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Jianchang Ning! & Christian D Haudenschild?

Large-scale sequencing of short mRNA-derived tags can establish the qualitative and quantitative characteristics of a complex
transcriptome. We sequenced 12,304,362 tags from five diverse libraries of Arabidopsis thaliana using massively parallel
signature sequencing (MPSS). A total of 48,572 distinct signatures, each representing a different transcript, were expressed at
significant levels. These signatures were compared to the annotation of the A. thaliana genomic sequence; in the five libraries,
this comparison yielded between 17,353 and 18,361 genes with sense expression, and between 5,487 and 8,729 genes with

antisense expression. An additional 6,691 MPSS signatures mapped to unannotated regions of the genome. Expression was
demonstrated for 1,168 genes for which expression data were previously unknown. Alternative polyadenylation was observed
for more than 25% of A. thaliana genes transcribed in these libraries. The MPSS expression data suggest that the A. thaliana
transcriptome is complex and contains many as-yet uncharacterized variants of normal coding transcripts.

The genomic sequence of A. thaliana has been completed in recent
years!, and that of rice is nearly complete. Experimental analyses and
comprehensive descriptions of plant transcriptomes continue in par-
alle>®. No plant transcriptome has been extensively characterized
experimentally with both quantitative and qualitative expression data.
Computational approaches to genome annotation can miss or incor-
rectly predict many genes, and validation of genome annotations with
experimental data is essential*®. As genomic sequencing becomes
faster and more economical, it is critically important that methods are
developed to detect and quantify every gene and alternatively spliced
transcript within a genome.

One of the most important recent discoveries in biology is the iden-
tification of RNA molecules that do not encode proteins; these RNA
molecules are called noncoding (ncRNAs)”. ncRNAs are difficult to
predict in the absence of experimental data, although comparative
approaches combined with predictions of secondary structure may
identify some ncRNAs’. With the exception of housekeeping RNAs,
like transfer RNAs or small nucleolar RNAs, the relatively few potential
regulatory ncRNAs that have been characterized appear to be plant-
specific®. Natural antisense transcripts (NATs) are another form of
ncRNA. NATs overlap with transcribed coding regions and may be
involved in the regulation of gene expression®. It is likely that ncRNAs,
including NATSs, are a major component of the diversity of transcripts
produced in higher eukaryotes. Nearly all of the more than 29,000
predicted genes in A. thaliana encode proteins; very few ncRNAs are
annotated®!?, Studies using more comprehensive transcriptional

profiling approaches, such as whole-genome arrays with ‘tiled’ probe
sets, can add important new information to the A. thaliana genome?.

We have used the technology MPSS!'112 to experimentally assess the
complexity of the A. thaliana transcriptome. The process of MPSS
starts with the cloning of a cDNA library on beads, with one transcript
in the original RNA sample represented on each bead!'?.. MPSS
sequencing determines sets of four bases per bead by hybridization
to labeled linker-probes. These bases are removed by a Type IIS re-
striction enzyme and the process is repeated to determine the next set
of four bases. These reactions occur while the beads are immobilized,
and for each bead, a sequence ‘signature’ of 17 or more nucleotides
is obtained by successive rounds of sequencing reactions. The sig-
natures are derived from and include the most 3' occurrence of a
specific restriction enzyme site in a transcript'>!2. This enzyme is
most often Dpnll, producing signatures that start with GATC. One sig-
nature is sequenced from each transcript in a library, and the techno-
logy permits the simultaneous sequencing of millions of signatures!!.
When matched to the genome to identify specific genes, the abun-
dance of each signature represents the gene expression levels in the
sampled tissue.

MPSS, like expressed sequence tags (ESTs)!? and serial analysis of
gene expression (SAGE)!, is a tag-based method of analyzing gene
expression. Combining such data with genomic sequence identifies
previously unidentified genes while providing quantitative measure-
ments of gene expression'”. Recent applications of MPSS have identi-
fied differentially expressed genes in A. thaliana, but have not taken
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Table 1 Libraries and signature summary statistics
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pseudogenes in the A. thaliana genomic seq-

