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Abstract

Microarray transcript profiling and RNA interference are two new technologies crucia for
large-scale gene function studies in  multicellular eukaryotes. Both rely on
sequence-specific hybridization between complementary nucleic acid strands, inciting usto
create a collection of gene-specific sequence tags (GSTs) representing at least 21,500
Arabidopsis genes and which are compatible with both approaches. The GSTs were
carefully selected to ensure that each of them shared no significant similarity with any other
region in the Arabidopsis genome. They were synthesized by PCR amplification from
genomic DNA. Spotted microarrays fabricated from the GSTs show good dynamic range,
specificity and sensitivity in transcript profiling experiments. The GSTs have also been
transferred to bacteria plasmid vectors via recombinational cloning protocols. These cloned
GSTs congtitute the ideal starting point for a variety of functiona approaches, including
reverse genetics. We have subcloned GSTs on a large scale into vectors designed for gene
silencing in plant cells. We show that in planta expression of GST hairpin RNA resultsin
the expected phenotypes in silenced Arabidopsis lines. These versatile GST resources

provide novel and powerful tools for functional genomics.

Supplemental materia is available online at www.genome.org. The pAgrikola sequence
data have been submitted to GenBank (AY568055) and the transcript profiling data to
Array Express (XXXXX). The GST sequence information is accessible via the CATMA
database (www.catma.org) and other Arabidopsis web resources. CATMA arrays, or
corresponding CATMA-based transcript profiling services, are provided by various
genomics facilities. The GST amplicons are available from the Nottingham Arabidopsis

Stock Centre (nasc.nott.ac.uk). NASC will also distribute the cloned GST repertoires.



INTRODUCTION

Exhaustive gene lists are now available for numerous species including a number of
multicellular eukaryotes, and biological research is moving from the study of single genes
toward the paralel study of many genes taking advantage of genome sequences for
large-scale functional surveys. Two key methods have greatly enhanced our ability to
assign functions to genes in systematic analyses. microarray transcript profiling (Holloway
et a. 2002) and silencing via RNA interference or RNAI (Hannon 2002; Waterhouse and
Helliwell 2003). Full transcriptome microarrays give information on when, where and at
what level each and every gene in an organism is expressed. RNAI knockdown lines give
information on gene function by showing the effects of a drastic reduction in expression of
the target gene. Both methods exploit the molecular hybridization of complementary
nucleic acid strands either in vitro, in the case of microarrays, to quantify the level of
transcriptsin a given RNA sample or in vivo, in the case of RNAI, to target the degradation
of transcripts by the Dicer/RISK pathway.

The choice of appropriate sequences, with which to construct these tools, is
complicated by the significant similarity present within gene families. It is important for
each probe to be specific to a cognate target gene. Stringent criteria must be implemented to
restrict, as far as possible, the hybridization between related but different nucleic acid
segments. Bioinformatics tools are available for the design of such probes either
synthesized as oligonucleotides (e.g., Li and Stormo 2001; Chen and Sharp 2002; Rouillard
et a. 2002) or as PCR-amplified DNA segments (Varotto et al. 2001; Xu et al. 2002;
Nielsen et al. 2003; Thareau et al. 2003). These tools are particularly relevant for model
species characterized by a high level of genetic redundancy. As in many other land plants,
the Arabidopsis genome has undergone multiple rounds of polyploidisation and gene
amplification events leading to extensive duplication of large regions and many small
tandem duplications. Consequently, two-thirds of its nuclear genes belong to gene families

and, out of these, one-third to families with more than five members (Arabidopsis Genome



Initiative 2000; Simillion et a. 2002).

But probe design is only the first step in functional genomics initiatives and the
production of probe repertoires (oligonuclectide, cDNA or genomic DNA fragments)
required for microarrays or RNAI is cumbersome and expensive. Idedlly, this type of
reference materia should be formatted as robust and versatile resources, readily available to
the research community. Using these criteria as a standard, we have built a collection of
Arabidopsis gene-specific sequence tags (GSTs). It was created in the context of the
Complete Arabidopsis Transcript MicroArray (CATMA) initiative, combining the efforts
of laboratories in eight European countries (Hilson et a. 2003). Here, we describe the
design and synthesis of GSTs representing at least 21,500 proteinencoding genes. Each
GST isasegment of genomic DNA derived from the corresponding gene and is selected to
avoid cross-hybridization with other sequences. The format of the GST collection has been
optimized to facilitate its subsequent amplification and dissemination and to permit
inexpensive quality controls. The CATMA GSTs constitute an excellent source of probes
for the production of spotted microarrays. In an extension of this concept, the GSTs have
also been cloned in bacterial plasmids and are presently being used for the systematic
knockdown of Arabidopsis genes by RNAI. We present here the first results of transcript
profiling and reverse genetics applications with the Arabidopsis GSTs to illustrate the

potential of this resource for the functional analysis of genesin this model species.



RESULTS

Design
The GSTs were selected with the Specific Primer and Amplicon Design Software, SPADS
(Thareau et al. 2003), based on gene models extracted from the structural annotation of the
Arabidopsis thaliana nuclear genome (January 2001) and using the eukaryotic gene finder
EuGene (Schiex et a. 2001). The results of this fully automated structural annotation tool
are available online (http://www:.psh.ugent.be/bioinformatics/genomes_ath_index.php).
The SPADS GST selection process can be divided in four steps. Firstly, the software
searched for divergent regions. For each gene model, exons were sequentially matched
using BLASTn (Altschul et a. 1997) against the entire genome sequence and segments
with significant homology hits discarded. Secondly, the Primer3 software (Rozen and
Skaletsky 2000) selected PCR oligonucleotide pairs in the remaining divergent exonic
regions. Thirdly, these oligonucleotide pairs were filtered using BLASTn to eliminate any
sequences with significant matches in the surrounding window (minimum 400kb). This
filter diminished the risk of producing spurious PCR products carrying norttarget portions
of the Arabidopsis genome. Finally, the remaining potential amplicons were matched using
BLASTNn against the full genome sequence to determine the presence of potentia
paralogous genes. for every gene model, SPADS scanned sequentialy each potential
amplicon, starting with 3' sequences, until one was identified that met the chosen
congtraints. For this study, the GST length ranges between 150 and 500base pairs (bp),
large enough to be purified from contaminants such as PCR primers or primerdimer PCR
artifacts, but small enough to be amplified very efficiently and to retain a sufficient level of
specificity. The selected GSTs share no more than 70% identity with any other sequence in
the nuclear genome, because above that threshold crosshybridization is detected in
microarray experiments (Richmond et al. 1999; Girke et a. 2000). For other parametersin
SPADS, Primer3 and BLASTn used in this study, see Methods and Thareau et a. (2003).
The SPADS algorithm was applied to 29,787 gene models of which 20,981 (70%)



resulted in anin silico designed GST. The mgjority of sequences are in the lower portion of
the length spectrum (Fig. 1). Starting the selection from the 3' end of genes resulted in a
distribution of 24%, 15% and 61% of the probes in the 5', central and 3' third of the gene
models, respectively. Although al primer pairs delimiting the GST sequences lie in
annotated or predicted exons, SPADS may also select GST sequences overlapping with
intron(s). In this study, 606 (2.9%) GSTs were designed with intron sequences, while they
still contained at least 150 bp matching exons and less than half of the GST matching intron
sequence. In addition to GSTs extracted from annotated protein-encoding genes, 139 tags
were picked from intergenic regions distributed across the five chromosomes. These
intergenic tags can serve as negative internal controls in microarray transcript profiling
experiments. An example of the distribution of GST sequences along the annotated genome
sequence is shown in Figure 2.

Detailed GST information is available from a database at www.catma.org (Crowe et
al. 2003). For each GST, the CATMA database provides the sequences and corresponding
PCR amplification oligonucleotides, their length, genome location, GC%, the GST primary
amplification results (with associated gel images), the gene model from which each GST is
derived and additional technical information. It aso shows links between GSTs and
corresponding Arabidopsis Genome Initiative [AGI] gene names together with the Gene
Ontology (GO) information about gene function. GST information will also be available
viaother Arabidopsis resource websites (see Web site References).

