-
posed as a rapid, cost effective alternative to Sanger
sequencing for identification of candidate genes and vari-
ants underlying simple and even complex traits (Hobert
2010; Teer and Mullikin 2010). Whole genome sequencing
(WGS) of one or a few individuals has recently identified
single or multiple variants associated with different Mende-
lian disorders in humans (Rios et al. 2010; Roach et al.
2010; Sobreira et al. 2010; Tong et al. 2010; Lupski et al.
2010). Similar progress has been made with whole-exome
sequencing to uncover rare or recessive variants in humans
causing different diseases or adaptations to different envi-
ronments (Bilgiivar et al. 2010; Krawitz et al. 2010; Ng
et al. 2010a, b; Walsh et al. 2010; Yi et al. 2010). Xie et al.
(2010) recently used WGS of recombinant inbred lines of
rice (Oryza sativa L.) at low coverage to construct a linkage
map of ~209 K SNPs that successfully identified a known
QTL associated with grain width. A similar WGS strategy
for chromosome segment substitution lines allowed identi-
fication of a QTL containing the sdI locus for plant height
(Xu etal. 2010). A genomic DNA library enriched for
genic sequences in rice was recently constructed followed
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by deep sequencing that revealed ~2,600 SNPs between an
indica and a tropical japonica line (Deschamps et al.
2010).

In addition to QTL mapping for SB resistance by Liu
etal. (2009), RiceCAP completed WGS of 13 rice lines
using the [llumina GA IIx platform in cooperation with the
National Center for Genome Resources (Scheffler et al.,
unpublished data). The objective of our research was to use
sequence data of 13 lines to identify nsSNPs and corre-
sponding candidate genes for SB resistance. We chose to
focus on nsSNPs in our study because this class of variants
was reported to play a role in the function and evolution of
plant resistance (Fu et al. 2010; Ling et al. 2009; McNally
et al. 2009; Song et al. 1995) that may complement micro-
array or other gene expression studies.

Materials and methods

Plant material, sheath blight ratings, DNA isolation,
and variant selection strategies

All lines tested in this study were evaluated in inoculated
field/greenhouse trials from 2008 to 2010 and scored for
sheath blight visual ratings based on a 0-9 scale where
0 =no disease and 9 = dead plants (J.H. Oard, M.C. Rush,
D.E. Groth, F. Correra, unpublished results). Plants consid-
ered resistant in this study produced ratings of 3-5, moder-
ately resistant/susceptible plants with rating of 6, and
susceptible plants showed ratings of 7-8.

To identify nsSNPs and candidate genes by the “com-
mon variant” (CV) selection strategy (see below), three SB-
resistant lines [Jasmine 85 (PI 595927), MCRO010277
(GSOR 200327), TeQing (PI 536047)] and three suscepti-
ble lines [Cocodrie (PI 606331), Cypress (PI 561734),
Lemont (PI 475833)] were used. To further evaluate the
initial CV-selected nsSNPs, the following 11 highly/moder-
ately resistant lines were used: Shu Feng 121-1655 (mutant
of PI 615015), Rondo (mutant of PI 615022), Taducan (PI
280681), Oryzica Llanos 5 (GSOR 301111), 09DN/
Rush072, Araure 3 (F. Correra, unpublished), IR64 (GSOR
301401), Jhona 349 (GSOR 301071), Jouiku 393G (GSOR
301072), O. nivara (IRGC 100898), and O. nivara IRGC
10443). In addition, the following nine highly/moderately
susceptible lines were used: Azucena (GSOR 301665),
Bengal (PI 561735), Bowman (RU0404191), Francis (PI
632447), L-201 (Clor 9971), LaGrue (PI 568891), Leah
(GSOR 310045), Nipponbare (GSOR 301164), and Wells
(PI 612439).

For the “Principal Component-Biplot” (PB) variant
selection strategy (see below), the following 13 lines were
used: Bengal, Bowman, Cocodrie, Cypress, Francis, Jas-
mine 85, LaGrue, Lemont, L-201, MCRO010277, TeQing,
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Shu Feng 121-1655, and Wells. Seedlings of these lines
were grown in the dark for ~14 days to minimize presence
of chloroplasts in the leaves collected for total DNA isola-
tion using the DNeasy 96 Plant kit (Qiagen, Inc., Hilden,
Germany). Genomic DNA from each of the 13 lines was
used for WGS described below. For the remaining lines,
DNA was isolated from leaves grown in light using the
method described by Li et al. (2010).

