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Differences in gene expression underlie central questions in plant biology extending from gene function to evolutionary mech-
anisms and quantitative traits. However, resolving expression of closely related genes (e.g. alleles and gene family members) is
challenging on a genome-wide scale due to extensive sequence similarity and frequently incomplete genome sequence data. We
present a new expression-profiling strategy that utilizes long-read, high-throughput sequencing to capture the information-rich
3#-untranslated region (UTR) of messenger RNAs (mRNAs). Resulting sequences resolve gene-specific transcripts independent
of a sequenced genome. Analysis of approximately 229,000 3#-anchored sequences from maize (Zea mays) ovaries identified
14,822 unique transcripts represented by at least two sequence reads. Total RNA from ovaries of drought-stressed wild-type and
viviparous-1 mutant plants was used to construct a multiplex cDNA library. Each sample was labeled by incorporating one of 16
unique three-base key codes into the 3#-cDNA fragments, and combined samples were sequenced using a GS 20 454 instrument.
Transcript abundance was quantified by frequency of sequences identifying each unique mRNA. At least 202 unique transcripts
showed highly significant differences in abundance between wild-type and mutant samples. For a subset of mRNAs, quanti-
tative differences were validated by real-time reverse transcription-polymerase chain reaction. The 3#-UTR profile resolved 12
unique cellulose synthase (CesA) transcripts in maize ovaries and identified previously uncharacterized members of a histone H1
gene family. In addition, this method resolved nearly identical paralogs, as illustrated by two auxin-repressed, dormancy-
associated (Arda) transcripts, which showed reciprocal mRNA abundance in wild-type and mutant samples. Our results
demonstrate the potential of 3#-UTR profiling for resolving gene- and allele-specific transcripts.

Functional analysis of plant genomes requires methods
for resolving differential expression of closely related
genes. The ability to distinguish between paralogs (e.g.
gene family members) and alleles on a genome-wide
scale is key to understanding the genetic basis of
quantitative traits in diverse plant populations. Genes
with extensive sequence similarity may comprise a
significant portion of a given transcriptome. Among
maize (Zea mays) inbreds, for example, 90% of the
alleles are polymorphic (Wright et al., 2005) and ap-
proximately one-third of maize genes are tandemly
duplicated (Messing et al., 2004). The extent of these
sequence similarities in maize and other complex ge-
nomes poses a clear challenge to delineation of gene-
specific function.

Differential expression of related, duplicated genes
has been linked to functional diversity within species

(Gu et al., 2004), and subfunctionalization can provide
a basis for genome evolution (Moore and Purugganan,
2005; Emrich et al., 2007b). The impetus for resolving
expression among paralogs is further motivated by the
extent of polyploidy, which is estimated to affect 50%
to 80% of angiosperm species, including maize, wheat
(Triticum aestivum), cotton (Gossypium hirsutum), and
other important crops (Osborn et al., 2003; Blanc and
Wolfe, 2004). Moreover, allele-specific differences in
gene expression that contribute to variations in pheno-
type are widespread in both animal (Cowles et al., 2002;
Yan et al., 2002) and plant species (Cong et al., 2002; Guo
et al., 2004). Accordingly, transcript profiling has been
adapted as a means of appraising quantitative traits
(Schadt et al., 2003; Borevitz and Chory, 2004). Associ-
ation mapping using expression quantitative trait loci
has identified candidate genes for important traits in
tomato (Solanum lycopersicum; Baxter et al., 2005) and
poplar (Populus spp.; Street et al., 2006). In addition,
comparing allele-specific expression among inbred pa-
rental varieties and F1 hybrids of reciprocal crosses has
revealed deviations from dosage dependency and en-
abled analysis of imprinting in maize endosperm (Guo
et al., 2003). The ability to resolve individual transcripts
with similar sequences and quantitatively compare
their expression is thus central to addressing questions
in functional genomics and defining genetic contribu-
tions to hybrid vigor (Birchler et al., 2003; Swanson-
Wagner et al., 2006; Springer and Stupar, 2007).

Despite rapid advances in expression profiling tech-
niques, the capacity to distinguish among closely
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related transcripts on a genome-wide scale remains a
challenge. In microarray analyses, cross hybridization
of similar transcripts to a given oligonucleotide probe
may confound expression of individual genes. With
sequencing of several genomes complete (e.g. Arabi-
dopsis [Arabidopsis thaliana], rice [Oryza sativa], and
poplar), whole-genome tiling arrays have allowed
unbiased interrogation of the transcriptome (Yamada
et al., 2003; Mockler and Ecker, 2005). These platforms
have successfully uncovered discrete polymorphisms
and alternate splice sites but depend on fully se-
quenced genomes and/or are limited to sequence
variants present on the array (typically derived from
a single reference strain). In addition, quantitative
measures of gene expression are limited by probe-
specific hybridization efficiencies.

