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Summary

We report here the molecular and phenotypic features of a library of 31 562 insertion lines
generated in the model japonica cultivar Nipponbare of rice (Oryza sativa L.), called Oryza Tag
Line (OTL). Sixteen thousand eight hundred and fourteen T-DNA and 12 410 Tos17 discrete
insertion sites have been characterized in these lines. We estimate that 8686 predicted gene
intervals—i.e. one-fourth to one-fifth of the estimated rice nontransposable element gene
complement—are interrupted by sequence-indexed T-DNA (6563 genes) and/or Tos17 (2755
genes) inserts. Six hundred and forty-three genes are interrupted by both T-DNA and Tos17
inserts. High quality of the sequence indexation of the T2 seed samples was ascertained by
several approaches. Field evaluation under agronomic conditions of 27 832 OTL has revealed
that 18.2% exhibit at least one morphophysiological alteration in the T1 progeny plants.
Screening 10 000 lines for altered response to inoculation by the fungal pathogen Magnapor-
the oryzae allowed to observe 71 lines (0.7%) developing spontaneous lesions simulating dis-
ease mutants and 43 lines (0.4%) exhibiting an enhanced disease resistance or susceptibility.
We show here that at least 3.5% (four of 114) of these alterations are tagged by the muta-
gens. The presence of allelic series of sequence-indexed mutations in a gene among OTL that
exhibit a convergent phenotype clearly increases the chance of establishing a linkage between
alterations and inserts. This convergence approach is illustrated by the identification of the
rice ortholog of AtPHO?2, the disruption of which causes a lesion-mimic phenotype owing to
an over-accumulation of phosphate, in nine lines bearing allelic insertions.

Introduction

the introduced maize Ac/Ds (Chin et al., 1999) and En/Spm
(Kumar et al.,, 2005) transposon systems, and the T-DNA of

The release of the high-quality genome sequence of cultivated
rice of Asian origin (Oryza sativa L.), the main cereal of human
consumption (Matsumoto et al., 2005), has motivated large
international efforts for setting up tools and resources aiming at
inactivating gene function in this model graminaceous system.
These tools encompass either sequence-specific inactivation
through post-transcriptional (Warthmann et al., 2008; Wesley
et al., 2001) or transcriptional (Li et al., 2011) gene silencing
and gene targeting (lida and Terada, 2005), or random disrup-
tion through physical (Bruce et al, 2009; Wu et al.,, 2005),
chemical (Till et al, 2007) or insertional mutagenesis (for a
review, see Krishnan et al., 2009). In rice, efficient insertional
mutagens allowing genome-wide mutagenesis include the
endogenous ty-1 copia retroelement Tos17 (Miyao et al., 2003),
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Agrobacterium tumefaciens (Jeon et al., 2000).

Random insertion of a known DNA fragment—insertion muta-
genesis—allows high-throughput PCR-based recovery and
sequencing of genomic regions flanking the insertion sites and
therefore to precisely determine their position on the chromo-
some pseudomolecules, which can be displayed in web-accessible
databases. Implementation of in silico reverse genetics has been
an extremely powerful tool to decipher gene function in Arabid-
opsis, where 385 000 flanking sequence tags (FSTs) are available
online (http://signal.salk.edu/cgi-bin/tdnaexpress) (O'Malley and
Ecker, 2010). An important requisite for that approach is an accu-
rate indexation of the lines by their FST and availability of seeds in
sufficient quantities for distribution. However, both FST charac-
terization and seed multiplication are complex, error-prone
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processes involving multiple steps that can each be a source of
contamination or mislabelling. It is therefore important to assess
the quality of the library by carrying out quality checks as well as
by benefiting of return experience from the users. So far, the
insertion mutagenesis effort in rice has allowed the generation of
500K insertion lines and the release of 200K indexed insertion
sites in public databases (Krishnan et al., 2009). Although still
insufficient with regard to the rice genome size, the current inser-
tion coverage nevertheless permits to find several alleles already
seen in the same gene sequence, notably thanks to the strong
insertion bias of Tos17-generating series of allelic insertions
(Miyao et al., 2003; Piffanelli et al., 2007). One can take advan-
tage of this property in determining whether convergent pheno-
types are observed among the lines carrying allelic insertions in a
given sequence. This would give an additional hint that the
phenotype is attributable to the disruption of a gene and worth
further 'wet’ verification.

Large-scale field evaluation of rice insertion lines has allowed
to observe altered phenotypes at a high frequency in Tos17
(Miyao et al., 2007), Ac/Ds (Kolesnik et al., 2004), and T-DNA
(Chern et al.,, 2007) lines also documented in public databases
(http://tos.nias.affrc.go.jp/~miyao/pub/tos17/index.html.en, http://
rmd.ncpgr.cn/,  http://trim.sinica.edu.tw,  http://oryzatagline.
cirad.fr). The forward genetics approach could be extremely pow-
erful for the discovery of novel gene functions, but unfortunately
the frequency of linkage between the phenotype and the inser-
tion mutagen generally remains extremely low (5%) (Nonomura
et al., 2003). In rice, this approach has allowed to identify genes,
mainly in Tos77 mutant lines and for traits relatively easy to
screen such as viviparity (Agrawal et al., 2001) or panicle fertility
(Nonomura et al., 2003, 2004). Successful examples of the dis-
ruptive action of the T-DNA conducting a conspicuous phenotype
are however scarce, but the presence of a promoter trap and/or
an activation tag carried by the T-DNA may additionally lead to
reporter-mediated gene detection (Jung et al., 2003; Lee et al.,
2004a,b) and observation of dominant phenotypes (Chern et al.,
2007; Jeong et al., 2002; Mori et al., 2007), respectively. Never-
theless, the recent development of next-generation sequencing
technologies may offer a ‘second life’ to interesting but still un-
tagged mutations, because sequencing the genome of a mutant
of particular interest has now became affordable for a research
laboratory (Sabot et al., 2011).

In the frame of the plant genomics collaborative programme
Génoplante, we have generated through Agrobacterium-
mediated transformation of seed embryo calluses of the tem-
perate japonica cultivar Nipponbare (Sallaud et al.,, 2003) a
library of 31 562 insertion lines carrying T-DNA (Sallaud et al.,
2004) and Tos17 (Piffanelli et al., 2007) inserts. The inserted
T-DNA contained either a gusA enhancer trap (C. Gay and E.
Guiderdoni, unpublished data) or a GAL4:GFP enhancer trap
(Johnson et al., 2005), acting as a gene detector when inserted
inside or in the vicinity of a gene. In a long-term collaborative
effort of the International Center for Tropical Agriculture (CIAT,
Cali, Colombia), T1 progenies of the insertion lines have been
field-evaluated under agronomic conditions in Cali, Colombia,
for the collection of phenotypes and seed propagation. Most of
the T1 lines have been successfully harvested in a bulk manner,
and their T2 seeds are available upon request. Individual harvest
of plants exhibiting mutant phenotype has also been carried
out and can be delivered as well (http://oryzatagline.cirad.fr).