The quality of the Arabidopsis genome annotation improves continuously thanks to
the refinement of in silico prediction tools and to the increasing number of experimentally
documented transcription units (Haas et a. 2002; Seki et a. 2002; Yamada et al. 2003;
Castelli et a. 2004). The GST collection is being enlarged incrementaly to take into
consideration annotation updates. The first version described above, CATMA v1, contained
21,120 in silico designed tags and was based exclusively on gene models from the 2001
EuGene genome annotation

(http://www.psh.ugent.be/bioinformatics/genomes_ath_index.php). The second version,



CATMA v2, contains an additional 3,456 in silico tags (24,576 in total). These new tags
were selected according to aternative criteria: (i) the minimum primer GC% was lowered
from 40% to 30%; (ii) gene models only defined by a coding sequence and that failed to
yield atag in v1 were extended with the 150 bp segment immediately following their stop
codon; and (iii) AGI gene models located in regions where no genes were predicted by
EuGene wereincluded. A third additional GST set is currently in preparation.

The overlap between CATMA v2 and the latest AGI annotation performed by The
Ingtitute for Genomic Research (TIGR; release 5.0) was calculated by searching al GST
sequences that aligned over a segment of at least 150bp with at most two mismatches with
the gene models including untranslated regions and introns. Out of 29,993 AGlannotated
protein-encoding genes, including sequences labeled as pseudogenes but not taking into
account alternative splicing variants, 21,566 matched at least one GST, and 2,173 genes
more than one GST. Conversely, out of 24,576 GSTSs, including controls, 23,280 match at
least one AGI gene.

All the data presented below on microarray transcript profiling and largescale
cloning relates to the CATMA v1 collection. All functional and structural annotation refers

to the TIGR release 5.0 genome annotation.

Synthesis

The GSTs were PCR amplified from genomic DNA. The gene-specific oligonucleotides
used for PCR synthesis each contained a 17-nucleotide 5 extension added to the
gene-specific portion selected by SPADS. In total, 40 arbitrary, unique extension sequences
had been assigned to the 24 columns (c1-c24) and 16 rows (rA-rP) of a 384 multi-well plate
(Fig. 3A; Table S1). The column and row extensions were located upstream and
downstream, respectively, of the tag sequence with respect to the direction of transcription
(Fig. 3B). Based on this structured arrangement, the secondary amplification of the entire
GST collection was performed with only 40 oligonucleotides, each carrying the appropriate

selective extension at their 3' end. Well-to-well cross-contaminations that commonly plague
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cDNA collections maintained for printing microarrays (Knight 2001) are thus resolved in
secondary PCR with the set of 40 extension primers because each GST in amulti-well plate
isamplified by a unique combination of one column primer and one row primer, depending
onits position in that plate (for example c4 and rB in Fig. 3A).

Individual bacterial artificial chromosomes (BACs) were chosen as templates for the
primary PCR amplification of the GSTs, wherever possible. Reducing the template
complexity by three orders of magnitude when compared to the Arabidopsis nuclear
genome increased DNA yield and diminished the synthesis of spurious products. For this
purpose, we used IGF (Mozo et a. 1999) and TAMU (Choi et al. 1995) BAC clones for
which bacteria strains were available, together with complete or end sequence information.
Out of the 24,576 GSTs in CATMA v2, 22,614 (92.0%) were amplified from BAC
templates. Besides faulty primers, failures probably represent incomplete BAC genome
coverage, incorrect mapping of BAC clones on reconstructed chromosome sequences, BAC
instability or faulty BAC tracking. The 1,013 remaining successful GSTs (4.1%) were
amplified from purified genomic DNA (Col4 ecotype). In total, 20,388 (96.1%) GSTs were
produced as determined by the detection of a single PCR product of the expected size in
agarose gel electrophoresis. All primary amplification results including gel images can be
studied online via the CATMA database. As previously described (Thareau et a. 2003), a
random subset of 956 (3.9%) GST amplicons were sequence validated (579 amplified from
BACs and 377 amplified from total DNA template) as an additional quality control. In all
cases, the sequence determined experimentally is identical to the expected GST, indicating
that the collection is of very high quality. The sequence validation data is also available in
the CATMA database.

Transcript profiling with CATMA vl arrays. Performance study
GSTs can easily be synthesized in large amounts using small aliquots of the diluted primary
amplicons as templates, then purified and printed on glass microarrays. Platforms using the

GST caollection for microarray production recovered 94.3% to 98.3% of the amplicons in
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secondary PCRs. We investigated the performance of arrays printed with CATMA vl
GSTs in a control experiment and in a biological experiment assessing differential
expression. The first experiment focuses on the dynamic range, sensitivity and specificity
of glass microarrays printed with Arabidopsis GSTs in a series of spiked hybridizations.

The objective was to assemble a series of targets for hybridization, spiked within
vitro synthesized and purified polyadenylated RNAS, called spike RNA, covering a range
of biologicaly relevant concentrations. The experimental design and the subsequent
interpretation of the results are based on the assumption that polyadenylated messenger
RNAs congtitute 1% of total RNA, that a cell contains on average 300,000 transcripts and
that the average transcript length is 1,500 nucleotides.

All hybridizations were performed with the same RNA extracted from aeria parts of
germinating Arabidopsis seedlings and completed with various amounts of spike RNAS.
They were chosen on the following criteria: (i) the corresponding cDNA clones were
available and (ii) their expression had not been previoudy detected in shoot material. A
total of 14 spike RNAs were reverse transcribed in vitro, although one of them failed
quality controls and was removed from further analysis (Suppl. Table S3). The spike RNAs
were added to the shoot total RNA to generate seven RNA mixes containing 104, 103, 107,
10, 1, 0.1 or zero copies per cell of each (Fig. 4A). The spike concentrations were staggered
to obtain in each of the scaled RNASs the same total amount of spike RNAsin aweight ratio
of 1/2,520 versus shoot total RNA. The spike RNAs were present in seven pairs that
followed the same concentration scale in the RNA mixes (each pair is represented as a
separate bar in the 14 graphs; Fig. 4A). They were compared to a unique reference RNA,
with al spike RNA species at a concentration of 100copies per cell, in a tota of 14
hybridizations including both dye-swap configurations (Fig. 4A).

The dynamic range of the spike RNA signal ratios detected by the GSTs covered
three to four logs in close-to-perfect linear dose-response curves. The sensitivity reached in
this set of hybridizations was well below 10 copies per cell (Fig. 4B). However, the limit of

sensitivity could not be calculated exactly because some of the genes coding for the spike
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RNAs might have been transcribed at low levels in the shoot sample. Probe specificity was
investigated by studying whether the increase in spike RNA concentration significantly
drove up the signal associated with GSTs other than the cognate probes. Such patterns
could not be detected for any of the 14 genes tested, even though a spike RNA at its highest
concentration represented an estimated 3% of the mRNA pool. BLAST searches indicated
that the closest non-identical GSTs that matched spike RNA sequences shared segments
only of up to 17 ungapped nucleotides or E values as low as 2.4 x 10%. Taking into
consideration the entire microarray dataset, no correlation was observed between GST
length and signal (data not shown).

Overal, these results indicate that CATMA arrays provide an excellent dynamic
range, a senditivity that is comparable to the performance of other platforms in routine

experiments and a good specificity of the signal, not confounded by crosshybridization.

Transcript profiling with CATMA vl arrays: A biological test case

To demonstrate the analysis of differential gene expression based on CATMA v1 arrays,
we studied the changes induced by the treatment of Arabidopsis seedlings with the
phytohormone indole-3-acetic acid (IAA) at physiologica concentration. Seedlings were
germinated and grown in liquid medium, then treated with the addition of 1AA at 1?M,
10 days after germination for zero, 30, 120 and 240min. In total, nine microarray
hybridizations were performed according to a complete experimenta loop design (Suppl.
Fig. S1). The statistical analysis of the hybridization data indicated that 1,123 GSTs showed
significant expression differences (p < 2.37 x 10%) between time points following treatment
(Suppl. Table $4). The transcript profiles of well-documented auxin-responsive genes were
surveyed. Fold-induction was analyzed for members of the Aux/IAA, SAUR and GH3 gene
families represented in the array (Hagen and Guilfoyle 2002; Liscum and Reed 2002).
Among these 60 genes, 16 appeared as differentially expressed and al but one had an
upward trend (Fig. 4C), confirming the transcriptional up-regulation of the three selected

gene families upon application of exogenous |AA, even at the 1M level.
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In addition, we investigated whether the global interpretation of the transcript profiles
provided relevant information about the biological mechanisms at play in response to the
auxin treatment. For that purpose, clusters of genes were constructed that correlated with
theoretical up- or down-regulation patterns. Certain biological themes associated with these
genes and defined in the controlled GO vocabulary (Rhee et a. 2003) were significantly
overrepresented (Table 1): among them, as expected, the GO term "response to auxin
stimuli”, but also categories indicative of an increase in protein synthesis characterized by
upregulated genes in the later time points, and of modification in energy metabolism
characterized by downregulated genes. Similarly, root segments in which latera root
formation was induced synchronoudly by treatment with an auxin transport inhibitor
(N-1-naphthylphthalamic acid [NPA]) followed by transfer to growth medium containing
auxin 1-naphthalene acetic acid (NAA) had an increased expression of genes involved in
trandation initiation, ribosome biogenesis and assembly within 4 h following the transfer
(Himanen et a. 2004).