WGS and SNP calling

Genomic DNA isolated from each line as described above
was sheared by a Covaris S2 sonicator, and Illumina
paired-end genomic libraries were built according to stan-
dard protocols. Cluster generation was performed on an
Illumina cluster station using a version 2 cluster generation
kit and 54-bp paired-end sequencing was carried out on an
Illumina Genome Analyzer IIx. Base calling and quality
filtering were performed with Illumina Pipeline version
1.4.0 with default parameters. Paired reads were aligned to
version 6.0 of the MSU rice genome assembly using
GSNAP (Wu and Nacu 2010) with trimming enabled and
allowing up to six mismatches with indels scored as equiva-
lent to three mismatches. Alignments were filtered and
variants called and characterized for changes to coding
potential via the Alpheus pipeline (Miller etal. 2008).
Alignments were required to have at least 50 bp matched
for a read aligned singly or 100 bp matched for a paired
alignment. Reads mapping equivalently to more than five
locations were discarded. Variants were called from align-
ments meeting these criteria where in at least one of the
sequenced lines, the variant allele was detected in at least
two uniquely aligning reads, with the bases calling the vari-
ant having an phred-equivalent average quality >20, and
that >20% of the reads aligned to the site in that variety
called the variant allele. For each variant meeting these
criteria, evidence for the genotype at that site was reported
for each of the lines.

Identification of non-synonymous SNPs in candidate
resistance genes

The following steps were carried out for the CV filtering
strategy using the six lines described above: (1) select all
variants, except those identified in transposable elements,
from output of Alpheus analysis pipeline with quality score
>25; (2) select variants from Step 1 with coverage >5; (3)
select common variants from step 2 with >3 reads in sus-
ceptible Cocodrie, Cypress, and Lemont; (4) select com-
mon variants from step 2 with >3 reads in resistant Jasmine
85, TeQing, and MCRO10277; (5) given that the reference
Nipponbare is SB susceptible, select variants that have
100% frequency in the resistant lines and 0% frequency in

the susceptible lines; (6) select nsSNPs from Step 5 and
identify corresponding candidate genes.

The PB variant selection strategy was carried out using the
13 lines described above in the following steps: (1) select all
variants, except those in transposable elements, from output
of Alpheus analysis pipeline with quality scores >25; (2)
complete remaining steps using SAS software (Release
9.1.3; SAS Institute, Cary, NC); (3) select variants from Step
1 with coverage >5; (4) remove common variants selected in
Step 3 across all 13 lines with reads >3; (5) perform princi-
pal component analysis (PCA) using standardized variant
frequencies of the 13 lines; (6) perform Ward’s minimum
variance clustering (Everitt et al. 2001) using PC1 and PC2
scores obtained in Step 5; (7) for each cluster identified in
Step 6, compute average variant frequencies for the 13 lines.
Given that the reference Nipponbare is SB susceptible, iden-
tify a single cluster with highest average variant frequency in
resistant lines and lowest average variant frequency in sus-
ceptible lines; (8) select nsSNPs from single cluster identified
in Step 7 and identify corresponding candidate genes; (9) cre-
ate GGE biplot display (Yan and Tinker 2006) using PC
scores from Step 5.

nsSNP-specific PCR

Primers ~25-nt long were designed to amplify ~350 bases
flanking each nsSNP using the SNAP Program (http://ausu-
bellab.mgh.harvard.edu/) based on sequences of Cocodrie
and MCRO10277 generated by the Illumina GA IIx plat-
form and the reference Nipponbare sequence posted at the
Gramene website (http://www.gramene.org). A 10 pL. PCR
reaction consisted of the following: 0.5 pL 10 ng DNA
template, 1 puL 10x buffer solution (containing 1 mM
MgCl,) (Applied Biosystems, Life Technologies, Carlsbad,
CA, USA), 7.22 puL of dH,0, 0.8 pL of 10 mM dNTPs mix
(Applied Biosystems), 0.2 pL. each of 20 uM forward and
reverse primers, and 0.08 pL of 5 U pL~" of TAQ polymer-
ase (Applied Biosystems). PCR reactions were carried out
on the BioRad ICycler consisting of the following steps:
95°C, 3 min; 95°C, 20s; 60°C, 20s; 72°C, 20 s; repeat
30x previous three steps; 72°C, 5 min. Amplified PCR
products were visualized by running on a 2% agarose gel
and stained with ethidium bromide.

Sanger sequencing and SNP validation

Using the Nipponbare reference sequence from Gramene
(http://www.gramene.org), 24 primer pairs were designed
using the software Primer 3 (http:/frodo.wi.mit.edu/
primer3) to flank putative nsSNPs located within 23 CV-
selected genes identified with Locus ID in Table S3a.
Sequences of the primers designed and evaluated are shown
in Table S3b. The 24 primer pairs were used to amplify
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Table 1 Sequenced read counts, % aligned reads, total reads generated, filtered reads, high quality (HQ) reads, and number of variants with HQ