A subset of the collection has been evaluated more thor-
oughly for detecting specific alterations in grain development

and in response to inoculation by the fungal pathogen Magna-
porthe oryzae. All that phenotypic information based on the
trait ontology (TO) nomenclature is now gathered in the Oryza
Tag Line database (Larmande et al., 2008). The Oryza Tag Line
database is linked through sequence information to the gen-
ome navigator OrygenesDB (Droc et al., 2006, 2009). The direct
link from the phenotype to the sequence through the line ID
allows back and forth searches and to implement in silico
reverse and forward strategies to focus the effort of gene dis-
covery. Lines exhibiting convergent TO phenotypes can be
investigated for the genes interrupted by characterized inser-
tions, while allelic series of insertions in the same gene
sequence can be analysed to highlight convergent phenotypes.
The objective of this study was threefold: (i) to estimate the
genome coverage by the indexed inserts in the library and
assess their quality, (ii) to have a first assessment of the fre-
quency of linkage between the mutagens and the observed
mutations and (iii) to determine whether in silico forward
and reverse genetics could enhance the chance of identifying
linkage between genes and phenotypes for agronomic traits.

Results
Molecular features of the inserts in the library
Number of T-DNA and Tos17 inserts

DNA blot of 384 TO plants harbouring the p4978 T-DNA (Fig-
ure 1) hybridized with the hpt and gusA probes revealed that
they contain an average of 2.7 T-DNA copies. These insertions
often present a complex T-DNA organization resulting from
sequence rearrangements (Figure S1). Forty-six per cent of the
transformation events were found to also harbour vector back-
bone sequence. The probability for a transformation event to
possess vector sequence increases as a function of the number
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Figure 1 Structural elements of the T-DNAs used to generate the OTL
library. Left (LB) and right (RB) borders of the T-DNA; left (LJ) and right
(RJ) junctions of the Ac transposable element of maize) E.coli B-glucu-
ronidase reporter gene (GUSA); composite transcription activator con-
taining the yeast GAL4 binding domain fused to a modified VP16
activation domain (GAL4/VP16); multimerized yeast 17-bp upstream
activation sequences (UAS); enhanced version of the Aequorea victoria
green fluorescent protein reporter gene (eGFP); minimal promoter (=90
or —48 bp: MP); promoter sequence (35S P) and terminator region (35S
T) of the CaMV 35S, subterranean clover mosaic virus promoter (ScCMV
P) fused to the rice Actin 1 first intron (Ai); hygromycin phosphotransfer-
ase (HPH) selectable gene with or without a castor bean catalase intron
(i); Agrobacterium nopaline synthase terminator (nos T). Arrows point
transcription direction.
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of T-DNA copies integrated: 80% of the single T-DNA copy
lines do not harbour vector backbone, while only 20% of the
three copy lines have no backbone sequence (Figure S1). The
Southern blot analysis of 47, 37, and 27 T1 progeny lines of
plants harbouring the p4978, p4984, and p4956ET15 T-DNA
showed that they contain an average of 2.8, 2.4, and 3.2 cop-
ies integrated at an average of 1.5, 1.2, and 1.4 loci, respec-
tively. As the analysis of 384 TO plants by Southern blot has
previously shown that the T-DNA lines also contain an average
of 3.3 unlinked new Tos17 inserts (Piffanelli et al., 2007), one
can conclude that the library of 31 562 lines carries approxi-
mately 45000 and 100 000 T-DNA and Tos17 inserts,
respectively.

Following elimination of redundant sequences isolated from
the border of the same T-DNA inserts but generated by using
different restriction enzymes, we determined that the library of
31 562 lines contains 16 814 discrete T-DNA integration sites
indexed through the genome sequence extending from the LB
(11 708), the RB (3743) or both the LB and RB (1363) at inser-
tion points. Analysis of the 1363 T-DNA inserts characterized at
both the LB and RB, through alignment of these sequences to
the Nipponbare pseudomolecule template, permitted to esti-
mate that T-DNA insertion created an average sequence gap of
75 bp. The 14 284 sequences flanking Tos17 inserts were
resolved into 12 410 discrete insertion sites, the redundancy
being attributable to sequencing inserts from distinct T-DNA
lines sharing the same cell lineage (Piffanelli et al., 2007).

These 16 814 T-DNA insertion sites are carried by a core of
17 667 lines in the library (Table 1). The 12 410 unique Tos17
insertion sites are similarly found in a core of 14 058 lines. Eight
thousand five hundred and forty-nine lines carry no character-
ized insert. Failure of FST recovery from an insert can be due to
the absence of restriction enzyme site used for FST capture in
its vicinity, unfavourable organization (T-DNA vector backbone,
tandem repeats, etc.), presence of multiple T-DNA or Tos17
inserts at different loci in a line, or quality of the DNA
preparation.

Rice genome coverage: number of genes interrupted by a
T-DNA and/or a Tos17 insert

Distribution of these inserts in genic and intergenic regions
shows that of more than 29 224 (16 814 + 12 410) sequence-
indexed inserts, 18 303 fall in predicted gene intervals (—1000
upstream ATG to 300 bp downstream the stop codon)
(Tables 2 and S1). Integration of Tos17 occurs more frequently
in genic regions (84% vs. 47%) and in coding sequences than

Table 1 A summary of lines of the OTL library harbouring O, 1, or
2 sequence-indexed T-DNA and Tos17 inserts

Locus Tos17
No. of lines with X

sequence-indexed

0 1 2 T-DNA inserts
Locus 0 8549 5301 45 13895
T-DNA 1 5643 4919 54 10616
2 3312 3612 127 7051

No. of lines with 17504 13832 226 31562
X sequence-indexed

Tos17 inserts

© 2012 The Authors
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that of T-DNA, whereas T-DNA inserts are more frequent in 5
and 3’ regions than Tos17. Seven thousand nine hundred and
nineteen and 10 384 discrete insertion sites of T-DNA and
Tos17, respectively, fall in predicted gene intervals. However, as
the number of inserts per gene averages 1.2 and 3.8 for T-DNA
and Tos17, respectively, the T-DNA and Tos 77 inserts eventu-
ally disrupted 6563 and 2755 discrete non-TE gene intervals,
respectively. Six hundred and forty-three genes have allelic
insertion of both T-DNA and Tos17. From this study, we can
therefore deduce that about 8686 rice genes are interrupted by
at least one sequence-indexed insert in the library.

FST quality assessment

FSTs were generated from DNA isolated from young regener-
ated TO plants. Plants were later harvested, T1 seeds were sown
on the field, and then T2 seeds were harvested to serve for dis-
tribution. To determine whether the FSTs are accurately
assigned to a T2 seed sample, 69 T2 progeny lines were analy-
sed by DNA blot using a gene-specific probe. Insertion creates a
shift of position of a hybridization signal, allowing a discrimina-
tion of homozygous, heterozygous, and azygous plants and
confirming the presence of a T-DNA insert at the expected inte-
gration site. These lines were analysed in the frame of several
scientific projects and can be considered, in first instance, as a
random set. The reconfirmation rate for the T-DNA was of 55
lines over 69 (79.7%). As a complementary approach, genomic
regions flanking T-DNA and Tos17 inserts were also amplified
and sequenced from a random set of 40 T2 seed samples, and
the same FSTs than those obtained from the original TO plants
were retrieved in 36 samples (90%). The 4 remaining FSTs were
different from the one sequenced at first, but not previously
existing in our database. They therefore likely result from the
sequencing of genomic regions flanking a second insert in the
line.