As usua in genome-scale surveys of transcriptional activity, a large portion of the
differentially expressed genes (334; 29.7%) had no known function. More peculiar to our
case, 76 (6.8%) of the GSTs showing differential expression did not match with any gene
model in the TIGR release 5.0 genome annotation, suggesting that the independent EuGene
genome annotation that led to the initial GST design offers useful complementary
information (http://www.psh.ugent.be/bioinformatics/genomes_ath_index.php).

These observations demonstrate that CATMA v1 microarrays provide a robust
platform for the genome-scale anaysis of transcriptiona regulation: they alow the
detection of known gene expression profiles and they are useful for the identification of
relevant biological themes via the statistical analysis of functional annotations linked to
differentially expressed genes. The analytical power of the GST arrays will improve with

the expansion of the GST collection and the increase in genome coverage.

L arge-scale cloning into plasmids
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The use of GSTs as PCR amplicons fixed to a solid support is limited to hybridization with
target nucleic acid in solution. The introduction of these doublestrand DNA segments into
bacterial vectors allows their convenient distribution as bacterial glycerol stocks in
multi-well plates. More importantly, it is the first step for subcloning into vectors designed
for functional assays based on gene specific tags, such as RNAI. For that purpose, the GST
collection was introduced into a bacteria entry plasmid using the Gateway recombinational
cloning technology (Hartley et al. 2000; Walhout et a. 2000). This system is advantageous
because it permits the efficient cloning of large numbers of DNA fragments regardless of
their sequences. Furthermore, fragments can be transferred straightforwardly from these
entry clones into any destination vectors of interest provided the appropriate recombination
sites and selectable cassettes are combined.

The attB1 and attB2 recombination sites were added to the respective 5" and 3' end of
the original primary amplicons by PCR. To this end, each secondary amplicon was
synthesized with one of 24 upstream column oligonucleotides made from the attB1
sequence fused to a"c" extension, and one of 16 downstream row oligonucleotides made of
the attB2 sequence fused to an "r" extension (Fig.3C; Suppl. Table S1). The
attB1-GST-attB2 amplicons were then recombined with the attP1-ccdB-attP2 cassette in
the pDONR207 vector (Fig. 3D). The successful insertion of a GST as an attL 1-GST-attL. 2
cassette into an entry clone was confirmed by the analysis of the insert size: tertiary
validation amplicons were produced by PCR with the DNR5 and DNR3 oligonucleotides
anchored on the backbone of the vector, beyond the attL sites, and sized by agarose gel
electrophoresis (Fig. 3E). For this purpose, template DNA was extracted from pooled
Escherichia coli clones selected in gentamycin liquid medium after the BP clonase reaction
and bacterial transformation. Because this reaction is highly efficient, it is not necessary to
pick individual colonies grown on selective solid medium to recover the expected entry
clones. All reactions (secondary PCR, BP clonase, E. coli transformation and growth,
tertiary PCR) were performed in 96-well plates maintaining the same format as for the

primary GST amplifications. As this paper goes into press, we confirmed entry clone pools
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for 17,304 different GSTs. The pooled E. coli strains carrying the GST entry plasmids will
be distributed by the Nottingham Arabidopsis Stock Centre (NASC).

Subcloning in hpRNA expression vectors
The most efficient method to knockdown a plant gene by post-transcriptional silencing isto
express in transgenic individuals a hpRNA made of a doublestrand stem with a fragment
of the transcript targeted for degradation and a loop with intron sequences that are spliced
out from the RNA molecule (Smith et a. 2000). Systematic reverse genetics screens based
on this method required the construction of large series of recombinant DNA molecules in
which, for each gene of interest, a fragment was cloned as an inverted repeat separated by
the intron spacer. Because the GSTs were selected to avoid crosshybridization between
distinct genes, they were an ideal substrate for the production of a genomescale
Arabidopsis hpRNA expression plasmid collection. Conventional cloning protocols using
restriction and ligation enzymes for the production of such hairpin transgenes are laborious
and not conducive to high+throughput approaches. Therefore, vectors were designed for the
one-step introduction of two identical inverted repeats into a destination vector, taking
advantage of the Gateway technology (Wesley et a. 2001). The vector we developed for
the strong expression of hpRNA in plant cells was designated pAGRIKOLA (Fig.5A). It
contained the inverted repeat structure of pHELL SGATE12, with the 35S CaMV promoter,
the octopine synthase (ocs) terminator and the spacer separating the two inverted ccdB
genes carrying head-to-head the intron-2 of the Flaveria Pdk gene and the intron of the
castor bean Cat gene (Helliwell and Waterhouse 2003). The backbone of pAGRIKOLA
was derived from pGreenll0229, resulting in a smaller vector (10,461 pb) than
pHELLSGATE12 and including the bar gene facilitating herbicide selection of transformed
plants. The complete sequence of pAGRIKOLA has been experimentally confirmed
(AY568055; GenBank accession number).

Entry clones carrying an attL1-GST-attL2 cassette were recombined with both
PAGRIKOLA attR1-ccdB-attR2 cassettes in a double LR clonase reaction. Note that the
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DNA template carrying the attL1-GST-attL2 cassette recombined in the double LR
reaction could either be the purified entry plasmid (Fig.3D) or the tertiary validation PCR
product (Fig. 3E). Both templates yielded over 95% subcloning efficiency in 96well plate
LR clonase reactions.

For each GST, the following steps included (i) heat-shock transformation of E. coli
(DH54) with the double LR reaction products; (ii) selection in kanamycin liquid medium;
(iii) validation of the resulting E. coli bacteria pool containing the hpRNA expression
congtructs; (iv) purification of the pool plasmid DNA; (v) freezethaw transformation of
Agrobacterium tumefaciens (GV3101) with plasmid DNA; (vi) selection of transformed
agrobacteria in kanamycin liquid medium; (vii) plating of transformants on kanamycin
solid medium; (viii) picking of individual A. tumefaciens colonies carrying hpRNA
plasmids, and (ix) PCR verification that these colonies contained a correct hpRNA
expression construct. Steps (i) through (vi) were all performed in 96-well plates with the
same format asthat for the primary GST amplifications.

Because the double LR recombination could produce different intermediates
depending on which repeats recombined with each other, the intron spacer in the expression
clone either retained its origina orientation or was flipped. Because the spacer contained
two head-to-head introns, a portion of the hpRNA loop would be spliced out in plant cells
regardless of its final orientation, which guarantees efficient silencing (Helliwell and
Waterhouse 2003). The integrity of the artificial GST hairpin gene was monitored via
multiplex PCR (Step (iii) and Step (ix)) to confirm that both GST inserts had the expected
size and to determine the orientation of the intron spacer. The four primers (Agri51, Agri56,
Agri6d and Agri69; Fig. 5C) were positioned in such a way that the GST subunits present
in hpRNA expression plasmids were easily distinguished by size in agarose ge
electrophoresis. Whether the intron spacer was in its original or flipped orientation, the
amplified paired DNA fragments were Agri51-attB1-GST-attB2-Agri56 (adding 245 bp to
the primary GST length) and Agri64-attB2-GST-attB1-Agri69 (plus 342 bp) or
Agri5l-attB1-GST-attB2-Agri64 (plus 442 bp) and AgriS6-attB2-GST-attB1-Agri69 (plus
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145 bp) (Fig. 5B). In Step (iii), the pool of E. coli transformants selected in liquid medium
contained both constructs with either the origina or the flipped intron spacer and gave rise
to the four possible fragments in the multiplex PCR (Fig.5D). In Step (ix), individua
Agrobacterium colonies originating from the acquisition of a single hpRNA expression
plasmid molecule yielded prominently one of the two combinations, but often also the other
in lower amounts (Fig. 5E). The latter might result from template-switching during PCR or
from recombination events between the inverted GSTs occurring in Agrobacterium. As the
plasmids are equally effective with the introns in either orientation, this "intronflipping” is
no more than a cosmetic nuisance. The fifth larger band generally observed in Steps (iii)
and (ix) corresponded to the complete hairpin cassette amplified by the outside primers
Agri51 and Agri69. As this paper goes into press, we confirmed GST hpRNA expression
clones for 8,136 different GSTs. The pooled E. coli strains carrying the hpRNA expression
plasmids will be distributed by the Nottingham Arabidopsis Stock Centre (NASC).