Distinct signatures

uence (TIGR version 3.0)19. A total of 30,128

signatures were matched with unique loca-

All 1-3 4-100 101-1,000 >1,000 Filtered total Filtered K X X
Library Total signatures ~ TPM@ TPMPe  TPMP TPMP TPMP >3 TPMP totalbc  tionsin the genome, 3,073 signatures mapped
to duplicated locations and 9,389 remained
Callus 1,959,539 40,901 4,494 17,363 2,584 134 20,081 24,575 unmatched (Table 2 and Supplementary
Inflorescence 1,774,306 37,750 4,577 15,673 2,579 115 18,367 22,944 Table 1). The unmatched signatures may be
Leaves 2,884,598 53,394 7,603 18,320 2,004 141 20,465 28,068 derived from four sources: (i) sequencing
Root 3,642,632 48,100 5,903 18,288 2,261 164 20,713 26,616 .. . ,
- errors (ii) spliced 3" ends that have not yet
Silique 2,012,859 38,501 4,623 17,333 2,261 120 19,714 24,337 . . . .
been identified (iii) transcripts found in
Total 12273934 133375 20801 41357 5609 390 42590 68,157 regiong of the genome not yet sequenced or

2Includes all signatures regardless of filter results. PIncludes only signatures which are reliable and significant. ¢Includes signa-
tures in the range of 1 to 3 TPM that were expressed at significant levels in libraries from experiments not described here!9.

full advantage of the genomic sequence data'®~18, In the experiments
described here, we obtained 12,304,362 sequence signatures from five
organs or tissues of A. thaliana and used these data to describe the
diversity of transcripts encoded in this plant genome.

RESULTS

MPSS signatures matched to the A. thaliana genomic sequence

MPSS was performed on mRNA isolated from five tissues of
A. thaliana, including leaf, root, silique, inflorescence and callus. The
number of signatures sequenced per library varied from 1,774,306 to
3,642,632, representing between 37,750 and 53,394 distinct signatures
(Table 1). We merged the sequencing runs and normalized the expres-
sion level of each signature in units of transcripts per million signa-
tures (TPM)!®. To focus on signatures in which we have the highest
confidence, we disregarded ‘nonsignificant’ signatures never observed
at levels greater than 3 TPM in any library. A second filter removed the
‘unreliable’ signatures observed only in one run; both filters are
described elsewhere!®. These two filters removed between 18,787
(49%) and 32,929 (61%) of the distinct signatures; however, these
signatures typically represent only a small proportion of the expres-
sion data'®. After filtering, the complexity of each library was similar
(Table 1). More than two-thirds of the filtered signatures in each
library were found in the range of 4 to 100 TPM; less than 1% of the
signatures were expressed at levels above 1,000 TPM (Table 1). Overall,
the signature abundances indicate a large number of distinct tran-
scripts expressed at abundance levels spread over four orders of mag-
nitude in the five libraries.

We matched the MPSS signatures with genomic sequence informa-
tion to link the expression data to specific genes and genomic posi-
tions. The genomic locations of expressed signatures were determined
as described!” and compared with the 29,084 annotated genes and

(iv) non-A. thaliana contaminants. These
possibilities have been analyzed in greater
detail elsewhere!®, but because we have
filtered out the low abundance signatures and matches to full-length
c¢DNAs, many of the remaining signatures are likely to be derived
from novel transcripts or as-yet unidentified splice variants in the
A. thaliana Col-0 transcriptome.

The set of MPSS signatures mapped uniquely in the genome ranged
from 14,651 to 16,493 in each of the five libraries (Table 2). Because
the MPSS signatures are derived from specific locations in the 3" end of
an mRNA molecule, each distinct signature corresponds to a distinct
transcript, unless the sequence is duplicated in the genome. Signatures
duplicated in the genome identified another 2,229 to 2,749 transcripts,
although in these cases it is not clear which genomic location is tran-
scriptionally active (Supplementary Table 1). The signatures in each of
the five libraries were consistent with most transcripts being produced
by sense-strand expression that generated normal protein-coding
mRNA molecules. However, there was a substantial amount of anti-
sense transcription, as evidenced by the more than 4,298 class 3 and
400 class 6 signatures found across the five libraries (Table 2 and
Supplementary Table 1).

Previously uncharacterized transcripts identified by MPSS

An examination of the number of signatures in each class revealed that
numerous signatures in each of the five libraries identified sets of
novel transcripts. These predicted transcripts can be grouped into
three categories.