Another insight is to determine whether lines harbouring
sequence-indexed inserts in genes at position anticipated to cre-
ate knockouts (K.0.) with known phenotype exhibit the actual
phenotype. In that aim, we searched the OTL insertion library
for allelic inserts in genes described in the literature and
observed the plant phenotype in the corresponding OTL at the
T2 generation. Among these genes is SLENDERT (SLRT)
(0s03g49990), a plant-specific transcription factor of the GRAS
family. SLR1 is a negative regulator of Gibberelin response, and
its disruption induces a giant phenotype first visible at seedling
stage and later on at flowering (lkeda et al.,, 2001). Another
example is MULTIPLE SPOROCYTET (MSP1), (Os01g68870) an

Table 2 Distribution of discrete T-DNA and Tos17 insertion loci in
genic and intergenic regions in the OTL library

Locus Locus

Region T-DNA % Tos17* % Total %

—1000/ATG 2844 16.9 747 6.0 3591 12.3
Intron 2504 14.9 3960 31.9 6464 221
Exon 1760 10.5 5197 41.9 6957 23.8
Stop/+300 811 4.8 480 3.9 1291 4.4
Intergenic 8895 52.9 2026 16.3 10 921 37.4
Total 16 814 100.0 12 410 100.0 29 224 100.0

*From the study of Piffanelli et al. (2007).
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LRR-RLK involved in restricting the number of cells entering into
male and female sporogenesis, the K.O. of which being sterile
(Nonomura et al., 2003) A T-DNA and a Tos17 insertion line in
SLR1 and MSP1 were, respectively, identified in the OTL library,
and the resulting homozygous lines displayed the anticipated phe-
notypes (Figure S2). In addition, we recently showed that inser-
tions in five genes, which are previously described to be involved
in disease resistance to rice blast pathogen, corresponded to lines
indeed affected in disease resistance (Delteil et al., 2012).

Phenotypic variation in the collection
Variant trait classification

A total of 27 832 lines were observed at seedling stage in
the screenhouse and then under field conditions till harvest-
ing during six seasons from 2003 to 2008 at the CIAT head-
quarters experimental station, Cali, Colombia. The rest of the
lines (3730) had a very limited set of T1 seeds and were
kept at Cirad, Montpellier, France, for on demand seed
increase under greenhouse conditions. The field observations
were recorded in the Paddy Genes Book database, using the
TO classification. To compare our phenotypic observations
with the two previously published—the NIAS Tos17 collection
(Miyao et al.,, 2007) and the TRIM activation tagging T-DNA
collection (Chern et al., 2007)—we established a classification
very similar to those adopted in these studies with a few
modifications (Table 3). This led to the identification of 12
trait categories, namely germination, growth, leaf colour, leaf
morphology, plant morphology, mimic response, tillering,
heading date, flower, panicle morphology, seed fertility, seed
morphology, and root system. The final trait category list
comprised 71 subcategory traits (vs. 61 in the study of
(Chern et al, 2007) and 53 in the study of (Miyao et al,
2007) (see Table S2).

Trait variation frequencies

The observed frequencies of variation of traits were displayed
following categories appearing in the studies of Miyao et al.
(2007) and Chern et al. (2007) and according to the TO classi-
fication in Tables S2 and S3 respectively. The most commonly
observed phenotypes were low germination rate (21.95%),
sterility (4.71%), dwarfism (3.04%), albinism (2.69%), yellow
leaf (2.35%), late heading (1.44%), horizontal leaf (1.19%),
abnormal hull (1.06%), and weak plant (1.03%). The fre-
quency of lines exhibiting low germination rate appears much
higher than those in previous published studies. However,
a large part of the low germination rate lines observed in our
trials might be due to the conditions of seed drying and stor-
age before sowing as this was dependent on the batch of
lines. Up to 12 altered traits have been observed simulta-
neously on a given variant line (Figure S3). It is noteworthy
that the frequencies may vary significantly between the three
studies. For example, the frequency of lines segregating an at
least 95% sterility phenotype over the total number of lines
under observation was of 4.71% in the OTL collection. 7.65%
and 2.52% of sterile lines were observed in the Tos17 and
TRIM collections, respectively. Figure 2 illustrates some of the
remarkable phenotypes observed in the OTL collection.

Specific screens for grain phenotypes

Upon laboratory examination of the harvested panicles, manual
dehulling, and observation of the seeds under a stereomicro-

scope, 3.5% of the 7187 TO plants observed were found to
exhibit a T1 seed development phenotype. The most frequent
among the observed phenotypes illustrated in Figure 3a was
aborted seeds (abs) followed by wrinkled (wr), shrunken (shr),
round kernel (rd), defective (def), and brown seeds (Br). As the
phenotype observed on a primary regenerant may be prone to
extensive nonheritable variation, observations were also made
on panicles bearing T2 seeds from field- or greenhouse-grown
plants. The phenotypes were generally confirmed in these more
advanced generations. To determine whether the grain pheno-
type observed in the most interesting 34 lines was linked to a
T-DNA or a Tos17 insert, DNA of 20-30 T3 progeny plants seg-
regating the phenotype was isolated and subjected to DNA
hybridization using a T-DNA- or a Tos17-specific probe to exam-
ine linkage between phenotype and the mutagens. For the
aborted seeds’ phenotype which is supposed to be a conse-
quence of reaching homozygous status for the mutation, all the
heterozygous plants showing 25% seed lethality should contain
the insert. However, none of the observed phenotypes
appeared to be due to a mutagen upon linkage analysis.

The gusA- and Gfp reporter gene-based enhancer trap detec-
tion systems borne by the T-DNA inserted in the library may
increase the chance of identifying genes expressed in seed tis-
sues that might turn to play an important role in grain develop-
ment and filling. In that aim, T1 seed sections of the 7187
primary transformants harbouring either the p4978 or the
p4956ET15 T-DNA were observed for GUS activity and fluores-
cence, respectively. Nine per cent and 4% of the p4978 and
p4956ET15 lines, respectively, exhibited reporter gene expres-
sion in at least one of the seed tissue (embryo, aleurone,
and/or endosperm). These lines can be further characterized for
isolating genes expressed or promoters active in seed tissues.