Phenotypes of silenced Arabidopsislines

As proof of concept, a medium-scale transformation project is currently underway to
analyze randomly selected hpRNA clones. Agrobacterium tumefaciens containing the
hpRNA constructs were used to transform Arabidopsis thaliana (Col-0) by the
conventional floral dip method (Clough and Bent 1998). Seed from transformed plants
were germinated under BASTA selection and a minimum of 10individua T1
transformants per construct were selected to provide a collection of T2 RNAI lines.
Preliminary results were encouraging and suggested that the hpRNA constructs could be
effectively deployed to generate an "interference” seriesin T1 Arabidopsis lines. We noted
a varied degree of penetrance in phenotypes from individual lines that might result from
different T-DNA copy numbers, positional effects or from effective interference initiating
at different stages of plant development. T2 lines have yet to be tested to evaluate the
heritability and reproducibility of the observed phenotypes. We report here threeillustrative

examples in which phenotypic series were obtained useful for determining the function of
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the target gene product.

The first example indicated successful silencing of the target gene CesA7
(At5g17420; GST ID: CATMAb5a15680) encoding a component of cellulose synthases
involved in the production of secondary cell walls. ThecesA7 knock-out mutant is smaller
and grows more slowly than wild type. The cellulose content of secondary cell walls is
greatly reduced in the mutant plants resulting in less rigid stems, unable to keep a normal
upright position, leading to a characteristic drooping phenotype (Turner and Somerville
1997; Taylor et a. 1999). The same characteristic phenotype was observed to different
degrees of penetrance in each of the ten T1 transformants obtained with this hpRNA clone
(Fig. 6A). This example demonstrates that GST-induced silencing could effectively mimic
anull mutant and give the phenotype expected when the target gene is not expressed.

The second example was the effect of silencing At1g20260 (CATMA1a19260), a
gene encoding the vacuolar-type H(+)-ATPase subunit B3 (VHA-B3). V-type H
(+)-ATPases are ubiquitous eukaryotic heteromeric enzyme complexes that acidify
endomembrane compartments and are essential for many transport processes involved in
development and tolerance to environmental stress (Sze et al. 2002). Classical forward
genetics studies in Arabidopsis have characterized a single mutation in V-type ATPases,
the det3 mutant (Schumacher et al. 1999). det3 plays an important role in the control of
growth and morphogenesis of Arabidopsis seedlings and exhibits severe dwarfing resulting
from a reduction in cell expansion. Interestingly, these developmenta effects are more
pronounced in cells of the hypocotyl, petioles, and inflorescence stems. Despite the severe
phenotype, det3 is a weak mutant allele and, consequently, it is likely that lesions in other
subunits of the Arabidopsis V-type ATPases have not been described because they lead to
lethality, as is the case for null mutations in Neurospora (Ferea and Bowman 1996) and
Drosophila (Davies et al. 1996; Guo et al. 1996). The det3 mutant may interfere with signal
transduction pathways controlling meristem activity, possibly by regulation through
multiple phytohormones (Schumacher et al. 1999). Here, we observed severe dwarfing in

the rosette leaves in transgenic plants specifying hpRNA to the H+ATPase subunit B3
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(Fig. 6B, insets). Transgenic plants displayed increased serrations and some leaf and
laminar distortions. The magjority of the transformants showed some degree of dwarfing that
became more pronounced as the plants developed. The range of whole plant phenotypes is
shown in Figure 6B. The severity of the symptoms was in agreement with those predicted
from the det3 studies and supported the hypothesis that vacuolar ATPases are essential
enzymes for maintaining cellular homeostasis. This example demonstrates that
GST-induced silencing can be used to obtain mutants deficient in expression of an essential
gene, difficult or impossible to obtain by classical insertion mutagenesis.

The third illustration of targeted silencing concerns At1g20300 (CATMA1a19300),
encoding a gene product with 11 pentatricopeptide repeats (PPRS) that is predicted to be
imported into mitochondria. The function of this gene is completely unknown, but
homologues from other plant species are involved in the control of male fertility by
regulating expression of mitochondrial *sterility' genes (Bentolila et al. 2002; Brown et al.
2003; Dedloire et a. 2003; Kazama and Toriyama 2003; Koizuka et a. 2003; Komori et al.
2004). Eight out of the ten selected Arabidopsis lines expressing the At1g20300 hpRNA
congtruct developed strong growth phenotypes (representative individuals are shown in
Fig. 6C). In general, the suppressed plants were smaller in stature and showed a trend
towards early flowering. We observed a marked decrease in fertility correlated with this
growth suppression, as illustrated by the reduced or aborted siliques of six individua lines
(inset; Fig. 6C). Even in plants with little apparent reduction in phenotype, seed set was
markedly reduced reatively to wild-type plants. This example demonstrates that
GST-induced silencing can and will give invaluable information on gene function for target
genes whose role in plant development is currently unknown.

The length of the GST's corresponding to the three series of silenced lines described
here was 152, 163 and 400 bases. This information and the fact that constructs yielding
gross morphologica alterations had no obvious size bias (data not shown) suggest that
GSTs across the chosen length range may induce gene silencing when expressed as hairpin

RNA.
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DISCUSSION

From sequence to function

Initial analyses of the Arabidopsis genome sequence described fewer than 25,000 genes
(Arabidopsis Genome Initiative 2000). Experimental evidence of gene structure (from
full-length cDNAS) and expression was available for only a small proportion of these
putative genes and experimental evidence of function available for even fewer. In the past
three years, giant strides have been made in compiling cDNA sequences (Haas et a. 2002;
Seki et a. 2002; Castelli et al. 2004) and expression data (Schaffer et al. 2000; Kim et al.
2003). Together with improvements in automatic annotation routines and better use of
expert manual annotation, these data have enabled us to have a much better view of the
coding potential of the Arabidopsis genome (Wortman e a. 2003;
http://www.psb.ugent.be/bi oinformatics/genomes_ath _index.php). However, these
improvements in structural annotation have not been matched by equivalent advances in
functiona annotation. Functional analysis of Arabidopsis genes or proteins remains a long
and painstaking task, but one that can be considerably facilitated by constructing and
widely distributing shared functional genomics resources such as collections of insertion
mutants (Azpiroz-Leehan and Feldmann 1997; Parinov et a. 1999; Speulman et al. 1999;
Sussman et a. 2000; Samson et a. 2002; Sessions et al. 2002; Alonso et a. 2003; Rosso et
al. 2003) or cDNA clones (Yamada et a. 2003). The GST collection described here is a
novel, versatile resource for functional genomics with applications in expression profiling,

reverse genetics, and any other approach that requires genespecific hybridization.

The GST collection

The GSTs are formatted to constitute a resource that is durable, versatile and easy to
multiply and distribute. Because of the standard amplicon structure, a set of only
40 universal primers is sufficient for the reamplification of the entire collection, facilitating

the iterative production, at limited cost, of the large amount of GST DNASs necessary for the
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printing of glass microarrays. The extensions that distinguish all rows and al columns help
resolve well-to-well cross-contamination unavoidable during the manipulation of DNA and
clone repertoires stored in multi-well plates. As illustrated here with the addition of
Gateway attB sites, the extension primers are also useful for adding any sequence to either
side of the GSTs simply by PCR amplification, making them compatible with a wide range
of cloning techniques and vectors. GST cloning into Gateway entry vectors has established
the collection as a set of bacterial clones, which greatly facilitates distribution of the
resource.

