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Rice blast disease, caused by the fungal pathogen Magnaporthe grisea, is an excellent model system to study plant-fungal inter-
actions and host defense responses. In this study, comprehensive analysis of the rice (Oryza sativa) transcriptome after M. grisea
infection was conducted using robust-long serial analysis of gene expression. A total of 83,382 distinct 21-bp robust-long serial
analysis of gene expression tags were identified from 627,262 individual tags isolated from the resistant (R), susceptible (S), and
control (C) libraries. Sequence analysis revealed that the tags in the R and S libraries had a significant reduced matching rate to
the rice genomic and expressed sequences in comparison to the C library. The high level of one-nucleotide mismatches of the R
and S library tags was due to nucleotide conversions. The A-to-G and U-to-C nucleotide conversions were the most
predominant types, which were induced in the M. grisea-infected plants. Reverse transcription-polymerase chain reaction
analysis showed that expression of the adenine deaminase and cytidine deaminase genes was highly induced after inoculation.
In addition, many antisense transcripts were induced in infected plants and expression of four antisense transcripts was
confirmed by strand-specific reverse transcription-polymerase chain reaction. These results demonstrate that there is a series of
dynamic and complex transcript modifications and changes in the rice transcriptome at the M. grisea early infection stages.

Rice blast disease, caused by Magnaporthe grisea, is
one of the most devastating rice diseases in the world.
The rice and M. grisea interaction is becoming a model
system for studying plant-fungal interactions due to
public availability of the host (Goff et al., 2002; Yu et al.,
2002; International Rice Genome Sequencing Project, 2005)
and pathogen (Dean et al., 2005) genome sequences and
the functional genomic resources (http://www.mgosdb.
org; Gowda et al., 2006c). The easy genetic manipulation
of both organisms has streamlined the functional anal-
ysis of the rice and fungal genes that are involved in
the defense or pathogenesis. In the last years, several
techniques, such as differential display, suppression
subtractive hybridization (SSH), and EST were applied
toreveal the events at the transcriptome level during rice
(Oryza sativa) and M. grisea interaction. Using the differ-
ential display method, Kim et al. (2000) isolated 18
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defense-related genes from suspension cells treated with
a fungal elicitor prepared from M. grisea. SSH is a rapid
and effective method to isolate differentially expressed
genes as demonstrated in the studies by Kim et al. (2001,
2005), Xiong et al. (2001), Lu et al. (2004), and Han et al.
(2004). However, the high level of sequence redundancy
in SSH libraries limits its ability to isolate a large number
of defense genes. The EST approach was used by Kim
et al. (2001) and Jantasuriyarat et al. (2005) to identify
defense transcripts on a large scale. The latter sequenced
a total of 68,920 ESTs from eight cDNA libraries and
identified 13,570 distinct sequences. Because of the high
sequencing cost and relative high sequence redundancy,
the EST approach was unable to provide deep coverage
of the defense transcriptome in the infected rice plants.

Serial analysis of gene expression (SAGE) is one of
the most popular genome-wide transcriptome-profiling
methods developed in the last decade (Velculescu
etal., 1995). It is a high-throughput and open system to
analyze the transcripts without any prior sequence
information. SAGE analysis not only provides tran-
script abundance, but also identifies novel sense and
antisense transcripts (Gunasekera et al., 2004; Ge et al.,
2006; Gowda et al., 2006¢c), RNA splice forms (Gowda
etal., 2006¢), and micro RNAs (miRNAs; Ge et al., 2006)
in the tested samples. SAGE is based on two basic
principles: isolation of a short sequence tag (14-26 bp)
from the 3’ region of a transcript and concatenation of
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multiple tags in serial fashion for sequencing (Velculescu
et al., 1995). A major drawback of conventional SAGE is
that a large portion of 14-bp tags will match to multiple
locations in the complex genomic or expressed sequences
(Chenetal.,, 2002). LongSAGE has improved the tag size to
21 bp, which could uniquely match to the complex
genome or expressed sequences (Saha et al., 2002). Al-
though many laboratories have tried to adopt SAGE and
LongSAGE methodologies in the past, most failed to
make quality libraries for sequencing due to the inherent
technical difficulties in concatemer cloning. The improved
LongSAGE method, called robust-long (RL) SAGE, sig-
nificantly increased the cloning efficiency of concatemers
and insert size (Gowda et al., 2004; Gowda et al., 2006b,
2006c; Gowda and Wang, 2007). Recently, we developed a
new method, called robust analysis of 5'-transcript ends
in which cloning steps are eliminated and a conventional
sequencing method is replaced by 454 pyrosequencing
methods (Gowda et al., 2006a). The average robust anal-
ysis of transcript end tags are about 80 bp.

In this study, we constructed three rice RL-SAGE
libraries, resistant (R), susceptible (S), and control (C),
with RNA isolated from the leaf tissues 24 h after M.
grisea inoculation. A large set of distinct tags (83,832)
were isolated from the three libraries. Interestingly, the
mismatch rate of transcript tags in the infected librar-
ies to the rice genomic and expressed sequences was
significantly increased due to nucleotide conversions.
An enhanced level of expression of the cytidine de-
aminase and adenine deaminase genes was observed
in the infected rice leaves. In addition, we also iden-
tified hundreds of antisense transcripts for rice genes
that were also highly expressed in the R and S libraries
as compared to the C. Our results provide evidence for
the involvement of RNA variation and antisense tran-
script expression during plant-fungal interactions.