Specific screen for response to Magnaporthe oryzae

In a recent paper, we demonstrated the usefulness of the OTL
collection for the analysis by reverse genetics of disease resis-
tance (Delteil et al., 2012). Here, we tested whether this collec-
tion could be used for forward genetic analysis of rice blast
resistance. Approximately 10 000 T1 lines were screened for
altered disease resistance to M. oryzae under controlled, growth
room conditions. The virulent FR13 isolate was chosen to
enable the identification of either lines showing enhanced dis-
ease resistance (EDR) or lines showing enhanced disease suscep-
tibility (EDS). The observed phenotypes were checked either
after sowing again the T1 progeny or by selfing the putative
mutants and testing their progeny. Only the lines that showed
reproducible phenotypes were further analysed. A total of 26
and 17 lines were detected as displaying an EDR and an EDS
phenotype, respectively. Selected examples of these phenotypes
are shown in Figure 4a. Fourteen of these phenotypes were
found independently in two lines derived from the same callus,
suggesting that in seven cases the same mutation was responsi-
ble for the observed phenotype. These shared mutations are
resulting from the line generation process where several lines
can be regenerated independently from a single cocultivated
callus (Piffanelli et al., 2007; Sallaud et al., 2004). Therefore, it
is likely that the 43 phenotypes identified represent in fact 31
phenotypes. Different degrees of EDS and EDR phenotypes
could be observed. For example, the AAMF11 line showed the
most severe EDS phenotype, whereas the AFHGO5 line the
strongest EDR phenotype. Except for the mutation existing in
both lines AFHG04 and AFHGOS lines—derived from the same

© 2012 The Authors
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Table 3 Classification of observed phenotypes and their associated
frequencies in the OTL library

No.
Category Subcategory lines Frequency
Growth Low germination 6108 21.95
rate*
Lethal 560 2.01
Abnormal plants 210 0.75
Weak 286 1.03
Leaf colour Albino 186 0.67
Yellow leaf 653 2.35
Dark green leaf 29 0.10
Pale green leaf 19 0.07
Virescent 4 0.01
Stripe 254 0.91
Zebra 17 0.06
Stay green 2 0.01
Others 3 0.01
Leaf Wide leaf 92 0.33
morphology Narrow leaf 48 0.17
Long leaf 87 0.31
Short leaf 32 0.11
Drooping leaf 32 0.11
Rolled leaf 88 0.32
Spiral leaf 18 0.06
Brittle leaf/culm 14 0.05
Horizontal leaf 330 1.19
Erect leaf 69 0.25
Others 64 0.23
Plant Semidwarf 847 3.04
morphology Dwarf 250 0.90
Long culm 136 0.49
Erect 5 0.02
Spread-out 104 0.37
Compact 90 0.32
Thin culm 21 0.08
Thick culm 24 0.09
Lazy 28 0.10
Culm branching 7 0.03
Mimic Lesion mimic 273 0.98
response
Tiller Monoculm 35 0.13
Low tillering 167 0.60
High tillering 79 0.28
Red culm 1 0,00
Heading date Early heading 0 0.00
Late heading 401 1.44
No heading 0 0.00
Flower Abnormal hull 223 0.80
Abnormal 0 0.00
floral organ
Awned 106 0.38
Abnormal 52 0.19
hull colour
Others 3 0.01
Panicle Long panicle 4 0.01
morphology Short panicle 4 0.01
Sparse panicle 0 0.00
Dense panicle 28 0.10
Shattering 0 0.00

© 2012 The Authors
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Table 3 (Continued)

No.
Category Subcategory lines Frequency
Neck leaf 0 0.00
Abnormal 120 0.43
panicle shape
Incomplete exertion 27 0.10
Few spikelets 40 0.14
Terminal spikelet 8 0.03
Others 49 0.18
Seed fertility Sterile’ 1311 4.71
Seed Large grain 0 0.00
morphology Small grain 71 0.26
Slender grain 0 0.00
Others 0 0.00
Root system Weak root 22 0.08

*Likely overestimated and attributable to seed preservation problems.
TMeans segregation of an at least 95% spikelet sterility phenotype.

transformation event—all phenotypes were segregating as
recessive mutations (data not shown).

Linkage analysis was performed for the T-DNA using the hpt
probe on the 43 lines (Table 4). The absence of tagging was
demonstrated for 33 lines (mutant plants showing no common
T-DNA band on Southern blot). In contrast, we could not
exclude potential tagging by the T-DNA for 12 of 43 pheno-
types analysed. For example, the link between the T-DNA and
the EDS phenotype was found in 19 of 19 T1s in the case of
AKJHO7 (data not shown), suggesting a strong linkage between
this phenotype and the T-DNA.

For two lines (AKJHO7 and ALKEO3), the genes potentially
mutated by the T-DNA were mutated in another, independent
line (AEWHO7 and AJVEQS8, respectively). We thus tested
whether these independent alleles were displaying an EDS phe-
notype. This was the case for the AEWHO7 line. This observa-
tion and the strong linkage between the T-DNA and the EDS
phenotype in the AKJHO7 line suggest that the insertion in the
0s08g06140 gene encoding an NAC transcription factor is likely
responsible for the observed phenotype. Similarly, in the case of
the ALKEO3 and AJVEOS8 lines (Figure 4b,c), the same pheno-
type could be associated with an insertion in the promoter of
the 0s019g52500 gene encoding an NADP-malic enzyme. At this
level of analysis, the data indicate that at least two of the 31
EDR/EDS phenotypes have a high probability to be tagged.

Specific screen for lesion-mimic phenotypes

During the M. oryzae screen, we also look for mutants that
would display spontaneous lesions resembling disease before
inoculation or lesions not typical of M. oryzae infection. Such
mutants are well known in rice and other plant species
(Lorrain et al., 2003). Of approximately 10000 T1 lines
screened, we identified 41 lines showing discrete lesions sim-
ulating disease (LSD; see for example ALMD12, ALTG10, and
APIEQS illustrated in Figure S4) and 30 lines showing necrotic
sectors (NEC; see for example AKOGO07, AMWGO09, and
AICGO7; Figure S4). Quite interestingly, two mutant lines
(AGGC08 and AGODO03) showed lesions that expanded,
resembling propagation mutants like the Sekiguchi mutant in

Plant Biotechnology Journal © 2012 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 10, 555-568
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Awned spikelet
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Figure 2 Selection of phenotypes for trait ontology-referenced traits observed during field evaluation of the OTL collection in CIAT, Colombia. Only

mutations segregating according to a 1 : 3 ratio are shown.

rice (Fujiwara etal, 2010). The AGGC08 phenotype was
inducible by M. oryzae inoculation (Figure S5). The analysis of
the APIEO5 T-DNA insertion site revealed that the known
SPL7 gene (Yamanouchi et al., 2002) was mutated in this line
(Delteil et al., 2012). We thus conclude that in this case the
lesion-mimic phenotype was probably due to this insertion.
Similar to EDS and EDR mutants, we looked for linkage
between the Tos17/T-DNA insertion elements and the
LSD/NEC phenotypes. We found very similar potential tagging
frequencies for T-DNA between the EDS/EDR phenotypes and
LSD/NEC phenotypes (Table 4). Like EDS/EDR mutants, when
this was possible we looked for independent mutations for
genes that were potentially mutated based on linkage analy-
sis. This could be done for nine genes corresponding to nine
LSD/NEC lines. At least two lines per gene were tested, and

the presence of the putative mutation was checked (data not
shown). We could show that in one «case (initial line
AICGO7), the phenotype was attributable to a mutation in
the gene initially identified. This gene corresponds to the
PHO2 gene (Figure 5a) for which we found nine of 13 lines
displaying necrosis (see example Figure 5b). All the lines that
were knocked out for the PHO2 gene displayed necrosis and,
as expected, an over-accumulation of inorganic phosphate
(Figure 5¢,d).