Functional genomics projects have to keep up with evolving genome annotation. The
flexible GST format makes it possible to add amplicons, plasmids and expression vectors as
additiona transcription units are described. Because the GSTs are amplified from genomic
DNA templates, any sequence/gene of interest is straightforwardly accessible. Thus, the
GST repertoire provides a better genome representation than the best combined collection
of cDNA clones, in which for multicellular eukaryotes up to haf of the predicted genes
may be missing. In that respect, it is interesting to note that transcript profiling data
obtained with CATMA v1 microarrays and mutant phenotypes observed in lines expressing
GST hpRNA indicate that genes not documented in the latest genome annotation (TIGR
rdlease 5.0), but identified in an independent structura annotation effort
(http://www.psh.ugent.be/bioinformatics/genomes_ath_index.php), are transcriptionally
functional. This observation is in agreement with a study based on a wholegenome
oligonucleotide tiling array showing that many transcription units have been overlooked in
the annotation process (Yamada et al. 2003). Altogether, the experimental data stresses the
necessity to integrate the results obtained from independent prediction tools together with
information about function, such as expression profiles and mutant phenotypes, in order to
continuously improve the genome annotation.

Much thought went into designing the GST resource to achieve maximum versatility
and ease of use. In addition to the applications in transcript profiling and reverse genetics

described below, other uses for the resource can be imagined. For example, the amplicons
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could be synthesized with either 24 column or 16 row biotinylatedextension primers
making it possible to purify the sense or antisense singlestrand GST DNAS, respectively.
Such single-strand DNAS could be used as probes for microarrays. Alternatively, they may
serve as specific probes to capture corresponding clones from cDNA libraries. We envisage
using the resource for recovering full-length cDNAs from genes for which these are not

currently available.

Application of the GST collection to transcript profiling

We have shown that known transcript profile changes can be reproduced in experiments
performed with CATMA microarrays. We aso illustrate that the integration of
genome-scale functional annotation and transcriptome data obtained with the GST
collection yields valuable information for the study of biologica mechanisms in
Arabidopsis.

Multiple studies, often supported by commercia providers, argue that
oligonucleotide arrays offer the best solution for microarray transcript profiling
experiments (e.g., Zhu and Wang 2000; Hughes et al. 2001). In our hands, CATMA v1
microarrays perform at least as well in terms of dynamic range, sensitivity and specificity
as oligonucleotide microarrays distributed by commercia providers (Allemeersch et d., in
preparation). Moreover, because the creation of the collection was supported by academic
laboratories, al information relative to CATMA arrays, including DNA feature design and
sequence, isfreely available and GST resources will be distributed for anominal fee.

The CATMA array format permits applications incompatible with other platforms.
The collection is flexible and GST amplicons can be cherry-picked for the production of
dedicated arrays or combined with other probe sets. Because they are shared by all DNA
features, oligonucleotides carrying the extension sequences and labeled with fluorophores
may also constitute calibrated references for the study of mMRNA abundance (Dudley et al.
2002).
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Application of the GST collection to rever se genetics

Post-transcriptional gene silencing is known to be helpful for the study of gene function in
Arabidopsis and in many other plant and metazoan species. Y et, no systematic attempts to
carry out gene silencing at the genome scale have yet been completed in plants. With the
GST caollection described here, the technical procedures have been put in place to generate
the tens of thousands of constructs necessary for such an endeavour.

We have shown that the introduction of a transgene expressing homologous GST
hairpin RNAs into wild-type plants may result in phenotypes that mimic the effects of
known null mutations or that indicate the function of essential or unknown genes. Pursuing
this effort with a significant portion of Arabidopsis genes should provide useful information
on the overall efficacy of the approach, the phenotypic classes that can be obtained and the
specificity and stability of the knockdown effects.

We anticipate that the described RNAI tools will complement the numerous
Arabidopsis insertion mutant collections that have been built up over the last decade.
Insertional mutants constitute a valuable resource, especialy since the systematic
determination of the sequences flanking the T-DNA or transposable element inserts and the
publication of that information via online databases. Y et, insertional mutagenesis in plants
suffers from significant drawbacks inherent to the approach: (i) the introduction of inserts
into the genome cannot be directed and hundreds of thousands of transformants must be
generated to reach saturation; (ii) therefore, only a very few genotypes have been used as
recipients in Arabidopsis reverse genetics programs; (iii) most informative insertions result
in null mutations and they rarely yield hypomorphic adleles displaying a range of
phenotypes; (iv) embryo-letha mutants are difficult to recover and gametelethal mutants
are lost; and (v) combining multiple insertion mutations is cumbersome. In addition,
available flanking sequence tags are often hundreds of base pairs away from the actual
insertion site and the majority of phenotypesin T-DNA insertion lines do not result from a
mutation tagged with a selectable marker. Consequently, obtaining validated homozygous

insertion lines in a locus of interest is not trivial. In contrast, targeted gene silencing only
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requires a few independent transgenics for the study of any given gene, and the same
silencing congtruct can easily be introduced into multiple genetic backgrounds, including
mutants of particular interest to investigate potential interactions involving the target gene.
Most knockdown lines are not null mutants and generally show diverse phenotypes typical
of alelic series. Finally, essential genes may be studied via partial or conditiona silencing.
A genome-scale GST collection is attractive for any speciesin which RNAI silencing
is a practical reverse genetics method. In plants it could form the basis of systematic
knockdown programs with a variety of approaches. hpRNA expression as illustrated here,
virus-induced gene silencing (Lu et a. 2003) or transitive silencing (Van Houdt et al.
2003). Because the GSTs are available as Gateway entry clones, the same basic resource is
useful regardless of the strategy, provided the transgene inducing silencing can be built via
recombinational cloning. The enhanced plant silencing vectors that will undoubtedly be

developed in the coming years will be compatible with the CATMA collection.

Conclusion

To our knowledge, this is the first attempt to construct a clonable GST resource covering
the majority of genesin an organism. Previously constructed sequence collections are either
oligonucleotide-based and thus unclonable, or are EST, cDNA or ORF collections and thus
not designed to be gene specific. This novel and versatile resource has great promise for
large-scale transcript profiling and reverse genetics projects, and is being actively employed
in two major projects of this type, CAGE and AGRIKOLA. However, its uses are not
limited to these applications. We hope that this resource will be a cornerstone of other
future projects. The principles and technologies described here are in no way specific to
Arabidopsis or plants in general. Similar resources should prove equally vauable for

functional genomics projectsin other organisms.
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METHODS

SPADS GST design

All GSTs were selected with the Specific Primer and Amplicon Design Software (SPADS,
Thareau et al. 2003). The database used as Arabidopsis thaliana reference nuclear genome
contains the five chromosome pseudomolecule sequences (accession numbers 68170,
51595, 68173, 68164, and 68172) available from TIGR on January 28, 2001
(ftp://ftp.tigr.org/pub/data/a thalianalathl). Parameters for the design of the genespecific
PCR oligonucl eotide sequence (without their 5' extension) were 18 to 25 bases, Tm of 50 to
65°C with a maximum ?Tm of 4°C between paired primers. All other parameters were as
described in Results or elsewhere (Thareau et a. 2003). All gene (At) codes listed as GST

matches refer to the TIGR release 5.0 genome annotation.

DNA synthesis
The 40 arbitrary 5' extensions contain 17 nucleotides, 8 to 9 being C or G. To avoid hairpin
structures, their sequences have no self-complementary repeats of four or more bases
separated by 3 or more bases. They do not contain stretches of more than four contiguous G
or C, or any ATG or Stop codon in the sense orientation. To avoid PCR primer dimers, the
last four bases of an extension (column or row) do not match any sequence in that same
extension or in the opposite subset of extensions (rows or columns). All were testedin
silico to minimize priming against the BAC plasmid backbone and theE. coli genome.

The primary amplification products were synthesized as follows. A master mix base
of 10 2 of 10x Invitrogen PCR buffer (50 mM KCI, 20 mM Tris-HCl, pH 8.3), 32 50 mM
MgCl, and 75.6 A of double distilled filter sterilised water (ddH.O) was made and stored at
4°C. On day of use 2 of a10 mM dNTP stock and 0.4 2 of Invitrogen Platinum Taq (5
U/?) was added to the master mix base. Then, 91 of the complete master mix was
dispensed per well into an ABgene semi-skirted PCR plate. GST-specific primers were
provided by SigmaGenosys as mixed pairs in 96-well plate format. These were diluted
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with 10 mM Tris, pH 8.0, to make a 10 ?M working stock and 4 2 was dispensed into the
matching well of the PCR plate containing the complete master mix. Finaly, 2.5 ng of a
BAC DNA miniprep, containing the gene to which the specific GST primers were
designed, was added to the appropriate well. When a BAC clone was not available, 57 of a
1ng/?l Columbia genomic (Col4) DNA prep was substituted. PCR amplification was
carried out using the following program: hold at 94 C for 5 min; 11 cycles of 94°C for
30 sec, 63°C for 30 sec (temperature reduced by 1°C per cycle), 72°C 30 sec; 30 cycles of
94°C for 30 sec, 63°C for 30 sec, 72°C for 30 sec; 72°C for 5min; 4°C for 1 min. To
assess quality of product, 12 from each well was run out on a 2% agarose gel. The
reaction set-up and cycling conditions were identical for secondary amplification reactions
except that the BAC or genomic DNA was replaced with 272 of a 100-fold dilution (in
10mM Tris, pH 8.0, 0.1mM EDTA) of the primary product plus 2?2 ddH.O. No

purification of the primary product was carried out.