reads for each of 13 rice lines

Variety Sequenced read Aligned Total reads Filtered total Total HQ No. of HQ
counts® reads %° generated® reads* reads® variants®
01. Bengal 20,969,202 76.7 1,660,179 1,595,010 958,078 203,597
02. Bowman 51,256,956 75.8 6,396,817 6,127,689 5,149,205 805,497
03. Cocodrie 92,260,896 75.4 11,430,664 10,966,097 10,062,538 1,091,783
04. Cypress 55,911,024 75.7 5,773,192 5,657,835 4,870,823 793,807
05. Francis 24,893,286 72.3 2,998,710 2,853,346 1,928,852 368,011
06. Jasmine 85 28,749,946 732 7,654,829 7,282,676 5,468,966 1,055,316
07.L-201 29,647,596 724 3,842,709 3,700,517 2,602,934 506,932
08. LaGrue 52,059,398 61.1 5,051,049 4,933,165 3,975,002 711,918
09. Lemont 37,742,062 74.1 3,598,482 3,494,686 2,568,242 477,985
10. MCR 010277 26,803,094 74.8 5,203,829 4,959,707 3,524,884 693,606
11. Shu-Feng 121-1655 27,684,224 68.4 6,286,567 5,863,943 4,014,601 789,462
12. TeQing 37,330,856 63.8 8,277,487 7,770,577 6,048,175 1,091,937
13. Wells 36,463,096 68.2 4,040,260 3,871,333 2,857,966 530,755
Total 521,771,636 - 72,214,774 69,076,581 54,030,266 9,120,606
Average 40,136,280 71.7 5,554,983 5,313,583 4,156,174 701,585

# Defined as total amount of read counts after initial base calling
b Defined as % reads aligned with the Nipponbare reference genome

¢ Defined as reads from sites at which variants were called

4 Defined as total reads generated having an average quality greater than or equal to 25

¢ HQ high quality, defined as having an average quality greater than or equal to 25, and reads count greater than or equal to 3

PCR fragments of ~500 bp from the SB susceptible line
Cocodrie and resistant line Araure 3. Both strands of ampli-
fied fragments were directly sequenced at the Pennington
Biomedical Research Institute, Louisiana State University,
Baton Rouge, LA. The nsSNPs were identified from
sequence data using the ClustalW software (http://
www.ebi.ac.uk/Tools/msa/clustalw2/). To detect predicted
amino acid changes in “resistant” and “susceptible” alleles,
nsSNP-containing codons from Sanger sequence data were
compared manually with corresponding codons posted at
the Gramene website.

To detect candidate nsSNPs in O. nivara accessions
IRGC 104443 and IRGC 100898, primers were designed
and evaluated as described above for 12 CV-selected nsS-
NPs in genes identified with locus ID given in Supplemen-
tary Table S4a (Online Resource 4). Sequences of the
primers designed for amplification of PCR fragments con-
taining the nsSNPs are shown in Supplementary Table S4b
(Online Resource 4).

Results
Genomic variants, reads, and coverage

The total number of sequenced read counts, % aligned
reads, total number of reads generated, filtered reads, high
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quality (HQ) reads, and variants detected from HQ reads
are shown in Table 1. The total number of sequence reads
produced across chromosomes before filtering was
~520,000,000 with a range from ~21,000,000 for Bengal
to ~92, 000,000 for Cocodrie. The average percentage of
reads generated across chromosomes that aligned to the
Nipponbare reference genome was ~72% with a range
~60% for LaGrue to 77% for Bengal. Moderate variation
in the total number of reads and filtered reads was observed
for the 13 lines except for the relatively high values of
Cocodrie and the low values for Bengal. Variation in the
number of HQ reads and variants detected with HQ reads
for this study was found to be consistent with next-genera-
tion sequencing of whole genomes in other plant species
(Farmer and Woodward, unpublished results). The average
coverage across lines of 5.3 x generated in this study was
nearly identical to that reported for WGS of six maize (Zea
mays L.) inbred lines (Lai et al. 2010).

The number of variants with minimum quality scores of
25 and coverage of 5 for each chromosome, and the number
of selected nsSNPs and genes are shown in Table 2. Across
all chromosomes, the total number of unselected variants
before filtering relative to the reference Nipponbare varied
from ~300 to 500 K that represented ~10% of the total
unfiltered reads produced by the Illumina procedure. Only a
small reduction in variants with minimum quality was
observed, but a approximately tenfold reduction in those
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Table 2 Total number of variants for each chromosome with minimum quality, minimum coverage, present in susceptible line, absent in resistant,
and present in resistant line, absent in susceptible

Chromosome Total number of With minimum With Minimum Present in Present in
variants quality coverage susceptible line, resistant line,
absent in resistant absent in susceptible®
01 510,984 479,208 34,267 55 (44) 260 (169)
02 436,827 412,025 31,147 80 (38) 1,874 (857)
03 406,883 379,702 29,804 16 (13) 402 (273)
04 435,265 409,133 35,770 67 (51) 344 (200)
05 324,967 303,357 32,730 8(8) 130 (100)
06 380,628 357,149 32,065 203 (129) 807 (465)
07 353,948 330,366 31,373 3(3) 22 (8)
08 407,818 384,005 32,323 119 (85) 401 (271)
09 290,054 272,574 20,730 153 (109) 633 (408)
10 341,340 322,393 29,417 0 0
11 434,484 410,715 28,448 101 (67) 1,082 (475)
12 346,137 325,546 23,559 53 (38) 266 (170)