Discussion
Genome coverage

The rice community has the joint objective of deciphering the
function of most of the agronomically important genes by year

© 2012 The Authors
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Figure 3 Grain phenotypes observed in the OTL mutant collection. (a) Distribution of occurrence of grain filling and development phenotypes: aborted
seeds (abs), wrinkled (wr), shrunken (shr), round kernel (rd), defective (def), and brown seeds (Br). (b) A summary of frequencies of GUSA activity or
GFP fluorescence observed in T1 seed sections of enhancer trap lines harbouring the p4978 and p4956ET15 T-DNA construct, respectively.

2020 (Zhang et al., 2008), an effort much needed to unravel
the evolution of trait determinism and the molecular bases of
monocot- and crop-specific traits. In that aim, sequence-indexed
insertion libraries represent a helpful resource. To determine
whether the effort engaged more than a decade ago has been
sufficient, it is necessary to assess the quality and the genome
coverage of the sequence-indexed inserts present in the current
international collections.

Quality of the association between T2 seed bags and FST (more
than 80%), deduced from their use in reverse genetics, sequenc-
ing twice the FST, and observation of known phenotypes, indi-
cates high reliability of our collection. A similar rate (76%) of FST
reconfirmation has been observed in two important Arabidopsis
T-DNA libraries (O'Malley and Ecker, 2010).

One can estimate that altogether 8686 different rice genes,
representing one-fourth to one-fifth of the estimated gene
complement, are interrupted by a sequence-indexed insert. Nev-
ertheless, it is likely that not all disruptions result in gene K.O.s,
because of inefficiency for some insertions, notably in intron or
3’UTR regions, at preventing translation. However, information
deduced from Southern blot analysis suggests that the library
actually contains 100 000 and 45 000 Tos17 and T-DNA inser-
tion loci, respectively. Even though number of lines to reach
genome saturation by inserts relies on an exponential and not a
linear relation (Krishnan et al., 2009) and mutagens may exhibit

© 2012 The Authors

strong insertion bias to certain genes limiting their coverage,
this indicates that potentially a much larger set of rice genes
can have an insert in an insertion library of rather limited size
like OTL. Therefore, upon observation of a phenotype in a line,
a subsequent step to the search for presence of sequence-
indexed inserts in predicted genes is to survey the cosegrega-
tion of other T-DNA and Tos17 insertions residing in the line
with the altered trait through DNA blot analysis.

To harness the full potential of the library, one can use PCR
surveys in DNA pools (Hirochika, 2001; Lee et al., 2003) using
gene- and element-specific primers. However, organization of
the T-DNA, integration of backbone sequences, and GC content
of the target genomic region may represent important limita-
tions. Nowadays, mutant genome sequencing represent a hope-
ful alternative and has moreover the potential of revealing
hidden lesions in the genome such as point mutations, structural
rearrangements, and insertions of other elements mobilized dur-
ing the transformation/regeneration process (Sabot et al., 2011).
Resequencing the genome of Arabidopsis and rice regenerants
has recently shown that point mutation is the major source of
somaclonal variation (Jiang et al., 2012; Miyao et al., 2012).

Range of phenotypic variation

Field evaluation of insertion lines has been conducted for seed
propagation and description of the collection by phenotypic
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Figure 4 Mutants affected for rice blast resistance in the OTL mutant collection. (a) Representative mutants are shown: increased susceptibility
(AAMF11, AKJHO7) or increased resistance (AMYGO5, AMYFO5, AFHGO5) as compared to wild-type Nipponbare (NIP). The greyish lesions are typical

of susceptibility, while the dark and small lesions are typical of resistance response. (b) The ALKEO3 and AJVEOQS lines display similar enhanced susceptibil-
ity and are both mutated in the same gene as described in (c). (c) Position of the insertion sites in the ALKEO3 and AJVEOS lines (grey arrows).

All plants were grown 3 weeks and inoculated with the normally virulent isolate FR13 of Magnaporthe oryzae.

Table 4 Estimate of tagging frequency of phenotypic alterations by T-DNA and Tos17 inserts in the OTL library, based on analysis of mutants
exhibiting a lesion-mimic (LSD/NEC) or an altered fungal infection response (EDR/EDS)

T-DNA Tos17
LSD/NEC EDR/EDS All phenotypes LSD/NEC EDR/EDS All phenotypes
Total mutants 71 43 114 71 43 114
Mutants analysed 66 43 109 26 26 52
No linkage between 47 33 - 16 13 -
insertional element and phenotype
Successful allelism test/total tested 0/4 2/2 2/6 1/5 0/0 1/5
Maximum potentially 15 (23%) 12 (28%) 27 (25%) 6 (23%) 13 (50%) 19 (36%)
tagged (linkage and/or allelism)
Strong evidence for tagging 1 (3%) 2 (4.7%) 3(2.7%) 1(3.8%) 0 (0%) 1(1.9%)

EDR, enhanced disease resistance; EDS, enhanced disease susceptibility.

records. The latter could be extended to the behaviour of the
insertion lines under various environmental constraints (drought,
salinity, high and low temperatures, etc.). 18.2% of the lines
exhibited alteration in at least one of the observed traits. Some of
the lines cumulated up to 12 variant traits, some of them likely
resulting from the pleiotropic effect of some mutations. Compari-
son of previous field evaluations of the 50 000 NIAS Tos17
Nipponbare library (Miyao et al., 2007), 22 000 TRIM T-DNA acti-
vation tagging Tainung67 library (Chern etal., 2007), and
>100 000 lines of the RMD T-DNA ZhongHua11 library (Zhang
et al.,, 2006) indicates that variation is observed in the same
categories and subcategories of traits, although with variable fre-
quency. For some traits such as EDS/EDR (0.4%) and LSD/NEC
(0.7%) mutants, we found the same frequency of variation as in
other mutant populations. For example, Wu et al. (2005) found
0.18% mutants affected for blast resistance and 0.74% lesion-

mimic phenotypes in an IR64 deletion mutant collection. The
altered traits were also found those exhibiting a wide range of
variation in plants regenerated from germinal and somatic, tissue,
cell, and protoplast cultures that have been extensively evaluated
in the 1970-1990s to harness the potential of somaclonal varia-
tion in rice breeding. Frequency, range, and favourable vs. unfa-
vourable feature of the variation were found to be genotype
dependent (Sukekiyo and Kimura, 1991). Duration and procedure
used in tissue culture are also important factors influencing the
frequency of variation, as illustrated by the known accumulation
of Tos17 copies in cells over time in culture (Hirochika et al.,
1996). Differences in frequencies observed between the insertion
line libraries may therefore be genotype and tissue culture proce-
dure dependent but may also result from the use of T-DNA that
create additional lesions (abortive and nonabortive insertions) and
may carry an activation tag (creating dominant mutations and