RESULTS

Reduction of Defense Transcriptome Size and
Presence of Highly Specific Transcript Tags in
the R, S, and C Libraries

RL-SAGE library analysis revealed a significant
reduction in the number of distinct tags in the R and
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S libraries in comparison to the C library. The R library
had 28,081 distinct tags (11.3% of 248,278 total tags),
and the S library had 31,025 distinct tags (10.9% of
282,420 total tags) as compared to 36,034 distinct tags
(36.4% of 99,031 total tags) in the C library (Table I;
Fig. 1A). The distinct tags in each library were further
classified into three groups: highly expressed (=10
copies), intermediately expressed (two to nine copies),
and lowly expressed (single-copy [singleton]) tags. Tag
frequency analyses indicated that the R library had
many more highly expressed tags (C, 367 tags; R, 1,076
tags; S, 648 tags), and the S library had a higher number
of intermediately expressed tags (C, 3,627; R, 2,937; S,
4,990), whereas the number of singleton tags was almost
similar among the three libraries (C, 24,401; R, 22,919;
S, 23,664). The reduction of the transcriptome size in the
R and S libraries is likely due to the increased tag
redundancy of highly expressed transcripts. Overall, a
total of 83,382 distinct tags were obtained by clustering
all the distinct tags from the three libraries. The distri-
bution of distinct tags on the Knowledge-Based Oryza
Molecular Biological Encyclopedia (KOME) full-length
(FL)-cDNAs was analyzed and shown in Figure 2. As
expected, most of the tags (79.4%) were mapped to the 3’
region of the KOME FL-cDNAs.

A tag with two or more copies was considered a
technically significant tag, and a tag with only a sin-
gleton was a technically nonsignificant tag. For tech-
nically significant tags, an 18.4% reduction in the R
library and a 23.7% reduction in the S library were
observed as compared to that of the C library (Fig. 1A).
About two-thirds of the distinct tags in the three librar-
ies were singleton tags (Fig. 1A). The percentage of sin-
gleton tags is similar to that reported in previous SAGE
studies (Velculescu et al., 1999; Chen et al., 2002).

We also defined a tag as a biologically significant tag
if it commonly occurred in two or more libraries, and a
nonbiologically significant tag if it occurred only in
one library. The percent of biologically significant tags
present in all three libraries (C, R, and S) was only 3.0%
as compared to 7.2% in the R and S libraries, 7.5% in
the C and R libraries, and 9.3% in the C and S libraries
(Table II). Even when technically significant tags
among the three libraries were used for comparison

Table 1. Characteristics of the three RL-SAGE libraries

Rice Cultivar Nipponbare
Treatment/blast strains Water spray C9240-1 Che8061
Reaction C R S
Library symbol C R S
Hours after inoculation 24 h 24 h 24 h

No. of sequence reads

Average insert size (kb) 1.01
Total tags/library 99,031
Distinct tags/library 36,034
Total tags (all three libraries) 629,729
Total distinct tags (all 83,382

three libraries)

9,120 (from both ends 7,200 (from one end 7,618 (from one end
of 4,560 clones)

of 7,200 clones) of 7,618 clones)
1.1 1.3
248,278 282,420
28,081 31,025
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Figure 1. The distinct RL-SAGE tags of the C, R, and S
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analysis, only 19.6% to 24.6% commonly occurred in
any of the two libraries (data not shown). Intriguingly,
a large portion of the tags (76.7%-78.5%) was specif-
ically expressed either in the R, S, or C library (Table
II). These results strongly suggest that the R and S
transcriptomes might have undergone dynamic and
different transcript reprogramming in rice plants at
the early infection stages.

To identify whether any fungal genes were ex-
pressed in the M. grisea-infected leaf tissues, the RL-
SAGE tags from the R and S libraries were matched to
the M. grisea genome and annotated gene sequences.
Only 24 tags matched the M. grisea genome, but not the
rice sequences (Supplemental Table S1). Among the
seven tags from the R library, three matched the
annotated genes (MGG_12892.5, MGG_08575.5, and
MGG_03245.5). Among the 17 tags from the S library,
three matched the annotated genes (MGG_06927.5,
MMGa04587, and MMGa15070).

Significant Reduction of the Matching Rate of the
R and S Library Tags to the Rice Genomic and
Expressed Sequences

When the distinct tags of each library matched the
rice reference sequence (RefSeq), the tags in the C

Figure 2. Location of sense and antisense
RL-SAGE tags on the rice FL-cDNAs. Each
FL-cDNA was equally divided into three por-
tions (3, mid, and 5'). The distinct sense and
antisense tags from the three RL-SAGE librar-
ies were mapped to the FL-cDNAs using the
SAGEspy program (Gowda et al., 2006b). The
number of hits and the percent of tags are
shown on the top of each category.