Antisense transcripts. In the five MPSS libraries, we matched
4,698 signatures with unique genomic positions (5,796 including
duplicated signatures) and were antisense to annotated genes (Table 2
and Supplementary Table 1). NATs are predicted to play an important
role in the regulation of gene expression in higher eukaryotes®?’.
Specific examples of antisense RNAs have been identified from
plants?! and antisense expression was recently detected for more than

Table 2 Unique genomic signatures and 17-base MPSS data from five libraries

Class Description TIGR Genome Callus Inflorescence  Leaves Root Silique Total in libraries
1 Exon, sense strand 162,509 10,120 9,984 10,315 9,796 9,604 15,372
2 500 bp 3'-UTR 36,727 2,711 2,678 2,513 3,354 2,872 5,338
3 Exon, antisense strand? 157,645 1,105 475 1,424 1,641 749 4,298
4 Unannotated region? 216,717 1,655 884 935 1,089 907 3,466
5 Intron, sense strand? 52,218 421 338 328 350 330 908
6 Intron, antisense strand? 49,982 196 77 73 69 43 400
7 Span splice site, sense strand 5,682 224 215 250 194 212 346

Total® 681,480 16,432 14,651 15,838 16,493 14,717 30,128
0 No match to genome — 1,998 2,336 3,170 2,678 3,673 9,389

Only significant and reliable signatures expressed at greater than 3 TPM in these libraries were considered.
aClasses 3, 4, 5 and 6 predominantly represent previously unknown, unannotated transcripts. °For libraries, sum of signature classes grouped by distinct genes and distinct class 4 signatures.
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Table 3 Genes and alternative transcripts detected by MPSS
signatures

Table 4 MPSS signatures identify both previously predicted and
potentially novel transcripts

All five libraries

Description >3 TPM All TPM
Distinct coding transcripts, hits = 12 21,964 24,641
Hits > 1 4,036 4,668
Hits> 1 26,000 29,309
Distinct genes, hits = 1 16,598 17,445
Hits > 1 3,535 3,972
Hits>1 18,612 19,518
Alternative transcripts, hits = 1¢ 5,366 7,196
Distinct genes with alt. transcripts, hits =1 4,337 5,486
Distinct genes with alt. transcripts, hits > 1 422 538

2The sum of the class 1, 2, 5 or 7 expressed signatures indicates the number of distinct tran-
scripts. See Supplementary Table 2 for more details and for individual libraries. PThe union of
the set of genes identified by class 1, 2, 5 or 7 signatures. “Alternative transcripts calculated
as the number of distinct transcripts minus the number of distinct genes.

7,500 A. thaliana genes using whole-genome tiling arrays?. In our
libraries, the antisense transcript complexity of the root was the high-
est (1,710 unique in the genome, 2,208 including duplicated sig-
natures) and the complexity of the inflorescence was the lowest
(552 unique in the genome, 914 including duplicated signatures)
(Table 2 and Supplementary Table 1). This may reflect a difference in
the level of antisense-mediated post-transcriptional regulation in
these two diverse tissues.

Unannotated transcripts in intergenic regions (IGRs). The MPSS
signatures from the five libraries uniquely mapped to 3,466 distinct
positions in the genome that may contain unannotated transcripts
(e.g., distinct class 4 signatures, Table 2). The most complex set of
IGR-matching signatures was found in the callus library, which had
1,655 class 4 signatures mapping uniquely in the genome. The inclu-
sion of signatures duplicated in the genome extends the matches to
4,768 IGRs (Table 2 and Supplementary Table 1). In comparison,
expression was detected for 2,000 A. thaliana IGRs using whole-
genome tiling arrays?.