© 2012 The Authors

Plant Biotechnology Journal © 2012 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 10, 555-568



Characterization of a rice insertion library 563

(a)
EE A TIGR Locus
Oz05g4aE90
ubiguitin conjugating enzume protein, putative, expresszed
EEHEFL cDNA KOME
Ak241747
BEEFST OTL
= E— S 13
4 2
1
<
mmmmm No PHO2 gene expression + necrosis
/>  PHO2 gene expression + no necrosis
(b)

AICG07 ADWG08 AVMEO2 AIHD02 AIHC02 ATKHO05 ATJAO5

[
|
| !
\ | :
1 el B 0000
] 02—
o N
AICGO7 ATKHOS AILAOS
(d) 10
W Mutant
WT
T
T T T
! 1 !
AICGO7 ATKHOS AILAOS

W Mutant

wWT

AU (% WT)
o =
SO

1
|
[

PHO2 expression;

i |

-

Pi; AU (% WT)

O L N WA U N ® O

Figure 5 The PHO2 gene is a Tos17 integration hot spot. (a) Lines harbouring the Tos17 insert (mutant) or sister lines not containing Tos17 insertion
(Wild-type = WT) were grown in the greenhouse under normal growing conditions. The position of the insertion is depicted in the 13 lines tested

(1 = ALWBQ9, 2 = ATEF09, 3 = ATJAO5, 4 = AILAQS5, 5 = ATKHO5, 6 = AEVHO4, 7 = AQAG12, 8 = AIHD02, 9 = AIHC02, 10 = ADWGO0S,

11 = AICG07, 12 = AVMEOQ2, and 13 = ADUCO3). The black arrows represent lines that showed necrosis, the white arrows the lines that did not dis-
play necrosis and the red arrows lines that were not tested. (b) Example of necrotic phenotypes on 8-week-old plants. The relative severity of necrosis
is not representative but merely reflects independent experiments. (c) PHO2 gene expression measurements in mutant and their corresponding WT sis-
ter lines. RNA were extracted and analysed as described in the study of Delteil et al. (2012) using PHO2-specific primers (data not shown). (d) Inorganic

phosphate was measured as described in the study of Itaya and Ui (1966).

having the potential of producing a phenotype in inserting in
genes accomplishing a redundant function).

Tagging frequency

Interest of the use of insertion mutant libraries in forward genet-
ics screens for gene discovery depends on the answer to an
important reiterated question: What is the frequency of pheno-
typic variations tagged by the mutagens? We have mentioned
above that phenotypic variation may have many causes such as
DNA/histone methylation, point mutations, deletions, larger
structural rearrangements, or mobilization of other transposable
elements. The only published information so far for rice insertion
mutagenesis has long been that of the Tos17 NIAS library, which
evaluated this frequency to 5% (Nonomura et al., 2003). Using

© 2012 The Authors

specific screens for three different traits (grain development,
apparition of spontaneous lesions, and response to inoculation by
a fungal pathogen), we show here that efficiency of tagging is
dependent on the trait, likely on its amenability to somaclonal
variation, and probably on the robustness of the undertaken phe-
notypic screen. As the segregation analyses between inserts and
the altered trait were carried out through DNA blot analysis, all
the inserts containing the probe sequence were simultaneously
surveyed. Whereas establishment of linkage was unfruitful in
grain-associated phenotypes, it was more successful with the two
other traits. For the EDS/EDR/LSD/NEC phenotypes, we found in
a first assessment that 19 phenotypes of 52 and 27 phenotypes
of 109 could be due to Tos17 insertions and T-DNA, respectively
(Table 4). These numbers likely overestimated the tagging
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frequency as in some cases, linkage analysis was only performed
on a small number of plants. When considering only the cases
where linkage analysis relies on more than five plants, the maxi-
mum tagging efficiency is 12 of 109 (11%) for the T-DNA and 11
of 52 (21%) for Tos17. Conversely, a minimum tagging efficiency
can be estimated when considering that of 43 EDR/EDS and 71
LSD/NEC phenotypes analysed, two EDS phenotypes (original
lines AKJHO7 and ALKEO3) and two LSD/NEC (APIEO5 and
AICGO7) are likely due to T-DNA or Tos17 insertions. Quite similar
tagging efficiencies were found for the T-DNA (2.7%) and for
Tos17 (1.9%) (Table 4). Overall, our data suggest that at least
four phenotypes of 114 tested (3.5%) are due to an insertion ele-
ment in these specific screens. The AKJHO7/AEWHO7 allelic
mutations likely identify a NAC transcription factor. Such genes
have already been shown to be required for disease resistance
(Wang et al., 2009) or abiotic stress tolerance in rice (Hu et al.,
2006). In our case, dwarfism associated with these mutations
(data not shown) could also be responsible for the increased sus-
ceptibility, as blast susceptibility is highly dependent on the devel-
opment stage (Ribot etal, 2008). In contrast, the
ALKEO3/AJVEOS8 allelic pair in the putative NADP-malic enzyme
do not display obvious morphological change. The involvement
of this gene as a positive regulator of disease resistance is consis-
tent with previous report (Parker et al., 2009) that the NADP-
malic enzyme activity is increasing upon rice blast infection and
that this activity seems to be suppressed during compatible inter-
action. The two other phenotypes potentially tagged are due to
mutations in known genes (SPL7: Yamanouchi et al. (2002) and
OsPHO2: Bari et al. (2006)).

Convergence of hints increase the chance of wet
validation of tagging

To increase the chance of establishing linkage between phe-
notypic variation and insertional mutagens, it might be impor-
tant to rely on a convergence of hints. Such convergence
can be the coincidence of enhancer trapping-mediated repor-
ter gene detection and phenotype in a given organ (such as
the seed) or coincidence of phenotypes in independent lines
which proved to contain allelic sequence-indexed insertions in
a given gene. The latter has been illustrated by the lesion-
mimic phenotype observed in 9 lines which was found to
result from the KO allelic insertions in the PHOZ2 gene, which
turned to be a hot spot for Tos17 inserts.

This example stresses the need to link phenotypic databases
through a common vocabulary to fully harness the potential of
that information for focusing molecular validation in forward
genetics gene discovery studies. Phenotypic information result-
ing from field observations or specific screens is so far gathered
in distinct web-accessible databases (http://tos.nias.affrc.go.jp/
miyao/pub/tos17/index.html.en, http://rmd.ncpgr.cn/, http://trim.
sinica.edu.tw, http://oryzatagline.cirad.fr). An important step
remains to be accomplished to link these databases through the
use of a common vocabulary to describe the altered traits. In
that aim, the Plant Ontology Consortium (Jaiswal et al., 2005)-
controlled vocabularies to describe mutant phenotypes appear
the most suitable to ensure the possibility of future crossrefer-
encing between different databases. Using the hierarchical
architecture of TO would allow starting a cross-database search
for a broad term (e.g. plant morphology) to establish a first list
of lines from different insertion libraries that exhibit a conver-
gent phenotype. Refining the search using narrower TO terms
(e.g. plant height) and further examining the function of the

genes interrupted in this set of lines (e.g. GA-related) may pro-
vide precious indications on the pathways involved in the elabo-
ration of the altered trait.