Sense tags (%)

526
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library had the highest matching rate (53.0% to ge-
nomic DNA and 38.3% to ESTs). On the contrary, only
a small fraction of the tags from the R library (17.6% to
genomic DNA and 14.5% to ESTs) and the S library
(21.0% to genomic DNA and 17.0% to ESTs) matched
the rice RefSeq. The matching rate of the technically
significant tags (greater than two copies) in the C, R,
and S libraries was 70.4%, 67.0%, and 66.6%, respec-
tively, when matched with the ESTs, and was 88.1%,
84.1%, and 85.6%, respectively, when matched with
the rice genomic sequence (Fig. 1B). However, the
matching rate of singletons in the R and S libraries was
much lower than that in the C library (Fig. 1C).
Specifically, the matching rate of singletons in the C
library was 23.1% to the ESTs and 37.8% to the ge-
nomic sequence. Surprisingly, only a very small frac-
tion of the singletons in the R and S libraries matched
the ESTs (2.6% in R and 1.5% in S) and the genomic
sequence (3.4% in R and 2.0% in S), compared to the C
library (Fig. 1C).

Similarly, biologically significant common tags and
library specific tags were analyzed for sequence
matching to the rice RefSeq (Table II). The matching
rate of the common tags between the R and S libraries
was significantly low (53.7% and 55.7% with the ESTs
and genomic sequences, respectively) as compared to

I

v { Transcript structure | v
5SUIR | ——M | CDS 3’'UTR
1,612 (7.6) 2,760 (13.0) 16,852 (79.4)
s | 3
3,812 (62.2) | 1,276 (20.8) | 1,037 (16.9)
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Table Il. Tag cluster analysis of the C, R, and S libraries and
their homology to the rice EST and genomic sequences in the
TIGR databases

No. of
Rice Database Tag Class Total Tag Nonredundant
Hits
% %
TIGR ESTs C specific 28,278 (78.5) 10,894 (38.5)
R specific 22,041 (78.5) 1,003 (4.5)
S specific 23,781 (76.6) 1,427 (6.0)
CR common 4,514 (7.0) 3,352 (74.3)
CS common 5,718 (8.5) 4,299 (75.2)
RS common 4,002 (6.8) 2,153 (53.8)
CRS common 2,476 (3.0) 1,967 (79.4)
Genomic DNA* C specific 28,278 (78.5) 13,065 (46.2)
R specific 22,041 (78.5) 1,227 (5. )
S specific 23,781 (76.6) 1,786 (7.
CR common 4,514 (7.0) 3,498 (77 5)
CS common 5,718 (8.5) 4,533 (79.3)
RS common 4,002 (6.8) 2,230 (55.7)
CRS common 2,476 (3.0) 2,021 (81.6)

#Genomic DNA from japonica ‘Nipponbare.

that of the common tags of the C and R libraries (74.2%
and 77.5%), the common tags of the C and S libraries
(75.1% and 79.3%), and the common tags of the C, R,
and S libraries (79.4% and 81.6%). A considerable
number of specific tags in the C library matched to
ESTs (38.5%) and genomic DNA sequences (46.2%).
On the contrary, only a very small fraction of the
R- and S-specific tags matched the ESTs (4.5% in R and
6.0% in S) and the genomic sequences (5.6% in R and
7.5% in S). These results strongly suggest that the tag
sequences in the R and S libraries might have been
modified or changed considerably during rice and M.
grisea interaction.

M. grisea Infection Triggers RNA Variation in Rice

To investigate the cause of the mismatch of the
transcript tags in the infected plants, one- and two-
nucleotide mismatches to the rice RefSeq were allowed

A

8.7%
20.8%
20.5%
2.8%
3.2%
3.3%

7000
6000
5000
4000
3000
2000
1000 —.=I—|—
0 - -

One-nucleotide mismatch

No. of tags
No. of tags

Two-nucleotide mismatch

1400
1200
1000
800
600
400

200
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in the matching analysis. The tags with a one-nucleotide
mismatch were 3,619 (10.0%) in the C library, 6,228
(22.2%) in the R library, and 6,726 (21.7%) in the S
library. The number of significant tags with a one-
nucleotide mismatch in the three libraries was small
(485 in C [1.3%], 358 in R [1.3%], and 372 in S [1.2%]).
Many of the one-nucleotide mismatch singleton tags
hit to the same genes in the R and S libraries, suggest-
ing that multiple editing events occurred within the
same 21-bp region of a gene. Interestingly, the one-
nucleotide mismatch rate of the singletons in the R and
S libraries to rice annotated genes was 3 times higher
than that in the C library (Fig. 3A; C, 8.7%; R, 20.8%; S,
20.5%). However, the two-nucleotide mismatch anal-
ysis did not reveal any significant difference among
the tags from the three libraries (Fig. 3A). This indi-
cates that single-nucleotide conversions are the most
predominant type of RNA variations in M. grisea-
infected plants, although some sequence deletions or
additions were also observed (data not shown).

Detailed analysis of one-nucleotide mismatched
tags revealed 12 types of nucleotide conversions (Fig.
3B). The A-to-G and U-to-C types were most predom-
inant in the R and S libraries. The gene with the highest
numbers of single-nucleotide variations was the Rubisco
activase gene (Fig. 4), of which 70% of the conversions
were found from high-quality sequences (Supplemen-
tal Fig. S1). To validate single-nucleotide conversions,
reverse transcription (RT)-PCR analysis was performed
using independently isolated RNA from C, R, and S
reactions. The RT-PCR products were cloned and about
30 RT-PCR clones were sequenced from each library.
In the sequenced clones from the R and S libraries, the
A-to-G and U-to-C conversions in the Rubisco activase
transcripts were confirmed (Supplemental Fig. S2). It is
noteworthy that several edited sites were also identified
for many pathogenesis-related (PR) protein-encoding
transcripts such as chitinase, peroxidase, nonspecific
lipid-transfer protein 2, germin protein type 1, or cat-
alase (Supplemental Table 52).