% The number in parenthesis is the number of genes

O Reads<3, Coverage<5 @ Reads<3, Coveragez5

O Reads:3, Coverage<5 @ Reads:3, Coverage:5

01. Bengal |
02. Bowman
03. Cocodrie ]
04. Cypress
05. Francis |
06. Jasmine 85
07. L-201 |
08. LaGrue
09. Lemont
10. MCR 010277
11. Shu-Feng 121-1655 |
12. TeQing
13. Wells |

0% 25% 50% 75%
Total No. of reads

Line

1007

Fig. 1 From left to right, frequency of reads <3, coverage <5 (tan
bar); reads <3, coverage >5 (purple); reads >3, coverage <5 (light
green); reads >3, coverage >5 (dark green) from whole genome
sequencing of 13 rice lines (color figure online)

with minimum coverage relative to the original variants
was also found. Wide variation in the number of selected
nsSNPs across chromosomes was observed with 1.3 nsS-
NPs detected on average for each gene.

Figure 1 shows the percentage of reads and coverage in
different combinations for the 13 lines. Variation was
observed across lines for depth of coverage and reads where
Cocodrie produced the highest percentage of reads >3 and
coverage >5 while Bengal generated the lowest percentage of
all lines. The combination of reads >3 and coverage >5 com-
prised the highest percentage for all lines except for Bengal.

The percentage of all variants within intergenic, untrans-
lated 5’, untranslated 3’, coding sequence, and intron

O Inter-genic OUTR5 ®MUTR3 @CDS M Intron

01 | |

02 ']

03

04

05

06

07

08

09
10 |
11 ]
12 ]

Overall i

Chromosome

0% 25% 50% 75%

Variants

100%

Fig. 2 From left to right, frequency of all variants detected by Alpheus
pipeline analysis for intergenic (light green bar), untranslated 5'(UTR
5) (yellow), untranslated 3'(UTR 3) (purple), coding sequencing
(CDS) (orange), and intron (blue) regions within and across 13 rice
lines (color figure online)

regions for each chromosome across all 13 lines is shown in
Fig. 2. A large majority of variants (~60%) were detected
within intergenic regions across lines that consisted of both
indica and tropical japonica sub populations. Coding
sequences and introns shared similar proportions across all
lines (~15-20%) while untranslated 5’'and untranslated 3’
regions comprised a small percentage of the total variants
(~1, ~2%, respectively).

Figure 3 shows the percentage of variants identified as
insertions, deletions, non-synonymous SNPs, and synony-
mous SNPs for each chromosome across all 13 lines.
The most striking result was the large percentage (~80%)
of variants that consisted of synonymous SNPs for both
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Fig. 3 From left to right, frequency of all insertions (yellow bar), dele-
tions (red), non-synonymous SNPs (nsSNPs) (blue), and synonymous
SNPs (sSNPs) (orange) detected by Alpheus pipeline analysis for each
chromosome across all 13 lines (color figure online)

indica and tropical japonica lines. The second largest class
was comprised of nsSNPs, although at a much smaller per-
centage at ~12%, while the remaining variants were made
up of insertions and deletions at very low frequencies (~3,
~4%, respectively).

Detection of nsSNPs and candidate genes within SB QTL
qShB9-2 on chromosome 9

qShB9-2, a QTL for sheath blight, was mapped to a region at
the bottom of chromosome 9 consisting of ~1.2 M bp flanked
by SSR markers RM215 and RM245 (Liu et al. 2009). Before
the CV selection procedure was carried out, a total of 155
variants were detected within ¢gShB9-2 with reads >3 and
coverage >5 from resistant Jasmine 85, TeQing, and
MCRO010277. The majority of variants in gShB9-2 were clas-
sified as sSSNPs (73%), a substantially smaller percentage as
nsSNPs (26%), and the smallest fractions identified were
insertions (1.0%) or deletions (0%). When the CV selection
procedure was carried out to identify candidate nsSNPs for
SB resistance within gShB9-2, relatively few selected nsSNPs
(10) were found that mapped throughout most (~1.1 M bp) of
the QTL. The nsSNPs were detected in a total of 10 genes that
were placed into seven groups based on gene ontology/gene
function. The physical location of selected nsSNPs within
qShB9-2 along with corresponding genes are shown in Sup-
plementary Table S1 (Online Resource 1).

Detection of nsSNPs, candidate genes, and new regions
outside of qgShB9-2

QTL gqShB9-2 explained ~25% of the observed variation
for SB resistance when Jasmine 85 was used as the resistant
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parent (Liu et al. 2009). Because the majority of variation
was detected outside of qShB9-2, we scanned all remaining
regions of the genome other than this QTL using the CV
selection strategy. The selected regions also showed that
sSNPs were the most common variant at 78% while inser-
tions and deletions were rare at 0.35%. As shown in Sup-
plementary Table S2 (Online Resource 2), the distribution
of selected nsSNPs and corresponding genes across chro-
mosomes was not uniform. For example, a maximum of 70
nsSNPs and 49 genes were found on chromosome 2
whereas 0, 7, and 9 nsSNPs and 0, 7, and 2 genes were
detected on chromosomes 10, 5, and 7, respectively.