Nowadays, rice insertion libraries represent more than
500 000 lines and 240 000 sequenced inserts (Krishnan et al.,
2009). Although allowing the identification of an insertion in a
majority of rice genes owing to the insertional bias of the muta-
gens in gene-rich regions, the number of sequence-indexed
inserts remains largely insufficient and lags far behind Arabidop-
sis (385 000 insertion sites), the genome of which representing
one-third of rice. Even with such extensive coverage, it has to
be kept in mind that 12.2% of the Arabidopsis genes yet
remain devoid of insertion (O'Malley and Ecker, 2010).

The 30 000 lines of the OTL library may have potential to con-
tain a larger number of lesions in the rice genome covering many
more genes, but their full molecular characterization is hardly
achievable using conventional PCR-based methods. A promising
perspective is the full-genome sequencing of thousands of
mutants, which will soon become an affordable effort and would
not only reveal virtually all the insertion sites of the known muta-
gens but also characterize additional hidden lesions (Zuryn et al.,
2010). Such an effort would also largely unravel the causes of
somaclonal variation residing at the nucleotide level.

Experimental procedures
Generation of the library
Plasmid constructs

Three T-DNA vectors—p4978, p4984, and p4956ET15—have
been used to generate the library (Figure 1). Preparations of the
p4978 and p4956ET15 vectors have been described in detail in
the studies of Sallaud et al. (2004) and Johnson et al. (2005),
respectively. The p4984 vector has been constructed by inserting
an ubi: bar :nos3’ sequence flanked by the terminal inverted
repeats of the maize Ac element as a Xhol-Spel fragment in the
EcolCRI site of p4978 (W. Tucker and A. Betzner, ANU,
unpublished). The three constructs have been built on the pCAM-
BIA1300 backbone (R. Jefferson, CAMBIA, Canberra, Australia).

Transformation

First-generation (TO) T-DNA plants have been produced by
cocultivation of secondary, seed embryo scutellum-derived cal-
luses of the japonica cultivar Nipponbare of rice (Oryza sativa
L.) with Agrobacterium tumefaciens strain EHA105 or LBA4404
carrying the T-DNA above-mentioned constructs, according to
the procedure described by Sallaud et al. (2003). Nipponbare
seeds serving at tissue culture were first provided by the
National Institute of Agrobiological Sciences (NIAS, Tsukuba,
Japan) and then seed increased by our own. The transformation
efficiency averaged 4 TO T-DNA plants per cocultivated second-
ary, seed embryo scutellum-derived callus (4.4, 2.3, and 4.0 for
the p4978, p4984, and p4956ET15 constructs, respectively). T1
seeds have been harvested from 19 000 p4978, 3000 p4984
and 9000 p4956ET15 TO plants.

Molecular characterization of the T-DNA and Tos17
inserts

Generation of flanking sequence tags

Flanking regions of inserts were amplified from the left border
(LB) of T-DNA inserts and from the right LTR of Tos17 inserts
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according to the adapter-PCR protocols described in the studies
of Sallaud et al., 2004 and Piffanelli et al., 2007, respectively,
using genomic DNA isolated from the TO p4978, p4984, and
p4956 ET 15 plants. In addition, walk-PCR was conducted from
the right border (RB) of T-DNA inserts in ECORV or Sspl DNA
digests (D. Mieulet and P. Piffanelli, unpublished). The sequenc-
ing of 18 156 RB PCR products led to the anchoring of 7296
(40%) informative sequences on the rice genome. The fre-
quency of informative sequences was lower than that resulting
from the sequencing of regions flanking the T-DNA insert LB
(57%). This was attributable to a frequent RB : LB and RB : RB
tandem organization of T-DNA copies at the integration lodci,
representing 37.3% of the sequences. The 7296 anchored
sequences represented 5262 discrete insertion points of the
T-DNA. Redundancy was mainly due to the use of two indepen-
dent PCRs from the same DNA sample digested with either
EcoRV or Sspl. To a lesser extent (5%), it may also result from
the analysis of clonal transformation events regenerated from
the same cocultivated callus piece.

Southern blot analysis

Southern blot analyses were used to determine the number of
copy and integration loci of the mutagens, verify disruption of
target genes by a given mutagen, and analyse linkage between
a mutation and a mutagen. Genomic DNA was extracted from
250 to 500 mg of TO regenerated plants or of 6-week-old
T1/T2 seedlings with the MATAB method. Eight micrograms of
DNA was digested with EcoRl, Xbal, BamHl, or Hindlll for
T-DNA and Tos17 insertion lines for 12 h at 37 °C in a final
200 uL. Samples were then precipitated with 500 L of absolute
ethanol and 10 pL of NaCl 5m for 1 h at =20 °C and then
washed with 500 pL of ethanol 70%. Samples were centrifuged
at 16 000 g for 15 min, dried for 30 min, and resolubilized in
20 pL of distilled water. Samples were then loaded onto a
0.8% agarose gel for electrophoresis in TAE buffer. DNA was
transferred to Hybond-N, membrane in alkaline media. Hybrid-
ization was first performed with probes labelled with a-[3?p]-
dCTP and the Mega Prime DNA labelling system according
manufacturer (Amersham, UK). Autoradiography was carried
out using Phosphorimager. Membranes were then des-hybrid-
ized and hybridized again with the gene-specific probe.

Estimation of insert copy and locus number in the library:
T-DNA copy and locus number

A precise estimation of the average number of T-DNA copies
was provided by the Southern blot analysis of Sstl-digested
DNA blots of a random set of 384 p4978 TO plants, hybridized
to the hpt and gusA probes (Figure S1). Additional data on
both T-DNA copies and integration loci were generated by the
linkage analysis in T1 progenies of 47, 37, and 27 p4978,
p4984, and p4956ET15 plants, hybridized at least to the hpt
probe. Tos17 copy number : the hybridization of Xbal DNA
blots of the above-mentioned set of 384 p4978 TO plants with
a reverse transcriptase (RT) probe specific to the Ty1 copia ret-
rotransposon Tos17 showed that they contain an average of
3.3 new copies of the element that segregate in an indepen-
dent manner in T1 progenies (Piffanelli et al., 2007).