Alternatively terminated or polyadenylated transcripts. We used
the MPSS data and signature classifications to estimate the rate of
alternative polyadenylation. Multiple class 1, 2 or 7 signatures match-
ing to a single annotated gene may be derived from transcripts encod-
ing identical proteins; this multiplicity of signatures could result from
variation in the polyadenylation site or in the splicing of the 3'-UTRs.
This type of variation is known to occur in A. thaliana transcripts?2.
The presence of class 5 signatures (e.g., those matching annotated
introns) may indicate alternative polyadenylation that truncates the
open reading frame, producing a different type of transcriptional
variant. To estimate the number of all types of transcriptional variants,
we summed the total number of class 1, 2, 5 and 7 signatures for
each library that mapped to distinct annotated genes (Table 3 and
Supplementary Table 2). The sum of these signatures represents the
total number of distinct transcripts that were detected. We also deter-
mined the ‘union, or nonredundant merged group, of the set of genes
identified by these sets of signatures. The difference between the sum
and union is the number of transcriptional variants of different
expressed genes; this difference per library ranged from 1,554 (inflo-
rescence) to 2,125 (root) and totaled 5,366 transcriptional variants in
the five libraries (Supplementary Table 2). These variants were
matched with 1,416 to 1,849 distinct genes in individual libraries
(2,339 to 2,902 genes, if signatures at all expression levels were
included). In total, these data indicate that at least 26.1% of A. thaliana
genes (4,337 divided by 16,598; Table 3) produce transcriptional

1008

TIGR genes Genes uniquely
IGRs identified identified?
Whole-genome array® 1,017 (of 7,824) 21,605 (of 27,916) 3,626
cDNA transcripts® 1,369 (of 11,405) 18,365 (of 29,084) 809
MPSS transcriptsd 1,256 (of 11,806) 18,162 (of 28,913) 1,168

The subset of genes detectable by each technology is indicated in parenthesis. For the
MPSS data, only significant and reliable signatures with hits = 1 were used.

aFound in only one of the three sets of transcriptional data described here.’Details on the
whole genome array and the definition of the IGRs are defined in ref. 2 but we recalculated the
IGRs using TIGR version 3.0. Not all IGRs that met the definition were measured in the WGAs.
€Includes ESTs and full-length cDNA sequences in GenBank on December 1, 2003. IGRs for
cDNA comparisons were defined as for WGAs; a minimum length of 50 bases reduced the
number slightly compared to the MPSS analysis below. These IGRs were compared by BLAST
analysis requiring a match with 95% identity and longer than 50 bases. 9The number of genes
was calculated as the count of annotated genes containing class 1, 2, 5 or 7 signatures. IGRs
for MPSS were defined as for WGAs; these were considered positive if they contained at least
one genomic class 4 signature.

variants (e.g., alternatively terminated or polyadenylated transcripts).
Additional variants may be detected by duplicated or low-abundance
signatures (Table 3).

MPSS compared to other experimental approaches

The MPSS data indicate that (i) more than 60% of annotated genes are
expressed in a relatively small sample of tissues and (ii) a large number
of previously unannotated transcripts exist in the A. thaliana genome.
A similar conclusion was reached by an analysis of full-length
A. thaliana ¢cDNA sequences and whole-genome microarrays
(WGAs)?. We compared the set of annotated and novel transcripts
with sense-strand expression in our five libraries against the set of
experimentally defined A. thaliana cDNA sequences in GenBank and
against the set of WGA data® (Table 4). Using the set of A. thaliana
cDNA and EST sequences in GenBank, including those described?, a
total of 18,365 of the 29,084 annotated genes were matched, and only
809 genes were identified that were not present in either the MPSS or
WGA data set (Table 4). In contrast, the five MPSS libraries identified
18,162 genes of which 1,168 were unique to that data set, and the
WGAs identified 21,605 genes of which 3,626 were unique to that data
set. Each of these methods has detected a set of transcripts that largely
overlap with those detected by the other technologies but each is also
able to detect transcripts that other technologies do not.

We directly compared the WGA and MPSS data because these tech-
nologies perform deep sampling within a single experiment, whereas
the cDNAs were derived from a range of sources. Comparisons of
WGA and MPSS data were performed for sense and antisense tran-
scripts of annotated genes and for IGRs. We determined if each gene
measured by WGAs contained either a class 1, 2, 5 or 7 signature (for
sense-strand expression), or a class 3 or 6 signature (for antisense
expression). The IGRs were defined previously?, although we
remapped these IGRs using the TIGR version 3.0 annotation and
extended the IGR sequences by 500 bases at the 3’ end because MPSS
signatures are derived from 3' UTRs. Using only significantly
expressed signatures, the total number of transcripts detected was
greater for the WGAs than for MPSS (Supplementary Table 3a), par-
ticularly the number of genes with antisense transcripts. But when we
included reliable signatures at all expression levels, the totals were
more similar to each other, although MPSS still detected substantially
less antisense transcription (Supplementary Table 3b). In each case, a
subset of the previously undetected transcripts was detected by both
MPSS and WGA, although both technologies identified transcripts not
found by the other.
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Patterns of transcription compared across the five libraries