In the rice genome, we identified eight cytidine
deaminase genes and four adenine deaminase genes

mC

os

Fil [Py

C=A G=AU==AA=C G=CU=CA=G C=CG U=GA=UC=UG=U

Figure 3. Mismatch analysis of RL-SAGE tags against annotated rice genes. Total distinct tags (A) from the C, R, and S libraries
were matched against TIGR annotated rice genes by allowing one and two mismatches. The percent on the top of each bar
represents the proportion of the matched tags in each library. Among the one-mismatch tags, the number of tags with specific
nucleotide substitutions in C, R, and S libraries is shown in B.
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Antisense transcript

——————
Cl CCCAAGTCATAGCTGGGCATG
Cl CCCAAGCCATAGTTGGGCATG Antisense cDNA clone ID in EST library: OSINEe02ZM15.f+r, OSINEd04C23.r, OSINEe13K10.1,
C1 CCCAAGCCATAGCAGGGCATG OSINEd04019.f, OSINEc05J06.f, OSINEc03MO6.f
Sl CCCACGCCATAGCTGGGCATG Contig: Os2_00001_0368
Sl CCCAAGCCATATCTGGGCATG
s1 CCCAAGCCATAGGTGGGCATG
Sl CCCAAGCCTTAGC GCATG
Si CCCAAGCCATACCTGGGCATG
% Rl CCCAAGCTATAGCTGGGCATG
-'_-' CI,S1 CCCAACCCATAGCTGGGCATG
g CI,S1 CCCAAGCCATAGCTAGGCATG
é R1, 81 CCCAAGCCATAACTGGGCATG
S Rr1, 81 CCCAAGCCATAGCCGGGCATG

85, Ro6, S73 CCCAAGCCATAGCTGGGCATG

k‘T(iT(ETATC!\UATCGC(](‘(‘C.-'\/\(}CCATA(iCT(J‘(EGCATG/\L'AA(J‘TTTTT(J‘TT/\I\TA/\TA-\TAT/\J\TATA/\A(]/\TAT(]G(EL‘TATAL‘T/\TA(‘-'\T(i4\(3TAT/\TTT(‘ATTT(J‘(EGTATL'/\T 1721 |4Rubisco activase gene

C198,R217,8342  CATGACAAGTTTTTGTTAATA

C2,R2,81 CATGACAAGTTTTTGGTAATA
CI,R1, 54 CATGACAAGCTTTTGTTAATA
C2,R1,81 CATGGCAAGTTTTTGTTAATA
CI,R1, 81 CATGACAAGTCTTTGTTAATA
R1, 81 CATGACAAGTTTTTGCTAATA
R1, SI CATGACCAGTTTTTGTTAATA
R1, 81 CATGACAAGTTTTTGTGAATA
R1,SI CATGACGAGTTTTTGTTAATA
R1, 81 CATGACAGGTTTTTGTTAATA
R1, SI

CI, 81

S3

R2 TGACAAGTTATTGTTAATA
R2 CATGACAAGTTTTTGATAATA
R2 CATGACAAGTGTTTGTTAATA
S2 CATGACAAGTATTTGTTAATA
52 CATGACAAATTTTTGTTAATA
S2 TAATA
RI CATGTCAAGTTTTTGTTAATA
R1 CATGACAAGTTTCTGTTAATA
S1 CATGACAAGGTTTTGTTAATA
S1 CATGACAAGTTTTAGTTAATA
S1 CATGACAAGTTTTTATTAATA

Transeript |

C113, R74, 8137 CATGAGTATATTTCATTTGGG

R2,S1 CATGGGTATATTTCATTTGGG
&) R1,S1 CATGAGTATATTTCGTTTGGG
= RI1,S1 CATGAGTATATTCCATTTGGG
g CI1,RI CATGAGTATATTTCATCTGGG
% C1, 81 CATGAGTATACTTCATTTGGG
;%‘ S1,C2 CATGAGTATGTTTCATTTGGG
C1, 81 CATGAGTATATTTCATATGGG
R1 CATGAGCATATTTCATTTGGG
R1 CATGAGTATATGTCATTTGGG
R1 CATGAGTATATATCATTTGGG
s1 CATGAGTATATT iG
S1 CATGAGTGTATTTCATTTGGG
Sl CATGAGTATAT TTTTGGG
Si CATGAGTATATTTGATTTGGG
S1 CATGAGTATTTTTCATTTGGG
S1 CATGAGTACATTTCATTTGGG
C1 CATGATTATATTTCATTTGGG
1 CATGACTATATTTCATTTGGG

Transcript 2

Figure 4. Nucleotide conversions in Rubisco activase transcripts. Nucleotide conversions are shown with bold and underlined
letters. The direction (5'—3") of the transcripts is shown using an arrow. The copy number of the tags in each library is shown at the
left side (C198, R217, S342 denotes 198 tags in the C library, 217 tags in the R library, and 342 tags in the S library). The bold and
italicized letters are nucleotide conversions confirmed by sequencing of the RT-PCR fragments (the sixth and ninth tags of
Transcript 1). The box at the right-top corner is showing the antisense ESTs for Rubisco activase gene.