FST quality assessment

To assess the quality of the FST data generated from the T-DNA
and Tos17 inserts in the library, Southern blot analysis was car-
ried out on T2 progeny seedlings resulting from the field seed
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increase, using a gene-specific probe for 80 and 56 indepen-
dent T-DNA and Tos17 insertions, respectively. Whether the
insertion is at the site predicted from FST data, we anticipate
the occurrence of a segregating polymorphism because of the
integration of the insertion mutagen within the sequence, in
the progeny plants. The FSTs were first identified using Ory-
GenesDB (http://orygenesdb.cirad.fr/) using search tool of the
Genome Browser. Gene-specific probes primers were designed
using the ‘primer designer’ tool of OryGenesDB with default
parameters, except for the restriction enzyme parameter, set to
either EcoRl, Xbal, BamHI, or Hindlll. Gene-specific probes were
amplified using Biolabs Taqg according manufacturer instructions
with the following amplification conditions: 94 °C 1 min, 30
cycles of 94 °C 1 min, 52 °C 1 min, 72 °C 2 min, and a final
elongation step of 72 °C 8 min. Probes were gel-purified using
Zymoclean Gel DNA recovery kit and eluted in 10 uL Tris—HCI
10 mm. Around 50-100 ng of gel-purified probes were used for
labelling and used along hph and Tos17 specific probes for
determining segregation of polymorphisms at the target locus
along with those of T-DNA/Tos17 inserts.

Phenotypic characterization of the library
T1 progeny screening and seed propagation

T1 seeds harvested on greenhouse-grown TO plants have been
used for specific screenings and seed increase. Observation of
phenotypic alterations in grain development and filling has been
made first on T1 panicles, and the phenotype was later con-
firmed on panicles of greenhouse- or field-grown T2 and T3
progeny plants. Five T1 seeds have been used for the detection
of GUSA activity and GFP fluorescence on half seeds. Twenty
T1 seeds have been used for detecting changes in response to
inoculation with M. oryzae at the four- to five-leaf stage of
plants grown in trays in phytotron. Twenty-five T1 seeds have
been shipped to CIAT for field evaluation and seed propagation
under agronomic conditions.

Morphophysiological alterations under field conditions

We carried out a multitrait scoring of the entire collection at
the CIAT headquarter experimental station (Cali, Colombia).
Owing to the very large number of materials to handle, the
observations were organized into six successive field trials of
about 5000 lines, between 2003 and 2008.

Trait ontology nomenclature

A list of phenotypic traits was established from data mining of
several rice phenotypic databases (http://www.gramene.org,
http://www.grs.nig.ac.jp/rice/oryzabase, http://www.irri.org/ge-
nomics) and was used as a guide for observations (see Table S3).
An English-Spanish-French lexical of botanical and agronomic
terms was established to facilitate phenotype identification.

Field experimental layout

Two fields of two hectares each were prepared following the
requirements of the Colombian Agropecuary Institute, ICA (In-
stituto Colombiano Agropecuario). Each field was organized in
40 pools of 33 m x 10 m separated by dikes and irrigation
channels. The entire surface was covered by nylon nets to avoid
any damage or seed dissemination that could be caused by
birds. A basic fertilization composed of monoammonium phos-
phate, iron sulphate, potassium chloride, and microelements
was applied. The field was irrigated twice a week.
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Screenhouse observations on seedlings

Up to twenty-five T, seeds per Ty plant were sown in the screen-
house. Sowing was carried out in batches of 1250 lines, with
about 3-week intervals between the batches. The seeds were
heat-treated for 3 days at 50 °C to break dormancy and planted
in plastic trays with a mixture of CIAT (67%) and Santander de
Quilichao (33 %) soils. The soil characteristics and composition
were as follows. CIAT soil: pH 7.39; Organic matter 17.19 g/kg;
P-Brayll 71.87 mg/kg; K 0.69 cmol/kg; Ca 13.56 cmol/kg; Mg
7.61 cmol/kg; Na 0.24 cmol/kg; CIC  18.85 cmol/kg; S
64.48 mg/kg; B 0.95 mg/kg; Fe 1.42 mg/kg; Mn 54.61 mg/kg;
Cu 0.44 mgrkg; Zn 5.52 mgr/kg. Santander soil: pH 6.32;
Organic matter 36.81 g/kg; P-Brayll 39.80 mg/kg; K 0.53
cmol/kg; Ca 9.72 cmol/kg; Mg 5.55 cmol/kg; Na 0.14 cmol/kg;
CIC 20.40 cmol/kg; S 48.00 mg/kg; B 0.36 mg/kg; Fe 6.76
mg/kg; Mn 49.89 mg/kg; Cu 0.85 mgs/kg; Zn 3.68 mgr/kg.
Twelve lines were planted per tray. Germination rate was deter-
mined at 10 days after sowing (DAS). The first phenotypic obser-
vations were made at 18-20 DAS.

Field observations

The plantlets were transplanted in the field at 25 DAS. Lines were
sown every 50 cm, and plants within a line every 20 cm. Control
lines of Nipponbare cv. were planted for each 10 T-DNA lines to
facilitate the comparison with wild phenotype. Phenotypic analy-
ses were carried out at different stages of the plant growth, using
the list of traits as a guide. A first round of observation was made
on 45-day-old plants. A second evaluation was made at flowering
stage, and the ultimate observation was made at maturity before
harvesting. These three rounds of observation maximized the
chances to detect phenotypic variations, as various traits might
be observed at only one of these stages. Moreover, this permitted
to follow the evolution of a suspected phenotype at early stage
and possibly confirm or invalidate it.

Paddy Genes Book database

A local Excel™ database of all data relative to growth condi-
tions, germination, flowering, and phenotypic observations
was set up (M. Lorieux, unpublished; http:/mapdisto.free.fr).
This database, called Paddy Genes Book, was mainly used as
a working tool to facilitate data entry and compilation. How-
ever, it also can be used for data browsing, and several
options for searching for lines or traits according different cri-
teria are available. Moreover, the database offers tools for
computing basic statistics over traits and lines. Tools for facili-
tating gene discovery by both forward and reverse genetics
approaches were implemented, which allow linking the phe-
notypic information to the FST positions. Searches using the
TO instead of trait codes are allowed. These features permit
fast and powerful identification of candidate genes or gene
families that can be confirmed later on by line tagging. This
database also displays photographs of the mutant pheno-
types: more than 40 000 pictures are available.

Specific screen for alterations in grain development and
filling

Reporter gene expression: GUS activity was detected on half
seeds by the GUS histochemical assay (Jefferson, 1987). GFP
fluorescence in living tissue was detected using a Leica MZ FLIII
fluorescence stereomicroscope (Leica microsystems GmbH,
Wetzlar, Germany) and GFP Plus fluorescence filter set [GFP2,

480-nm excitation filter (bandwidth of 40 nm) and 510-nm bar-
rier filter]. Images were collected using a Leica DC 300F digital
camera (Leica microsystems GmbH).

Specific screen for alterations in response to Magnaporthe
oryzae inoculation

The inoculation procedure was detailed in the study of Berruyer
et al., 2003. We chose a strain that was virulent on the Nippon-
bare cultivar (M. oryzae strain FR13; CIRAD collection—kind gift
from D. Tharreau). This strain triggers severe disease character-
ized by greyish lesions on young plants (<3 weeks old). Approxi-
mately 10 000 lines were screened for altered disease response
2 weeks after sowing (three-leaf stage).
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