The most abundant transcripts in each of the five MPSS libraries
were consistent with the biology of the tissue or mapped to genes
of unknown function. The top ten most abundant signatures along
with the genes that they match are listed in Supplementary Table 4,
and the data are on our web page, http://mpss.udel.edu/at.
Interestingly, in callus, the top five transcripts are all from genes
with poorly defined function, demonstrating how little is known
about the biology of the undifferentiated plant cells. The gene list
ordered from most to least abundant using normalized values for the
MPSS signatures represents a nearly complete transcript inventory
for each sampled tissue.

We compared the five libraries to identify signatures with tissue-
specific expression patterns. These transcripts may play important and
specific roles in the biology of these diverse tissues, and the regions
upstream of these transcripts may have experimental utility as tissue-
specific promoters. Between 176 and 456 genes in each library showed
tissue specificity, corresponding to less than 0.25% of the expressed
A. thaliana genes (Table 5). The root library contained the most tissue-
specific expression but most genes were weakly expressed; the inflores-
cence library contained a larger number of tissue-specific transcripts
at the higher expression levels, many of which encode pollen-related
proteins. We also identified constantly expressed genes, defined as
those with a summed abundance that was within a twofold range for
each pair of the libraries. From the five libraries, 460 genes matched
this criterion (Table 5). The complete set of genes with tissue-specific
or constant expression is listed in Supplementary Table 5.

We determined the overlap in transcript abundance among the five
libraries, calculating the proportion of signatures in any pair of
libraries that were (i) present in both libraries, and (ii) present at levels
not substantially different (that is, with a difference of 0.5 to 2.0
between the libraries) (Supplementary Table 6). Between 11,241 and
12,654 signatures were shared in each pair of libraries, and in each
case, approximately half of the shared signatures were expressed at rel-
atively consistent levels in both libraries. This was consistent with our
finding described above that relatively few genes were expressed in a
tissue-specific manner. Across the five libraries, the leaf-inflorescence-
silique set of libraries shared more overlap with each other than with
the callus or root libraries; this grouping indicated greater similarity
among the photosynthetic versus nonphotosynthetic tissues (Supple-
mentary Table 6). Another way to examine the overlap among libraries
is to determine the sets of signatures found in one, two, three, four or
all five libraries. In this analysis, the root library had the most in com-
mon with other libraries and the silique library had the least (Supple-
mentary Table 7a). Based on signatures and genes found in only two of
the five libraries, the nonphotosynthetic root and callus libraries over-
lapped the most, whereas silique and callus overlapped the least

Table 5 Tissue-specific or constantly expressed genes

ARTICLES

(Supplementary Table 7b). This pattern was maintained using sets of
three libraries (Supplementary Table 7c).

DISCUSSION

The MPSS data indicate that a significant proportion of the plant
genome is actively transcribed in any given tissue. We identified
between 17,353 and 18,361 genes with sense expression, 5,487 and
8,729 genes with antisense expression, 1,256 and 1,400 expressed
IGRs and at least 5,486 alternative transcripts. An additional 2,486 to
3,794 significantly expressed signatures from the five libraries could
not be mapped to the genome, possibly because they span splice sites
in 3'-UTRs that have yet to be identified. The combined data suggest
that each of these plant tissues expresses a diverse set of more than
22,000 distinct transcripts. We believe these estimates are conservative
because we focused on signatures mapping to unique sites in the
genome, because we filtered the data, and because technical artifacts
prevent detection of approximately 7.7% of genomic signatures!®.

Relatively few plant antisense RNAs have been fully character-
ized?123) but data from whole genome arrays and now from MPSS
suggest that antisense transcription occurs extensively in A. thaliana?.
The function of antisense RNAs is predicted to be regulatory; comple-
mentary sense and antisense transcripts would form double-stranded
RNA (dsRNAs) molecules, which are processed, and then trigger post-
transcriptional gene silencing?*. Alternatively, nuclear dsSRNA may be
deaminated and retained in the nucleus, affecting the cytoplasmic con-
centration of the sense RNAZ. Our observation of a large number of
antisense transcripts indicates that this transcriptional regulatory
mechanism is active in A. thaliana.