(Supplemental Table S3). However, only LOC_Os07g14150
(cytidine deaminase) and LOC_Os05g28180 (adenine
deaminase) were expressed in all three libraries, but
with a much higher expression level in the R and S
libraries (Fig. 5). An independent RT-PCR confirma-
tion experiment showed that the adenine deaminase
and cytidine deaminase genes were indeed up-regu-
lated in the infected plants (Fig. 5). These results
suggest that transcript sequence variation is associated
with RNA-editing pathways in rice upon M. grisea
infection.

Induction of Antisense Transcripts in the
R and S Transcriptomes

Antisense transcripts in eukaryotes have recently
been recognized as important RNA molecules that

play vital roles in various cellular pathways (Kumar
and Carmichael, 1998). We identified 5,222, 3,266, and
3,402 antisense RL-SAGE tags, which perfectly matched
the rice FL-cDNAs, ESTs, and annotated genes, re-
spectively. Clustering analysis identified 6,050 distinct
antisense tags. Among them, 285 matched the KOME
antisense FL-cDNAs (Osato et al., 2003; Supplemental
Table S4). In comparison to the identification of 1,374
antisense transcripts from 21 FL-cDNA libraries in
rice (Osato et al., 2003), RL-SAGE is a more efficient
method to isolate antisense transcripts. If total dis-
tinct tags are considered, our RL-SAGE approach re-
covered 7.3% (6,050/83,382) antisense transcripts as
compared to 4.3% (1,374/32,127) antisense transcripts
in the FL-cDNA cloning approach. In addition, most of
the antisense transcripts identified in our libraries
were low-abundant expressed, in accordance with

Figure 5. RT-PCR analysis of the

adenine deaminase and cytidine RL-SAGE Tag %

8.5 ‘ 52.4 ’ 39.0|

| 6.5 | 51.8 ‘ 41.8|

deaminase genes. Tag frequency
in each library is shown in the box
above the gel picture. The ubiquitin
gene was used as the expression C
for RT-PCR amplification.

Adenine deaminase gene (A->G)
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Cytidine deamianse gene (C->U) Ubiquitin
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other LongSAGE studies (Gunasekera et al., 2004;
Quere et al., 2004; Ge et al., 2006; Gowda et al., 2006¢).

Interestingly, most of the antisense tags (62.2%) from
the three libraries perfectly matched to the 5’ region of
the KOME sense FL-cDNA sequences (Fig. 2), which
contradicts a previous report stating that most of the
antisense transcripts from the FL-cDNA libraries over-
lap with the 3’ region of the sense transcripts in rice
(Osato et al., 2003). About 17% of the antisense tags
were located in the 3’ region of the sense FL-cDNAs
(Fig. 2). Many FL-cDNAs had both sense and antisense
transcript tags at their 3'-untranslated region that
could form double-strand RNA (dsRNA) molecules.
For example, over 10 copies of the sense and antisense
transcript tags of the Rubisco activase gene were
located on the opposite strands of the 3’-untranslated
region (Fig. 4).

We also found that the percentage of antisense tags
with two or more copies was much higher in the R
(81.2%) and S (89.5%) libraries as compared to the C
library (41.2%; Supplemental Fig. S3). Similar to the
sense transcript tags, there were much less perfectly
matched antisense transcript tags to the rice FL-
cDNAs from the R and S libraries as compared to the
C library (R, 430 [1.5%]; S, 579 [1.9%]; C, 2,627 [7.3%)).
Sequence analysis also revealed that the matching rate
of the antisense transcripts in the R and S libraries to
the rice RefSeq was increased dramatically when one-
nucleotide mismatch was allowed (data not shown).
Interestingly, induction or repression of the antisense
transcripts for many PR genes was observed in the R
and S libraries (Table III). To confirm the expression of
some antisense transcripts, strand-specific RT-PCR
using specific antisense primers of four selected genes
was performed. The expression of four antisense tran-
scripts detected by RT-PCR was consistent with the tag
frequency in the three libraries (Supplemental Fig. S4).
All four antisense tags had matches in the rice anti-
sense database (Osato et al., 2003). These results sug-
gest, similar with the sense tags, that expression of

RNA Variation and Antisense Transcript Expression in Rice

many antisense tags in the R and S reactions may have
been changed during M. grisea infection.

DISCUSSION

In the battle to survive in nature, plants have
evolved and developed sophisticated mechanisms to
recognize pathogens and defend themselves against
infection. Rapid activation of defense-related genes is
one of the predominant responses to effectively inhibit
pathogen invasion. In this study, the defense tran-
scriptome of rice plants was deeply surveyed using the
RL-SAGE approach. Dramatic transcriptome reprog-
ramming in the infected rice plants was found 24 h
after M. grisea inoculation. The majority of the distinct
transcript tags (approximately 75%) were specifically
expressed in the R and S reactions. Less than 3,000
transcript tags were commonly present in all three
libraries. In comparison with the results from our EST
sequencing project (Jantasuriyarat et al., 2005), many
more differentially expressed genes were identified in
the R and S reactions due to deep profiling of tran-
scripts in the RL-SAGE libraries. From 8,000 to 9,000
cDNA clones, only 2,500 to 3,000 distinct ESTs were
identified in each library. On the contrary, about 30,000
distinct transcripts were identified after sequencing
about 7,000 RL-SAGE clones. Therefore, RL-SAGE is a
much more effective method for in-depth transcrip-
tome analysis (Gowda et al., 2004, 2006c). The differ-
entially expressed genes identified from this study
offer a rich genomic resource for further detailed func-
tional analysis of rice defense-related genes against
M. grisea infection.