Supplementary Table S2 (Online Resource 2) includes
three new candidate regions for SB resistance that have not
been reported in the literature. These regions include the
top of chromosome 2 (975,892-6,210,412 bp), the bottom
of chromosome 3 (30,523,344-35,667,086 bp), and the bot-
tom of chromosome 5 (21,585,027-28,979,361 bp). The
homologues of certain selected genes within these regions
have been implicated in stress and disease response of
plants and humans. Examples include phytosulfokine
receptors (LOC_0s02g06200, LOC_0s02g06210) (Motose
et al. 2009), cytokinin-O-glucosyltransferase (LOC_Os02g
11130) (Havlova et al. 2008), U5 small nuclear ribonucleo-
protein helicase (LOC_0s03g53220) (Hahn and Beggs
2010), and CCR4-NOT transcription factor (LOC_Os05g
40790) (Sarowar et al. 2007). The following three genes on
chromosome 5 are reported here for the first time as candi-
dates associated with SB resistance in plants: VHS and
GAT domain containing protein (LOC_Os05g39760), kril
protein (LOC_Os05g41100), and PX domain containing
protein (LOC_0Os05g50660).

Principal component-biplot (PB) display of variants
on chromosome 9

The PB selection strategy was conducted across all chro-
mosomes for the 13 lines described above. An important
step in this procedure was the construction of a biplot that
simultaneously displayed the relationships among variants,
relationships among lines, and the underlying interactions
between variants and lines (Yan and Tinker 2006). For ease
of visualization, Fig. 4 shows the biplot of variants on chro-
mosome 9 from the PB selection among four SB resistant
(MCRO010277, Jasmine 85, TeQing, Shu-Feng 121-1655),
one moderately susceptible (Bengal), and eight highly sus-
ceptible lines (Cocodrie, Cypress, Lemont, Bowman,
LaGrue, Francis, L-201, and Wells). Vectors (solid lines) in
the biplot showed a clear separation between the four resis-
tant lines and the nine remaining lines. TeQing (TQNG)
and MCRO010277 (MCR) were found in the same region,
which was reasonable given that TeQing was one SB-resis-
tant parent of MCRO010277. Resistant Shu-Feng 121-1655
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was found in the same region as TeQing and MCR010277,
but its pedigree was not known because the parental line is
an undescribed accession from China (http://www.ars-
grin.gov). All nine remaining lines occurred in one large
region including Bengal that generated a relatively short
vector length compared to the susceptible lines in that
region.

PC2 (23 %)

PC1 (42 %)

Fig. 4 Biplot display of all variants on chromosome 9 in four sheath
blight resistant lines (MCR010277 (MCR), Jasmine 85 (J85), TeQing
(TQNG), Shu Feng 121-1655 (SHUF) and nine highly/moderately sus-
ceptible lines [Cocodrie (CCDR), Cypress (CPRS), Lemont (LMNT),
Bengal (BNGL), Bowman (BWMN), LaGrue (LGRU), Francis
(FRCS), L-201, and Wells (WLLS)]
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Figure 5 shows the groupings of CV-selected candidate
genes across all lines and chromosomes based on gene fam-
ily/gene ontology. A total of 240 genes were assigned to 42
diverse groups with kinase, nucleotide binding, and peptide
repeat as the top three with the greatest number of candi-
date genes. One-half (22/42) of the groups contained only
one or two candidate genes.

Genotypes of selected candidate nsSNPs evaluated
in different resistant and susceptible lines

Based on selected nsSNPs from the six lines used in the CV
selection strategy, we examined nsSNP profiles of the
remaining seven lines sequenced by the Illumina method.
The susceptible lines Bowman, Francis, L-201, LaGrue,
Leah, and Wells were found with “susceptible” alleles at all
loci consistent with susceptible Cocodrie, Cypress, and
Lemont. The moderately susceptible Bengal displayed a
combination of ‘“susceptible” and “resistant” nsSNPs
(results not shown).

A subset of 24 nsSNPs found in 23 randomly selected
candidate genes was selected for further study (Supplemen-
tary Table S3a, Online Resource 3). All nsSNPs in this sub-
set were found in dbSNP (posted on Gramene website). All
PCR-generated SNP-specific alleles for susceptible
Nipponbare were consistent with those from the Illumina
WGS results and the published Nipponbare reference
genome sequence. Susceptible Azucena and Leah produced
the same allele profiles as those of Nipponbare. “Resistant”
SNP genotypes generated from PCR amplification in resistant
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MCRO010277 and TeQing were in complete agreement for
all 23 genes and were consistent with all corresponding
genotypes produced by the Illumina GA IIx platform. Pro-
files for the remaining seven moderately resistant lines var-
ied when compared with MCR010277 and TeQing, ranging
from one allele difference in IR64 and Shu Feng 121-1655
to five in Oryzica Llanos 5 and Jhona 349.