Microarray spiking experiment
Arabidopsis Col-4 seeds were sown on plates containing agar-solidified culture medium
(Ix MS (Duchefa), 0.5 g/l MES, pH 6.0, 1 ¢/l sucrose and 0.6% plant tissue culture agar
(LabM)). After sowing, plates were cold stratified at 4°C for 7 days and subsequently
transferred to a growth chamber kept at 22°C (24 h photoperiod with 16 h of light at 65 mE
m2 s PAR). Whole shoots were harvested at growth stage 1.04 (Boyes et al. 2001), frozen
immediately in liquid nitrogen and stored at 70°C until needed. Frozen seedling material
was ground and total RNA was extracted using Trizol reagent (Life Technologies). The
spiking experiment protocols will be detailed further elsewhere with the comparative
analysis of results obtained with CATMA microarrays as well as short and long
oligonucleotide microarrays distributed by commercial providers (Allemeersch et d., in
preparation).

The intensity ratios were calculated as follows. The mean foreground (Fg) intensities

for the Cy3 and Cy5 channel measurements were corrected for background (Bg) and the
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base 2 log ratios were computed from these values. Log ratios were normalized for dye
effects by computing Loess regresson from MA plots, separately for each print tip and
array so that the values were adjusted for dye, print tip and slide effects (Yang et a. 2002).
Log ratios were averaged over each dye-swap pair and the represented combined ratios

were extracted by anti-log conversion of the averaged values.

Microarray transcript profile analysis of auxin treatment

To streamline the production of the large DNA fragment collection (CATMA v1), al GST
purification steps were automated with the Magnatrix 1200 workstation (Magnetic
Biosolutions) using bead technology (Wirta et a, in preparation). Briefly, the GSTs were
synthesized by secondary PCR amplification performed with biotinylated "column”
extenson oligonucleotides (Suppl. Table Sl1), then bound and washed on
streptavidin-coated paramagnetic beads. The PCR products were eluted in deionized water
and separated from the beads by magnetic removal. The fully automated protocol is highly
efficient for DNA fragment in the GST length range, both in terms of yield and purity. The
purified GST fragments were spotted from a 50% dimethyl sulfoxide (DM SO) solution on
UltraaGAPS dlides (Corning) with a QArray arrayer (Genetix), then linked to the dide
surface by UV treatment (250 mJ/cm?).

The biologica samples were prepared as follows. Arabidopsis seeds (Col-0) were
germinated and grown in 0.5x MS (Duchefa) liquid medium supplemented with 0.5%
sucrose at 22°C (24 h photoperiod with 16 h of light at 75 mE m? sec! PAR). After 10 days
(2 h after dawn), seedlings were treated with 1 ?M indole-3-acetic acid for a period of O,
30, 120 and 240 min. At the end of the treatment, the seedlings were washed once with
excess of MS medium with 0.5% sucrose for 5min, then immediately frozen in liquid
nitrogen and stored at 70°C until needed. Each time point sample was made of a pool of
seedlings grown simultaneously in three independent vials. Frozen seedling material was
ground and total RNA was extracted using Qiagen RNAeasy Kit.

For each biological sample, 20 ?g total RNA was annealed to 10 ?g anchored oligo
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dT primer (dT20VN, MWG Biotech AG) and reverse transcribed to cDNA at 42°C during
a 105 min reaction. The 30 2 reaction contained 2 mM dNTPs (dTTP.aminoallyl-dUTP in
1:4, unmodified Amersham Biosciences, modified SigmaAldrich), first-strand buffer
(50 mM Tris-HCl, pH 8.3, 75 mM KCI, 3mM MgCl;), 10 mM DTT and 400 U Superscript
[l (Invitrogen). RNA strand hydrolysis (15min at 70°C in the presence of 150 mM NaOH)
was followed by a purification using MinElute spin columns (Qiagen) with the provided
wash and elution buffers replaced by 80% ethanol and 100mM NaHCOs; pH 9.0,
respectively. The monofunctional NHSester Cy3 or Cy5 fluorophores (Amersham
Biosciences) were coupled to the purified cDNA during a 90-min incubation at room
temperature. Prior to pooling and spin column purification, ester groups on the
unincorporated fluorophores were inactivated using 730mM hydroxylamine.

Slides were hybridized for 16-18 h using a two-step protocol in the GeneTac
hybridization station (Genomic solutions). Pre-hybridization at 42°C for 45 min (5 x SSC,
1% BSA (Sigma-Aldrich), 0.1% SDS, 40?9 poly(dA) (Sigma-Aldrich) and 20 ?g tRNA
(Sigma-Aldrich)) was followed by a hybridization at 42 °C with the labeled materia in a
buffer containing 5x SSC, 25% formamide, 0.1% SDS, 407g poly(dA) and 20 ?g tRNA.
Hybridized slides were washed with 2x SSC and 0.1% SDS at 42°C, followed by 0.1x SSC
and 0.1% SDS at room temperature and finally by three washes with 0.1x SSC at room
temperature. Slides were scanned at a 10-?m resolution using the G2565BA DNA
microarray scanner (Agilent Technologies). The acquired TIFF images were processed
using the GenePix 4.1 software (Axon instruments).

The performed microarray hybridizations constituted a complete experimental |oop
design. They included eight hybridizations for the comparison of TO, T30, T120 and T240
samples, with reciprocal dye swap, and a TO self-hybridization (Suppl. Fig. S1). The raw
data was preprocessed as follows. Spots corresponding to the intergenic regions were
selected and the median of these control Fg intensities was computed for each dide. Fg
intensity measurements below background threshold (i.e. Fg < Bg + 2 x Bg standard

deviation) were replaced by the corresponding slide median Fg intergenic control value to
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reduce the impact of background variability in the statistica analysis of differential
expression. The leveled data was Loess normalized as described above. Mixed ANOVA
models, in which some effects are considered fixed and others random, were used to
identify genes that were significantly differentially expressed in the experimental time
course (Wolfinger et al. 2001). First, array and channel effects were removed from the
expression responses by a linear normalization ANOVA model of the formyiu =? + Ac+
(AD)x + ?iu, with i (i = 1-21,120, the number of microarray features in the array) indexing
the selected GSTs, | (=1...4) indexing the time points (treatments), A« representing the
random array effects (k = 1...9), (AD)y representing the random array x dye combinations,
or channel effectswithk = 1...9 arraysand | = 1...2 dyes, and ?;s representing the random
error. Second, residuals, denoted as 4, and computed by subtracting the fitted values for
the effects from the observed values yiu, were then subjected to 21,120 genespecific
models of the form rijw =? + (GD)y + (GT); + (GA)k + ?i«, partitioning gene-specific
variation into fixed gene-specific dye effects (GD);, fixed time points effects (GT);;, random
spot effects (GA)ik, and random error ?k. In these gene-specific models, the spot effect
serves to account for the spot-to-spot variability inherent in spotted microarray data. To test
differences between time points, we used the Wald datistic, which should follow
approximate ?2 distribution under the null hypothesis with degrees of freedom equal to 3.
To adjust for the multiple testing problem, we set the p-value cutoff at the Bonferroni value
of 5% divided by 21,120, or 2.37 x 10¢.

Transcript profiles close to theoretical patterns were identified with the
template-matching module of the MultiExperiment Viewer (MeV) software package
(Saeed et al. 2003): the four patterns defined upregulated genes reaching a maximum
plateau a 30 and 120min (up and early) or 120and 240 min (up and late) or
downregulated genes with a minimum plateau at 30 and 120min (down and early) or 120
and 240 min (down and late). The biological theme representation analysis performed with
the EASE software (Hosack et al. 2003) was based on the TAIR Arabidopsis GO term list
(ATH_GO 20040217.txt available at
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ftp://tairpub:tairpub@ftp.arabidopsis.org/home/tair/Genes/Gene_Ontology/).