In the matching analysis of the total RL-SAGE tags,
we found that the matching rate of the R and S library
tags to the rice RefSeq was significantly reduced in
comparison to the C library. The matching rate of the
significant tags was comparable in the C, R, and S
libraries because only a small number of edited tags

Table Ill. Antisense expression of PR genes

Tag Sequence (GATC + 17 bp) C R S Locus ID Gene Name
TTTGTTGAACACGAACA 5 42 0 LOC_Os05g51660 PR protein 1

GCCTAGAAATTCTCACA 2 9 0 LOC_0s06g22930 Xyloglucan endo-1,4-B-b-glucanase
GCGACGTTGTACCCGTC 0 0 5 LOC_Os12g43440 Thaumatin-like protein precursor
GAGATGGGAGTGGTGGT 2 30 0 LOC_0Os03g60840 Putative Bowman-BirkSer protease inhibitor
AATGATACTAAGTTCCT 0 2 0 LOC_Os01g56010 Serpin (serine protease inhibitor)
CTTAAAGAACATTTGAT 0 0 4 LOC_0Os03g25320 Putative peroxidase
GAGAAGAAGAGGAAGAA 0 0 6 LOC_Os06g48030 Peroxidase, putative

TTACAACTATATACGTG 5 0 4 LOC_0Os06g08670 Phospholipid hydroperoxide glutathione peroxidase
CAATCAAATGCACTACA 11 9 22 LOC_Os10g35800 Putative peroxidase
CTGAGTGGAGAAGTAGT 0 0 6 LOC_0s02g44500 GPX12Hy, glutathione peroxidase-like protein
AAAACTATACAGGTACA 3 0 5 LOC_0Os04g46960 Glutathione peroxidase 1
GAAACCAAACACCACGC 0 0 6 LOC_0Os04g59150 Peroxidase, putative

TAAATTTCATTTCTTTC 3 0 0 LOC_0Os08g33710 Ribonuclease T2 family
TACGGCCTGCGATGTCA 0 0 6 LOC_Os11g02370 Nonspecific lipid-transfer protein 2
GCGATGGATCGACCTAG 0 12 0 LOC_0Os12g02310 Nonspecific lipid-transfer protein 2
AACGACCATTAGCTTTT 2 0 2 LOC_Os08g13440 Germin protein type 1—rice
CACTCAAGTCAAATGAC 1 0 11 LOC_Os07g46990 Copper/zinc superoxide dismutase
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had two copies or more in the R and S libraries. On the
contrary, the matching rate of the singletons in these
libraries was extremely low (3%—4%). To identify the
cause of the low matching rate, we allowed one- to two-
nucleotide mismatches in the sequence analysis, which
significantly improved the matching rate to both ge-
nomic and expressed sequences. Furthermore, various
types of single-nucleotide conversions were identified in
the mismatched tags. Sequence analysis of the raw reads
showed that over 70% of the nucleotide conversions
were from high-quality sequencing regions. Indepen-
dent RT-PCR confirmation of these variations clearly
demonstrated that the mismatches were not originated
from sequencing errors. This is consistent with the
finding by Chen et al. (2002) and Poroyko et al. (2005)
that over 70% of singleton tags are real transcripts.
These results prompted us to speculate that mRNA
might be edited in the infected plants. RNA editing

has been well documented for several mitochondrial
and chloroplast genomes of plants. However, no study
has been reported on the editing of nuclear transcripts
in plants. In contrast, transcripts of many nuclear
genes in animals have been shown to be edited by
a variety of mechanisms at various developmental
stages and under stresses (Athanasiadis et al., 2004;
Blow et al., 2004; Levanon et al.,, 2004; Englander
et al., 2005). In the whole-genome search, we identified
eight cytidine and four adenine deaminase genes in
The Institute for Genomic Research (TIGR) anno-
tated rice genes. However, only one cytosine deami-
nase (LOC_Os07g14150) and one adenine deaminase
(LOC_0Os05g28180) gene were expressed in the RL-
SAGE libraries. The expression induction of a deaminase
gene (LOC_Os07g14150) upon M. grisea inoculation
was also shown by Han et al. (2004). The function of
these deaminase genes on the RNA variation of rice
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Figure 6. A working model for RNA sequence diversity during rice and M. grisea interaction. Once an M.
on the rice leaf surface, an infectious structure, called appressorium, develops at the tip of the germ tube.
appressorium generates enormous turgor pressure and penetrates through the rice epidermal cells with

grisea conidium lands
The highly melanized
in 24 h of inoculation

(Talbot, 1995). Through the penetration peg, the fungus may secrete various proteins (Ellis et al., 2005), mobile elements (Vaughn

et al., 1995), and even free radicals into host cells. Fungal secretory molecules may interact with host

factors leading to the

synthesis of sense and antisense transcripts for defense-related genes. Then both sense and antisense transcripts may pair to form

dsRNA in the nucleus. dsRNA may be targeted by the RNA-editing complex, including cytidine de

aminase and adenine

deaminase (Nie et al., 2006). Edited dsRNAs might be retained in the nucleus and degraded, generating miRNAs and siRNAs