The two O. nivara accessions, IRGC 104443 and IRGC
100898, along with resistant Araure 3 and susceptible Cataho-
ula, were screened with 12 random CV-selected nsSNPs (Sup-
plementary Table S4a, Online Resource 4). Araure 3 produced
“resistant” alleles from nine genes (LOC_0s02g19200,
LOC_0s02g54330, LOC_0s02g54500, LOC_0s03g37720,
LOC_04g59540, LOC_0Os06g28124, LOC_0s06g29700,
LOC_0s06g32350, LOC_0Os09g37880). Susceptible Cataho-
ula carried only “susceptible” alleles. IRGC 104443 produced
“resistant” and “susceptible” alleles at heterozygous loci from
two genes on chromosome 2 (LOC_0s02g54330,
LOC_0s02g54500) while IRGC 100898 produced one resis-
tant allele on chromosome 4 (LOC_Os04g59540).

We also genotyped eight individuals derived from the
moderately resistant Louisiana inbred (F,) line 09DN/
Rush072 with 11 CV-selected nsSNPs chosen at random
(data not shown). No individual possessed all 11 “resistant”
alleles, although five individuals contained seven resistant
alleles from LOC_Os01g52880, LOC_0s02g56380,
LOC_0s04g20680, LOC_0s04g55760, LOC_12g06740,
LOC_0s12g09710, and LOC_Os12g10180. All eight indi-
viduals carried “susceptible” alleles from four genes on
chromosome 9 (LOC_0s09g36900, LOC_0s09g37590,
LOC_0s09g37800, LOC_0Os09g37880).

Selection of variants using the CV vs. the PB selection
strategies

The CV strategy for selection of variants in this study was
developed as a modification of the approaches used to
identify variants for rare human disorders. As shown here,
the CV method appears to successfully select candidates
associated with SB resistance, but the procedure is some-
what tedious. We therefore developed the PB approach
that does involve more steps, but is actually less time con-
suming and more systematic than the CV method. As part
of the PB strategy, the biplot display allows rapid and
informative inspection of variant information not possible
by other statistical methods. After the CV and PB proce-
dures were completed for QTL qShB9-2 and the remain-
ing portions of the genome, we found that if a low number
of clusters was identified for an individual chromosome,
the PB approach selected slightly greater numbers of vari-
ants than the CV method. With high numbers of clusters,
both methods were virtually indistinguishable in terms of
selected variants.

@ Springer

Sanger sequencing of fragments containing candidate
nsSNPs

Both strands of 12 putative nsSNP-containing fragments
from Cocodrie and Araure 3 were sequenced by the Sanger
method for the following CV-selected genes: NBS-LRR type
disease resistance protein Rpsl-k-2 (LOC_Os12g10180),
receptor-like protein kinase 2 (LOC_Os09g17630), resis-
tance protein (LOC_0s02g35210), OsFBDUF47-F box and
DUF domain containing protein (LOC_0Os09g37590), recep-
tor protein kinase TMKI1 precursor (LOC_Os04g58910),
OsFBDUF14-F-box and DUF domain containing protein
(LOC_0s02g54330), leucine-rich repeat family protein
(LOC_0s01g52880), NBS-LRR type disease resistance
protein Rps1-k-1 (LOC_Os03g37720), phosphatidylinositol-
4-phosphate 5-Kinase (LOC_0Os04g59540), THION21-Plant
thionin family protein precursor (LOC_0s02g02650),
OsFBD11-F-box and FBD domain containing protein
(LOC_0s06g29700), and glycosyltransferase (LOC_Os06g
28124). Sanger sequencing results confirmed presence of
nsSNPs within all 12 genes (results not shown). In addition,
predicted amino acid changes of all nsSSNPs were consistent
between Sanger and GA IIx sequencing results.

Discussion

A major rice breeding goal for the southern U.S. is the
development of high-yielding cultivars that are resistant
to sheath blight, a disease that causes substantial reduc-
tions in grain yield and quality in the southern U.S., South
America, and Asia. There is currently no resistant U.S.
commercial cultivar, primarily due to challenges in selec-
tion for quantitative resistance and inconsistencies in phe-
notyping across years and locations. Several QTLs of
small effect have been reported over the years from differ-
ent studies using Jasmine 85, TeQing, MCR010277, and
other lines as sources of resistance. Liu et al. (2009)
crossed Jasmine 85 with Lemont to generate a mapping
population that showed a QTL at the bottom of chromo-
some 9 with a “large” effect (R> = 0.25). However, only a
modest increase in resistance was observed using three
markers within this region for selection in a backcross
population (Zuo et al. 2008). This result highlights the
quantitative nature of SB resistance and the need to iden-
tify additional markers across the entire genome to assist
in development of new cultivars with high levels of
resistance.