Recombinational cloning and plant transformation
For the addition of the attB sites to the GSTs, primary amplicons were used as templates
and amplified by Taqg polymerase (NEB, Beverly, MA, USA) with 16 pmol of the relevant
row and column primers (Suppl. Table S1) in 207 reactions. This step and all subsequent
procedures were carried out in 96-well microtiter plates. The PCR conditions were 1 min at
94°C, followed by 35 cycles of 94°C for 15 sec, 55°C for 15 sec, 72°C for 30 sec and
tereminated by 5min a 72°C. The PCR reactions contained 272 of Red Cresol
(Sigma-Aldrich) to facilitate loading on agarose gels for visualization of the products.
Figure 3E shows typical results for 48 GSTs listed in Suppl. Table S2. (DNA molecular
mass marker: 100 bp DNA Ladder, NEB).

Cloning of the amplified GSTs (Gateway BP reaction) was carried out by adding a
37 mix containing 50ng of pDONR207 vector (Invitrogen), 0.472 of BP clonase
(Invitrogen) and 1?1 of 5x BP clonase buffer to 27 of the amplified GST. The reaction
was left overnight at 25°C, then stopped by the addition of 0.57 of proteinase K (2 ?g/?1)
and incubated at 37°C for 15 min. One microliter of the reaction mix was used to transform
1072 of competent DH5? cells (F?80dlacZ ?(lacZY A-argF)U169 deoR recAl endAl
hsdR17 (r«-, mc+) phoA supE44 ?-thi-1 gyrA96rel AL/F proAB+ laclqgZ?M 15 Tn10(tetr))
prepared as described (Inoue et a. 1990). The cells were incubated with the DNA for
20 min on ice, heat-shocked at 42°C in a water bath for 15 sec, incubated 5min on ice,
diluted with 9021 SOC medium and shaken for 1 h at 37°C. The transformation mix was
then added to 1 ml of 2x LB medium (containing 15?g/ml gentamycin to select for
transformants) in 2 ml 96-well plates and shaken for 20 h to an OD of 1.4. Presence of the
expected GST entry clone in the suspension of transformed cells (0.5?) was verified by
PCR using 20 pmol of each of the primers DNR5, 5-CTGGCAGTTCCCTACTCTCG-3,
and DNRS3, 5-GATGGTCGGAAGAGGCATAA-3 (Fig. 3F; 100 bp DNA Ladder, NEB).
The PCR conditions were as follows: 5min at 94°C, followed by 35 cycles of 94°C for
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30 sec, 55°C for 30 sec, 72°C for 2 min and terminated by 5 min at 72°C.

Subcloning of GSTs from an entry clone into the destination vector pAGRIKOLA
(Gateway LR reaction) was carried out by adding a 4?2 mix containing 75 ng of
PAGRIKOLA, 17 of LR clonase (Invitrogen) and 1 of 5x LR clonase buffer to 1A (75
ng) of the attL1-GST-attL 2 cassette DNA. Cassette DNA was prepared either by alkaline
lysis plasmid purification from transformed bacteria (Montagel Plasmid Miniprep 96 Kit;
Millipore) or by PCR (the products obtained by the validation of the entry clones described
above). The reaction conditions and bacterial transformation were as for the BP reactions,
except that 50 ?g/ml kanamycin was used to select transformed cells. The suspension of
transformed cells (0.57) was verified by PCR using 20 pmol of each of the primers
Agri5/AgriS6/Agried/Agrie9 (Fig. 5D; Low DNA Mass Ladder; Invitrogen). The PCR
conditions were as follows: 5min at 94°C, followed by 35 cycles of 94°C for 30 sec, 55°C
for 30 sec, 72°C for 2 min and terminated by 5min at 72°C. Plasmid DNA was prepared
from the transformed bacteria by alkaline lysis (Montagd1 Plasmid Miniprep 96 Kit,
Millipore).

The Agrobacterium tumefaciens strain GV 3101 (Holsters et a. 1980) carrying hel per
plasmids pMP90 (Koncz and Schell 1986) and pSOUP (Hellens et al. 2000) was used for
Arabidopsis transformation. Agrobacterium cells were transformed with pAGRIKOLA
congtructs as described using the protocol of (An et al. 1988). Clone validation was
performed as for E. coli LR clonase products verification (Fig.5E; Low DNA Mass
Ladder; Invitrogen). Arabidopsis plants were transformed using the flora dip method
(Clough and Bent 1998).

More detailed cloning and transformation protocols are available online via the

AGRIKOLA project web site (http://www.agrikola.org/).
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http://www.catma.org/; The Arabidopsis GST database.

http://www.agrikola.org/; The "Arabidopsis Genomic RNAi Knock-Out Line Anaysis'
(AGRIKOLA) project.

http://www.psh.rug.ac.be/ CAGE/; The "Compendium of Arabidopsis Gene Expression”
project.

http://www.psh.ugent.be/bioinformatics/genomes_ath_index.php; Arabidopsis genome
annotation project in the Bioinformatics and Evolutionary Genomics group,
Department of Plant Systems Biology.

http://genoplante-info.infobiogen.fr/FLAGdb/; The FLAGdb Arabidopsis genome
annotation database with flexible graphical display of structural and functional data.

http://nasc.nott.ac.uk/; The Nottingham Arabidopsis Stock Centre (NASC). NASC will
distribute CATMA arrays, CATMA GST PCR amplicons and E. coli strains carrying
GST entry or expression Gateway clones from the AGRIKOLA project.

http://www.arabidopsis.org/; The Arabidopsis Information Resource (TAIR)

http://www.arabidopsis.org/info/2010_projects/2003_Report.pdf; The  multinational
coordinated Arabidopsis thaliana functional genomics project, annual report 2003,
edited by the Mutinational Arabidopsis Steering Committee (MASC).

http://www.microarrays.be/; The MicroArray Facility (MAF) of the Fanders
Interuniversity Ingtitute for Biotechnology (VIB). MAF provides hybridization
services based on CATMA microarrays.

http://www.unil.ch/ibpv/microarrays.htm; The functional genomics project of the
Department of Plant Molecular Biology of the University of Lausanne presents
expression datafor plant defense-related research.

http://genomics.bio.uu.nl; The department of Molecular Genetics at the Utrecht University
provides information about their microarray printing facility and contains databases

of the CATMA and TFC microarrays and that are produced in-house.
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Figure LEGENDS

Figurel GST length distribution.
The calculated length does not include the extensions added to the gene specific portion of

the tags.

Figure2  Graphical representation of GST distribution.

The represented genomic segment is 50kb long and centered around gene At5g57890.
Light blue and dark blue boxes represent AGI mRNA and coding sequences, respectively.
GSTs are shown as purple brackets. The display was extracted from a screenshot of the

FLAGdb++ Arabidopsis genome database (Samson et a. 2002).

Figure3  GST amplicon structure.

(A) Schematic representation of the GST format, with the 40 extensions allocated to the 24
columns, ¢, and 16 rows, r, in a 384-multi-well plate. (B) Primary amplification of a GST
(thick double line with large arrow) from genomic DNA (thin double line) with a pair of
primers each containing a gene-specific portion (horizontaly striped) and 5 extension
(grey). The large arrow indicates the orientation of the GST with respect to the direction of
transcription. Elements are not drawn to scale. (C) Secondary amplification of a GST with
PCR addition of Gateway attB1 and attB2 sites. (D) Structure of the GST entry clone after
Gateway recombinational cloning of the amplicon in pDONR207. (E) Secondary
amplification results illustrated for 48 GSTs (see Table S2). (F) Tertiary PCR validation of
BP reactions. GST insat size verification is carried out by amplification of the
attL 1-GST-attL 2 cassette with the DNR5 and DNR3 primers and results in the synthesis of
a DNA fragments carrying 167 and 487 bp beyond the original 5" and 3' extensions of the
primary GST, respectively (see Suppl. Table S2).