(Blow et al., 2006). Translation of edited transcripts may lead to production of protein diversity (Li et al

., 2006). miRNAs and

siRNAs may affect translation, transcription, and DNA replication (Li et al., 2006) in the nucleus. RNA variation in host transcripts

could affect the outcome of the rice and M. grisea interaction: host resistance or susceptibility.
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transcripts is not known. Silencing and overexpression
of the two genes in transgenic plants should offer insight
into the deaminase-mediated RNA editing of nuclear
genes in the defense response to pathogens. Recent
evidence reveals that the human cytidine deaminase
APOBEC family function as an antiretroviral agent to
interfere with HIV infection by deaminating cytidine
residues to uridine in the nascent minus-strand viral
DNA (Turelli and Trono, 2005). Whether rice deaminases
also target fungal transcripts or proteins that are secreted
into rice cells warrants further investigation.

Many antisense transcripts were identified in the
M. grisea-infected RL-SAGE libraries in this study.
Strand-specific RT-PCR using antisense primers of four
genes confirmed their expression pattern in the in-
fected plants. One of the antisense transcripts was the
classical defense gene PR1. The function of the in-
duced antisense transcripts in M. grisea-infected plants
is not known yet. Previous studies have shown that the
sense and antisense transcripts might pair in the cells
to form dsRNA molecules, which may be the target for
RNA editing, splicing, polyadenylation, transport,
translation, and small interfering RNA (siRNA)-based
gene silencing (Araya et al., 1998; Kumar and Carmichael,
1998; Hayashizaki and Kanamori, 2004; Levanon et al.,
2004; Jen et al., 2005). dsRNA could be recognized as
substrate by RNA-editing enzymes like adenine and
cytidine deaminases (Polson et al., 1991; Smith and
Sowden, 1996). It was also recently reported that dsRNA-
mediated RNA-editing and interference pathways in-
teract with each other to regulate gene expression
(Nishikura, 2006). Therefore, we speculate that highly
expressed antisense transcripts in the R and S libraries
might lead to the formation of sense and antisense
pairs. The formation of these pairs may trigger the
RNA-editing machinery in the infected rice plants.
Based on our results and other published studies, we
propose a working model for RNA variation and se-
quence diversity during rice and M. grisea interaction
(Fig. 6). We believe that delivery of effector proteins,
mRNA, dsRNA, and free radicals from appressoria into
rice epidermal cells could trigger the induction of sense
and antisense transcription of defense-related genes,
and formation of dsRNAs could lead to the activation of
the deaminase-mediated RNA-editing process in the
infected cells. Experimental data are being generated to
prove these hypotheses.

It is also possible that an alternative pathway might
be involved in RNA sequence diversity. It has been
reported that various reactive oxygen species (ROS),
superoxide anion, hydrogen peroxide, and hydroxyl
radical could damage RNA and DNA molecules in
living cells under stress conditions. RNA is more sus-
ceptible to ROS damage as compared to DNA because
RNA molecules are widespread in the cytosol, single
stranded, and lack protective proteins and repair
mechanisms (Zhang et al., 1999; Hofer et al., 2006). It
has also been shown that RNA damage by ROS
is related to human diseases such as Alzheimer’s
(Nunomura et al., 1999; Honda et al., 2005) and
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Parkinson’s (Zhang et al., 1999). Rapid ROS produc-
tion was documented during rice-M. grisea interaction
(Pasechnik et al., 1998; Mellersh et al., 2002). Whether
the rapid production of ROS is one of the causes for
RNA variation observed in this study is unknown and
requires further evaluation.

MATERIALS AND METHODS
Rice Blast Fungal Inoculation and Tissue Collection

For the R and S reactions, the avirulent isolate C9240 (from H. Leung,
International Rice Research Institute, Philippines) and the virulent isolate
Che86061 (from G. Lu, Fujian, China), respectively, were used to inoculate
21-d-old rice (Oryza sativa) plants (japonica ‘Nipponbare’). Rice plants were
grown in a Conviron growth chamber at 80% relative humidity with 12 h of
light (500 wmol photons m~?s~?) at 26°C followed by 12 h of darkness at 20°C.
The ascospores at 2 X 10° spores mL™" in a 0.01% Tween 20 solution were
sprayed on rice leaves. C plants were sprayed with the 0.01% Tween
20 solution. The inoculated plants were kept in a sealed plastic container in
the dark at 26°C for 24 h. Leaves were harvested 24 h after inoculation and
kept in a —80°C freezer until RNA isolation.

Construction of RL-SAGE Libraries and
Clone Sequencing

Total RNA was isolated from the infected and C leaves using the TRIzol
method (Invitrogen). Poly(A+) mRNA was purified using the Oligotex mRNA
midi kit (Qiagen) according to the manufacturer’s instructions. RL-SAGE
libraries were generated using an improved procedure reported by Gowda
et al. (2004) and Gowda and Wang (2007). A total of 9,120 reads (both ends of
4,560 clones) from the C library, 7,200 reads (7,200 clones) from the R library,
and 7,618 reads (7,200 clones) from the S library were obtained using ABI 3730
DNA analyzers (Applied Biosystems) at the Arizona Genome Institute.