A second intriguing class of MPSS signatures was those that were
matched with IGRs. These signatures may result from unrecognized
protein or peptide-coding transcripts, or may correspond to ncRNAs.
Gene prediction programs assume that genes have open reading
frames, and therefore ncRNAs are underrepresented in most genome
annotations’. ncRNAs may function as regulatory molecules?® or may
be processed to form microRNAs with regulatory functions?’. Only a
few ncRNAs have been identified from A. thaliana, although the func-
tions of many of these are still unknown®28. The use of tiled oligonu-
cleotide and whole-genome microarrays has also revealed trans-
cription from IGRs in A. thaliana and other organisms>%.

The MPSS data demonstrated that at least 25% of expressed
A. thaliana genes show evidence of alternative polyadenylation.
Variation in the polyadenylation site may influence gene function
through post-transcriptional mechanisms. UTRs may contain regula-
tory elements affecting mRNA stability*® or translation efficiency’!;
the use of alternative polyadenylation sites in the 3'-UTR may strongly
affect RNA stability and therefore gene function. Differential
polyadenylation has been shown repeatedly to occur in a tissue- or dis-

ease-specific manner?2. Analyses of human
ESTs have estimated that more than 50% of

human genes use two or more polyadenyla-
tion sites’3. Premature polyadenylation is used
to regulate the activity of the human LINE

retrotransposons*, and regulates transcript
levels of the A. thaliana FCA transcript>.
Functional analyses of alternative transcripts
may need to be done on a gene-by-gene basis.

We used the quantitative expression data to

Tissue Strong Moderate Low Very low Total (range in TPM)
(>250 TPM) (25-250 TPM) (10-25TPM) (4-10 TPM)
Callus 16 54 78 187 325 (4-10,897 TPM)
Inflorescence 27 104 84 167 382 (4-8,428 TPM)
Leaves 6 21 40 109 176 (4-2,132 TPM)
Root 12 95 127 222 456 (4-1,094 TPM)
Silique 13 57 61 126 257 (4-6,297 TPM)
Constant 47 339 68 10 460 (4-1,591 TPM)

identify transcripts with tissue-specific and

Class 1, 2, 5 and 7 signatures were summed for each A. thaliana gene identifier. Tissue-specific genes were then
defined as those with 100-fold higher expression in one library than any of the other four; for signatures with

abundances <100 TPM, the abundance in the other libraries was 0 TPM.
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nonspecific expression patterns. With a lim-
ited number of libraries, these patterns are
still crude measurements, but as new MPSS
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libraries are added from different tissues and treatments, specific
expression patterns will be more precisely defined. Comparative
approaches may lead to the identification of conserved regulatory
sequences upstream of coding regions in genomic sequences. The sim-
ilarities in transcriptional complexity across the five libraries belied
the predicted differences in the tissue complexity. The most abundant
transcripts and the overlapping transcripts were consistent with the
biology of the tissues. Integration of biological knowledge with the
in silico analyses of the overlap among the diverse tissues can explain
many of the shared transcripts and may identify biological roles for
transcripts of unknown function.

As with whole genome arrays?, a relatively small set of diverse tissues
can identify the expression of >60% of the total number of annotated
genes. Detection of expression for the remaining 40% may be more dif-
ficult because it may require sampling of highly specialized tissues or
treatments. Although slightly more genes were detected by the WGAs
than MPSS for similar tissues, the observed overlap in patterns of tran-
scriptional activity detected by different technologies is substantial. In
addition, the MPSS analyses were more conservative because we
excluded duplicate matches; these matches are easily detected using
the signature sequence, whereas the microarray equivalent, cross-
hybridization, is difficult to identify. Extensive experimentation with
the different technology platforms ultimately may saturate the com-
pendium of possible transcripts derived from this plant genome.