Figure4 Microarray results.
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(A) Spiking experiment: Schematic representation of the hybridization series. Each graph
shows the spike mMRNA content of one microarray hybridization, both in the Cy3 (green)
and Cy5 (red) labeled RNA mix. Each bar in a graph represents the concentration of a pair
of spike RNAs in a RNA mix (Table S3). The numbers indicate the seven scaled RNA
mixes containing staggered spike RNAs. The two series of seven graphs represent the
reciprocal dye-swap hybridization series in which the reference RNA, containing each of
the spike RNA at 100 copies per cell, is labeled either with the Cy3 (top) or Cy5 (bottom)
fluorophore. (B) Spiking experiment: Average signa ratios for 13 GSTs corresponding to
the spike RNASs across the dilution range expressed as the number of copies per cell. Ratios
are represented left to right from the highest to the lowest concentration for al spike RNAs
in the seven RNA mixes. As expected, spike RNAs at a 100copy-per-cell concentration
yield aratio of 1. (C) IAA treatment experiment: Fold induction of known auxin-inducible

genesinthe Aux/IAA, GH3 and SAUR families.

Figure5 Construction of hpRNA expression plasmids

(A) Map of the pAGRIKOLA destination vector. (B) Schematic representation of the
multiplex analysis of the expression plasmids. Numbers on the left show how many base
pairs were added to the primary GSTs upon amplification with the Agri primersindicated at
the top of each lane. The largest band corresponds to the amplification of both GST
cassettes with the external Agri51 and Agri69 primers. Profiles in lane 7 and 8 correspond
to results in panels (D) and (E), respectively, and are generated via amplification with all
four Agri primers. The profile in lane 8 only shows results obtained with a plasmid in
which the spacer intron is initidly in its origina orientation, as pictured in (C). (C)
Structure of recombined hairpin cassette with the inverted GST repeats. GST elements are
depicted as in Figure 3. Bracket numbers indicate the length of the fragment delimited by
the 5" end of each Agri primer and the 3' end of the closest attB site, on either strand.
Configuration with the flipped spacer intron is not shown. (D) Multiplex PCR validation of

double LR clonase reaction products. Each lane shows the amplification results for oneE.
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coli pool after liquid selection (see Suppl. Table S2). (E) Multiplex PCR verification of A.
tumefaciens transformants. For each initial pool, four individual Agrobacterium colonies
were picked. Most tetrads contain both types of colonies, with the expression plasmid
carrying the intron spacer initially either in the original or flipped orientation (see Suppl.
Table S2).

Figure6  Phenotypes exhibited by T1 plants carrying a GST hpRNA transgene targeting
the indicated endogenous gene.

(A) At5g17420 codes for CesA7, a subunit of cellulose synthase. Top: 5week-old control
wild-type Arabidopsis plants. Bottom: 8-week-old T1 plants. The transformed plants grow
more slowly than the wild type and have the weak, floppy stems seen in knockout mutants
of this gene (scale bar = 6 cm). (B) At1g20260 codes for the vacuolar-type H(+)-ATPase
subunit B3. Figureand insets show a representative range of phenotypes in T1 plants 7
weeks after germination. In particular, the insets document severe dwarfing, particularly in
rosette tissue, while flower size and development are not similarly affected (scale bars =
1 cm). (C) At1g20300 codes for a pentatricopeptide repeat protein predicted to be localized
in mitochondria. Individual T1 plants (at 7 weeks) and duplicate siliques from six
independent T1 lines (at 8 weeks) illustrate varying degrees of infertility that correlates
with phenotype severity (scale bars = 1cm). Identical symbols indicate the correspondence

between asilique pair and its source plant when both are depicted in the panel.



46

Table 1. Functional characterization of gene clusters

GO term EASE Gene Symbol

score

Cluster A. Up and early genes

BP responseto auxin stimulus 191e5  AT1G04240; AT1G15580; AT1G52830; AT3G23030; ATAG34760; AT4G34770; ATAG37390

MF hest shock protein activity 5993  AT3G09440; AT5G02490; ATS5G56010; AT5G56030

BP proteinfolding 342e-2  AT3G09440; AT3G44110; AT5G02490; ATS5G56010; AT5GS56030

MF transcription factor activity 47462  AT1G04240, AT1G15580; AT1G21910; AT1G25440;, AT1G52830; AT2G31280; AT3G02790, AT3G15540; AT3G19360; AT3G23030,

AT3G58120; AT3G60630; AT5G25190; ATS5G45980; AT5G65320

Cluster B. Up and late genes

BP responseto auxin stimulus 3.14e-11 AT1G04240, AT1G09700; AT1G15580; AT1G28130;, AT2G14960; AT3G07390; AT3G23030, AT4G27260; ATAG34760; ATAG34770,



MF

BP

CcC

MF

CcC

MF

MF

alcohol dehydrogenase activity

response to stimulus

cytosolic small ribosomal subunit (sensu Eukarya)

gtructural constituent of ribosome

ribosome

oxidoreductase activity\, acting on the CH-OH group of donors),

NAD or NADP as acceptor

metall oexopeptidase activity

Cluster C. Down and early genes

MF

BP

pyruvate decarboxylase activity

aldehyde catabolism

6.60e-4

4.05e-3

1.42e-2

1.60e-2

1.90e-2

2.83e-2

34l1e-2

6.59e-4

2.93e-3

47

ATAG37390; ATAG38860; AT5G47370; ATSG54510

AT2G47130, AT2GA47140; AT3G26760; ATA4G05530; AT4G13180

AT1G04240; AT1G05010; AT1G09530; AT1G09700;, AT1G15580; AT1G28130; AT1G70940, AT1G74670; AT2G13540; AT2G14960,

AT2G22490;, AT2GA47860; AT3G07390; AT3G12710; AT3G23030; AT3G24500; ATAG27260, AT4G34760; ATAG34770; ATAG36010,

ATAG37390; ATAG37590; AT4G38410; ATAG38860, AT5G47370; ATS5G54510

AT1G58380; AT4G34670; AT5G10360; ATSG35530

AT1G25260; AT1G58380; AT2G44860; AT3G53020; AT4G29410; ATAG34670; AT5G10360; AT5G35530; AT5G45800

AT1G25260; AT1G58380; AT2G44860; AT3G53020; AT4G29410; AT4AG34670; AT5G10360; AT5G35530; AT5G45800

AT2G45400; AT2GA7130; AT2G47140; AT3G26760; ATAG05530; AT4G13180

AT3G51800; AT3G59990; AT5G02480

AT4G33070; AT5G17380; AT5G54960

AT1G06130; AT4G33070; AT5G17380



MF

BP

BP

BP

MF

BP

carbon-carbon lyase activity

glyoxylate catabolism

metal ion transport

catabolism

phosphotransferase activity\, alcohol group as acceptor

amino acid biosynthesis

Cluster D. Down and early genes

BP

BP

BP

BP

disaccharide biosynthesis

aldehyde metabolism

glycolysis

response to wounding

1.59e-2

2.09e-2

2.84e-2

3.07e-2

4.04e-2

4.78e-2

9.72e-3

2.65e-2

3.08e-2

3.95e-2
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ATAG25290; ATAG33070; AT4G38970; ATS5G17380; AT5G54960

AT4G33070; AT5G17380

AT1G14660; AT1G70300; AT2G36950; AT3G05220; AT3G25410; AT3G47780, AT5G22830; AT5G41780

AT1G06130; AT1G11080; AT1G17290; AT1G26560, AT1G50250; AT1G71980; AT1G77120, AT2G35770; AT3G30775; ATAG26270,

ATAG32840; ATAG33070; AT4G38970; ATSG01720; AT5G17380; ATSG37930;, ATS5G51750

AT1G20650, AT1G35670; AT1G53420; AT1G53510;, AT3G17510; AT3G21070; AT3G23150, AT4G23650; ATA4G26270; ATAG32840,

ATA4G33080; AT4G33950; AT5G01810; ATS5G20250; AT5G25110

AT1G17290; AT3G30775; AT3G66658; ATA4G33070; AT5G10860; ATSG17380

AT1G23870; AT3G43190; AT5G20280; AT5G51460

AT1G06130; AT2G36460; AT4G33070

AT1G17290; AT2G36460; AT3G24170; ATAG26270; AT4G32840

AT1G48420; AT2G30490; AT2G37040; AT2G43710
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All listed GO terms have an EASE score indicative of biased representation below 5 x 16? and are ordered according to decreasing score values. To limit redundancy, parent categories synonymous of child categories were omitted

when gene content overlapped by two-thirds or more, within the same GO main category (BP: biologica process, MF: molecular function or CC: cellular component).