Isolation of Ditags and Individual Tags

Sequence analysis showed that the ditag size ranged from 38 to 44 bp (data
not shown). To avoid sequence errors caused by imprecise cleavage (slippage)
by Mmel, only three ditag types (40, 41, and 42 bp) were used for the isolation
of 21-bp tags, which accounted for 97% of the ditag types in the analyzed
sequences. Second, a ditag must have a CATG site at both ends. Third, any
tags with an ambiguous base pair (flagged as N) are discarded. The SAGEspy
program developed at the Ohio Supercomputer Center (http://www.osc.
edu/research/bioinformatics/sagespy/index.shtml) and analysis tools at the
Magnaporthe Grisea Oryza Sativa database (http://www.mgosdb.org/sage;
Gowda et al., 2006b) were used to isolate ditags, individual tags, and distinct
tags. The RL-SAGE tags from the C, R, and S libraries were submitted to the
National Center for Biotechnology Information (GEO accession no. GSE1924;
http:/ /www.ncbinlm.nih.gov/projects /geo/query/acc.cgi). These data are
also available to the public at http://www.mgosdb.org/sage and http://
164.107.34.68/wang/index jsp.

Annotation of RL-SAGE Tags

The 21-bp RL-SAGE tags from the C, R, and S libraries matched against
several rice RefSeq databases such as TIGR ESTs, release version 16.0 (http://
www.tigr.org/tigr-scripts /tgi/T_release.cgi?species=rice), KOME FL-cDNA
sequences (14; http://cdna0l.dna.affrc.go.jp/cDNA), and a nonredundant
TIGR rice genome annotation database, release 4 of the TIGR pseudomolecules
(January 12, 2006; http://www.tigr.org/tdb/e2k1/osal/pseudomolecules/
info.shtml). Total tags in each library were normalized to 100,000 for com-
parative expression analyses. The one- and two-nucleotide mismatch align-
ment of RL-SAGE tags against the RefSeq databases were customized using a
stand-alone local BLAST 2 program with word size 7 and E value = 0.01. A set
of SAGE alignment parsing programs were developed and used to parse and
extract BLAST outputs for statistical data analysis and reports.
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Identification of Antisense Transcript Tags

To identify the antisense orientation of RL-SAGE tags for the rice RefSeq,
we converted all tags into antisense orientation by a reverse-complementation
procedure. The antisense tags from the C, R, and S libraries were indepen-
dently matched against the rice RefSeq. For validating identified antisense
tags from the C, R, and S libraries, we matched antisense RL-SAGE tags
against longer antisense rice FL-cDNAs available at the KOME database
(Osato et al., 2003; http:/ /cdna0l.dna.affrc.go.jp/cDNA/Analysis/antisense-
web /riceantisense.fasta).

RT-PCR Analysis of Transcripts

About 1.0 ug of total RNA was treated with DNasel (Invitrogen) and first-
strand cDNA synthesized using the alfalfa mosaic virus reverse transcriptase
system (Promega) and oligo(dT) primer (Supplemental Table S5). The 3’ re-
gion (500 bp) of the Rubisco activase gene was amplified by using 5'-Rubisco
activase primer and 3'-RACE primer (Supplemental Table S5). PCR products
were purified using a Qiagen kit and cloned into the pGEM-T Easy vector
system (Promega). About 30 RT clones were sequenced using the M13 forward
primer. RT-PCR analysis of adenine deaminase and cytidine deaminase genes
was done using gene-specific primers that are listed in Supplemental Table S5.

To amplify antisense transcripts, the strand-specific RT-PCR method was
performed as described previously by Resok and Sioud (2004) and Ge et al.
(2006). Total RNA isolated from the C, R, and S reactions was treated with
DNasel (Invitrogen) and first-strand cDNA was synthesized at 42°C for 1 h by
using an antisense primer and the Promega RT system (Promega). Then the
c¢DNA was PCR amplified using gene-specific reverse and forward primers
(Supplemental Table S5) for 25 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min for
72°C. To quantify the RNA samples from the C, R, and S reactions for strand-
specific RT-PCR, total RNA of each sample was subjected to RT using an
oligo(dT) primer and then RT-PCR was carried out using ubiquitin gene primers.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers GSM34282 to GSM34284.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Sequence quality score for the Rubisco activase
transcript tags.

Supplemental Figure S2. Chromatogram of RT-PCR sequences of the
Rubisco activase transcripts.

Supplemental Figure S3. Copy number distribution of the antisense tags
in the three libraries.

Supplemental Figure S4. RT-PCR confirmation of four antisense tran-
scripts in infected rice plants.

Supplemental Table S1. RL-SAGE tags only matched the genome and
annotated sequences of M. grisea.

Supplemental Table S2. Genes with mismatched tags from the C, R, and S
libraries.

Supplemental Table S3. Cytidine and adenine deaminases in rice and
their orthology in other organisms.

Supplemental Table S4. Antisense RL-SAGE tags matched to the KOME
antisense FL-cDNAs.

Supplemental Table S5. Primers used for RT-PCR analysis.
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