Several recent studies in humans have shown the poten-
tial of WGS to identify variants and genes responsible for
rare Mendelian disorders (Rios et al. 2010; Roach et al.
2010; Sobreira et al. 2010; Tong et al. 2010; Lupski et al.
2010). Based on initial success of the human sequencing
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efforts, we initiated a study to evaluate WGS of rice by the
Illumina GA technology to identify candidate nsSNPs that
are associated with resistance to sheath blight. An impor-
tant component of the RiceCAP efforts was to complete
WGS of 13 inbred rice lines that have been used in applied
breeding of elite U.S. southern cultivars. As shown in
Table 1, the number of total and high quality variants pro-
duced by the Illumina platform differed across the 13 lines,
a result that is consistent with other plant species using the
Ilumina GA IIx technology. The average coverage across
lines in our study was nearly identical to that reported for
WGS of six maize (Zea mays L.) inbred lines (Lai et al.
2010).

Figure 2 shows that the majority of variants detected by
the Alpheus pipeline for the 13 lines occurred not in the
coding sequences, but in the intergenic regions. Therefore,
only a small portion of the rice genome from the coding
sequences was actually evaluated in this study for candidate
variants associated with SB resistance. It is therefore likely
that more variants other than the nsSNPs detected in this
study could play a role in resistance. Similar conclusions
can be drawn from inspection of variant distributions as
shown in Fig.3 of insertions, deletions, nsSNPs, and
sSNPs.

The display in Fig. 4 shows that Bengal produced a rela-
tively short biplot vector length compared to the remaining
eight susceptible lines. One interpretation to account for the
difference is that Bengal, classified as a line of medium
grain-length, possesses a different genetic makeup com-
pared to the remaining susceptible long-grain types. A sec-
ond possibility is that U.S. southern medium grain-length
lines such as Bengal generally exhibit slightly higher, and
therefore slightly different, levels of SB resistance than
most long-grain lines. However, the most likely explana-
tion for the short vector length of Bengal is that it repre-
sents a reduced ability to discriminate among variants
compared to the remaining susceptible lines. This reduction
is consistent with the number of HQ variants generated for
Bengal which was the smallest for all 13 lines (Table 1).
The removal of Bengal variant data should therefore be
considered for initial identification of candidate nsSNPs
and corresponding genes. This conclusion might not have
been possible using only PCA, cluster or other similar sta-
tistical approaches, and demonstrates the potential value of
biplot display during the variant selection process.

When the CV selection strategy was applied across all
lines and chromosomes, a wide array of gene families was
identified based on gene ontology/gene function as shown
in Fig. 5. Other than the 25 families grouped together, each
with less than four genes, the kinase, nucleotide binding,
peptide repeat, and F-box protein categories were the top
four that have been detected in several previous investiga-
tions of rice and A. thaliana resistance (Jwa et al. 2006;

Venu et al. 2007; Zhao et al. 2008). Fourteen families,
including calcium binding, heat shock, and polygalacturo-
nase, consisted of a single candidate gene. Similar high lev-
els of gene family diversity were also found in previous
studies of resistance to the rice blast pathogen Magnapor-
the oryzae (Vergne et al. 2010), to soybean Glycine max L.
pathogen Phytophthora sojae Kaufm. and Gerd (Wang
et al. 2010), and response of A. thaliana to a plant defense
elicitor (Libault et al. 2007). Although many of the same
gene families were shared, none of the candidate SB resis-
tance genes isolated by our CV or PB selection strategies
was identified by suppression subtractive hybridization or
MPSS/SAGE methods in rice (Venu et al. 2007; Zhao et al.
2008). This discrepancy may be explained by the possibil-
ity that genes identified in the RNA-based methods con-
tained variants other than nsSNPs.

The QTL gqShB9-2 reported by Liu et al. (2009) repre-
sents a region of potential importance for SB resistance
breeding because of the relatively large stable effect
detected across different greenhouse and field conditions.
We therefore decided to identify candidate markers and
genes within this region as shown in Supplementary Table
S1 (Online Resource 1). Genes homologous to four selected
candidates within qShB9-2 have been implicated previ-
ously in resistance to different pathogens. For example, ser-
ine/threonine kinases such as those at LOC_0Os09g37800
and LOC_0Os09g37880 in the current study have been
shown previously to play a role in disease resistance (Afzal
etal. 2008). FBox proteins such as OsFBDUF47 at
LOC_0s09g37590 were reported to improve disease resis-
tance in tobacco (Cao et al. 2008). Zinc finger proteins like
that at LOC_0Os09g38970 were reported to be important in
resistance signaling in barley (Shirasu etal. 1999). The
wall-associated kinase OsWAKO91 at LOC_0Os09g38850
represents a category found to be associated with resistance
to Pseudomonas syringae in A. thaliana (He et al. 1998).
The following five selected candidates have not been
reported in the literature to be associated with biotic stress
in rice, and therefore represent potential new factors con-
tributing to SB resistance: aspartic proteinase nepenthesin
(LOC_0s09g38380), WD domain, G-beta repeat domain
containing protein (LOC_0Os09g36900), STRUBBELIG-
RECEPTOR FAMILY 5 precursor (LOC_0s09g38700),
HEAT repeat family protein (LOC_0Os09g38710), and
potassium transporter (LOC_Os09g38960).