Does MPSS sample deeply enough to detect the most weakly
expressed transcripts? Our analysis sampled more than 12 million
transcripts, yet a large number of these were observed at low levels.
Approximately 15% of the total distinct signatures were reliable but
not significant, suggesting that even sampling at levels of more than
2.5 million signatures per library may not sufficiently probe the depths
of transcriptional activity in some plant tissues. The lowest abundance
levels detected by MPSS are below the linear range of detection for
some microarrays®. Even though the estimates of complexity from
MPSS are better than those obtained by many technologies, MPSS may
not be sufficient to fully characterize transcription. A complex tissue
like the inflorescence may contain many cell types; expression patterns
in each cell type will increase in complexity if any sort of treatment is
introduced. Our cut-off for significance limited the transcripts we
detected to those present at >3 TPM, yet many signatures are present
at levels below that, and many of these match the genome in unique
locations!®. These may represent rare transcripts. More restricted tran-
script sets may be identified by sampling specific cell types, using such
selective technologies as laser-capture microscopy®” or selectively
isolated protoplasts®®. The combination of approaches will provide
further insight into the complexity of the A. thaliana transcriptome.

METHODS

Plant material. All plant material was from A. thaliana thaliana, ecotype Col-0.
Callus was initiated from seeds grown on medium containing 1/2x Murashige
and Skoog salts, 3% sucrose in presence of 2,4-dichlorophenoxyacetic acid
(0.5 mg/1), indoleacetic acid (2 mg/l) and kinetin (0.1mg/1). Tissue was grown
[B months in dark at 22 °C and transferred to fresh plates every [110-14 d. For
the floral library, immature inflorescences were harvested from plants grown in
soil in a growth chamber with 16 h of light for 5 weeks. Floral tissue included
the inflorescence meristem and early-stage floral buds (up to stage 11/12). Dev-
eloping siliques were from plants grown under conditions identical to the floral
library; siliques were harvested [24—48 h after fertilization, when the petals
begin to detach (stage 16—17) and the length of the siliques was 5-10 mm. The
leaf and root libraries were taken from the same plants, grown in 16 h of light
for 21 d under sterile conditions in vermiculite and perlite. For each library,
total RNA was isolated using TRIzol (Invitrogen). For tissues derived from
whole plants, samples were taken [ h after dark, in the subjective night.

1010

Signature sequencing. MPSS was performed essentially as described!"!2.
Signatures for a given library were produced in multiple sequencing runs and in
two types of sequencing reactions'!%; these sequencing runs and reactions
were combined to calculate a single normalized abundance for each signature
observed in each library'®. All of our raw and normalized data are available on

our website at http://mpss.udel.edu/at.

Analysis of MPSS data. We have implemented a classification scheme for the
signatures that match the A. thaliana genomic sequence. More details may be
found in a report describing our bioinformatics approaches in the application
of MPSS. Briefly, we extracted 858,019 potential MPSS signatures from the
A. thaliana genomic sequence; potential MPSS signatures are derived from a
Dpnll site (GATC) plus the adjacent 13 bases, with a second signature derived
from the complementary strand. The position of each potential signature was
compared to that of genes in the TIGR annotation version 3.0 (ref. 10) and
assigned to a class depending on the position relative to exons and ORFs!°.

We applied two filters to the MPSS data to remove potentially erroneous
signatures, and to isolate the subset of signatures that are expressed at signifi-
cant levels. The first filter identifies signatures that are found in only one MPSS
sequencing run across all libraries. Because our libraries consisted of at least
four sequencing runs from the same tissue, this ‘reliability’ filter removes signa-
tures that may be derived from random sequencing errors. The error rate for
MPSS is estimated at [0.25% per base. The filter for ‘significant’ signatures
identifies those signatures expressed in any A. thaliana library at 24 TPM;
because it is based on abundance, this criterion is independent of the reliability
filter. This filter is called ‘significant’ because 4 TPM is different from 0 TPM
with P < 0.05, whereas 1, 2 or 3 TPM is not significantly different from 0 TPM
(P > 0.05). Approximately 15% of signatures in each library were observed at
1,2 or 3 TPM but have been observed at significant levels (>3 TPM) in other
experiments not described here!®. The combination of the two filters removes
the majority of erroneous signatures and identifies signatures most likely to be
derived from real transcripts. Signatures that are reliable but not significant
may represent weakly expressed transcripts. Because we have lower confidence
in the nonsignificant signatures, we did not use these data for many of our cal-
culations. The filters are described and evaluated in greater detail elsewhere!®.

Note: Supplementary information is available on the Nature Biotechnology website.
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