Supplementary Table S2 (Online Resource 2) shows can-
didate nsSNPs and genes identified by the CV selection strat-
egy outside of qShB9-2. A review of the candidates shows
that many selections belong to different plant resistance path-
ways. For example, various kinases and corresponding recep-
tors like those detected on chromosomes 1-4, 6, 8, 9, and 12
in this study have been reported to play a role in disease
resistance. Different F-Box and ubiquitin proteins like those
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found on chromosomes 26, 9, and 12 presumably assist in
regulation of the salicylic acid pathway (Llorente et al.
2008). Thionins similar to those on chromosomes 2 and 6
have been shown to accumulate after jasmonic acid induction
(Andresen et al. 1992). NB-ARC and leucine-rich repeat pro-
teins help modulate R gene-based resistance (Zhang et al.
2003) with homologues in this study detected on chromo-
somes 14, 8, and 12. The pathogenesis-related (PR) protein
glucan endo-1,3-beta-glucosidase (glucanase) was found at
two loci on chromosomes 8 and 9. Others of interest include
a GTPase on chromosome 2, heat shock protein on chromo-
some 4, a MYB family transcription factor on chromosome
5, a “cell death” protein on chromosome 11, and a RING-H2
finger protein on chromosome 12. Certain selected candi-
dates outside of qShB9-2 not reported in the literature repre-
sent potential new resistance factors. Examples include the
rapid alkalinization factor protein (LOC_Os01g10470), cys-
tathionine f-synthase (CBS) domain-containing protein
(LOC_0Os02g 42640), multidrug resistance protein
(LOC_0s02g46680), mitochondrial transcription termina-
tion factor (LOC_Os02g 54200), KIP1 (LOC_0Os03g43684),
amidase (LOC_Os04g 10460), and cadmium tolerance factor
(LOC_0Os06g 19110).

Supplementary Table S3a (Online Resource 3) shows
PCR-based SNP allele genotypes from 23 candidate genes
of MCRO010277 and TeQing originally used in the CV
selection process and 10 additional resistant and susceptible
lines. Complete agreement observed between PCR and Illu-
mina-generated alleles for all 23 genes of MCR010277 and
TeQing suggests that the Illumina platform is suitable for
accurate genotyping of rice breeding material. Similarly, all
genotypes found for Azucena, Leah, Nipponbare are con-
sistent with their known susceptibility to R. solani. The
remaining seven lines showed different combinations of
“resistant” and “susceptible” alleles that are in accord with
their moderate level of resistance compared to MCR010277
and TeQing. Similar results were obtained for the LA
breeding line 09DN/Rush072 (results not shown). Taken
together the PCR-based profiles of the 12 lines described
here are consistent with corresponding nsSNPs identified
from Illumina sequencing of Jasmine 85, TeQing, and
MCRO010277.

We also examined the possibility that 12 selected nsS-
NPs were present in two resistant accessions of O. nivara
and a SB-resistant indica line from South America. Two O.
nivara accessions contained three resistant nsSNPs that
were common with the nine resistant nsSNPs from the
indica-resistant line. These results suggest that sources of
SB resistance do occur in related species other than O.
sativa consistent with previous work of Prasad and Eizenga
(2008). Channamallikarjuna et al. (2010) identified a stable
SB QTL on chromosome 11 from the cultivar Tetep that
contained 11 xylanase inhibitor genes presumably function-
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ing as class III chitinases. No such genes were found on
chromosome 11 in our study which suggests that additional
candidates may occur in other SB-resistant sources. It is
interesting that a xylanase inhibitor gene was identified in
this study on chromosome 9.

Our study was the first to use WGS to identify candidate
rice genes associated with SB resistance. The outcome from
this investigation suggests that WGS may be a useful strat-
egy to identify candidate variants associated with other rice
diseases that can complement QTL mapping and micro-
array/transcriptome approaches. Several new candidate
genes were identified in our study that warrant further
investigation. Moreover, SNP profiles detected in the origi-
nal three resistant lines were found to be consistent with
additional resistant/tolerant material. This information may
prove valuable in development of marker-assisted breeding
for SB resistance. Proof that these selected genes actually
play a role in resistance will require transgene over-expres-
sion and/or knock-out experiments.

The candidate markers and genes identified in this study
appear promising, but it is important to state that the WGS
approach used in our research very likely did not detect all
genes associated with SB resistance for the following rea-
sons: (1) the majority of variants detected in the initial
screening were not nsSNPs. Additional research will be
required to determine any potential role(s) of sSNPs and
other variants in SB resistance; (2) the Illumina GA IIx and
other similar sequencing platforms generate data from short
DNA fragments that cannot readily identify large deletions,
insertions, or copy number variants; (3) additional acces-
sions, lines or Oryza sp. may contain different alleles or
genes not evaluated in this study. Nevertheless, the output
generated from this study should provide new information
for future basic and applied research of SB resistance in rice.
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