The emergence of high-volume, short-read sequenc-
ing technologies has increased resolution for quanti-
tative transcriptome analysis in organisms for which
complete genomic sequence is available. Advances in
serial analysis of gene expression (SAGE) have opened
transcript profiling to unbiased sampling and quanti-
tative analysis of gene expression (Saha et al., 2002;
Bao et al., 2005). Although limited in throughput, the
sequencing of novel cDNAs following 3# extension
and amplification of short SAGE tags has been suc-
cessfully utilized for gene discovery (Chen et al., 2002).

Alternatively, genome-wide profiling by massively
parallel sequencing (Meyers et al., 2004; Jongeneel
et al., 2005) and the more recent Solexa 1-G technology
(Barski et al., 2007) has facilitated detection of rare
transcripts and comprehensive cataloging of noncod-
ing RNAs (Lu et al., 2005; Nobuta et al., 2007). The
capacity of these massively parallel approaches to
generate millions of short sequence tags can enable
reliable, cost-effective coverage of the transcriptome.
However, in genomes where sequence information is
fragmentary, the short length of these reads (17–36
bases) provides a limited capability for unambiguous
gene assignment. Likewise, near-identical transcripts
are difficult to discern with short-sequence reads, even
in a fully sequenced genome. Estimates from rice and
Arabidopsis massively parallel sequencing libraries
indicate that approximately 11% of signature se-
quences matched multiple target sites in the genome
(Nobuta et al., 2007).

Longer read lengths are achieved with 454-based
pyrosequencing, initially described by Margulies et al.
(2005) and more recently implemented as a platform
for transcript profiling (Emrich et al., 2007a; Weber
et al., 2007). A key advantage of the longer reads
generated by this technology is greater capability for
gene annotation and discovery in both sequenced and
nonsequenced genomes. A recent upgrade of the Ge-
nome Sequencer FLX system (Harkins and Jarvie,
2007) has extended average read lengths to .200 bases.
A tradeoff for obtaining more informative read lengths
is a lower depth of sequencing achieved with 454
compared to short-read technologies (e.g. Solexa 1-G).
Therefore, one method for improving the efficiency of

454-based transcript profiling is to anchor 454 reads to
unique sites near the 3# ends of expressed sequences to
reduce the number of reads necessary to identify
individual mRNAs and maximize recovery of gene-
specific polymorphisms. The 3#-untranslated region
(UTR) is rich in single-feature polymorphisms that dis-
tinguish closely related transcripts (Bhattramakki
et al., 2002; Vroh Bi et al., 2006). The specificity of
3#-UTR sequence reads thus allows effective annota-
tion of individual mRNAs without assembly of com-
plete cDNAs (Fig. 1).

Here, we present a strategy that harnesses the
specificity and information content of the 3#-UTR in
a long-read, 454-based sequencing approach to tran-
script profiling. A key to this method is the use of
3#-anchored sequence reads long enough for unam-
biguous identification of closely related transcripts. By
targeting the 3#-UTR of mRNAs, an unprecedented
resolution is achieved for gene- and allele-specific
transcripts, even for genomes that are only partially
sequenced or lack extensive EST coverage. In addition,
detection of haplotypes containing multiple polymor-
phisms is facilitated by the longer read length. These
components of the transcriptome are thus opened to
quantitative analysis beyond that currently accessi-
ble with short-tag sequencing technologies. In this
work, maize provides an ideal system to assess our
3#-anchored strategy, because the genome is rich in
genetic complexity from extensive gene duplication
(Messing et al., 2004; Messing and Dooner, 2006) and
currently is not fully sequenced.

In this study, we introduce a 3#-UTR profiling
method that allows quantitative analysis of gene-
specific expression on a genome-wide level, here using
mutant and wild-type maize ovaries. Concurrent

Figure 1. Comparison of shotgun versus 3#-anchored approaches for
using 454 sequences as a platform for transcript profiling. A, Sequencing
of randomly sheared cDNA fragments, followed by contig assembly, can
provide coverage of full-length cDNAs. However, the redundancy of se-
quence reads for a given transcript limits information returned per number
of reads and thus statistical analyses of expression. B, Our 3#-UTR pro-
filing method identifies unique ESTs by anchoring each sequence read to
a gene-specific region of cDNAs. This increases depth of sequencing and
facilitates assembly and analysis.
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sequencing of multiple mRNA samples was enabled
by the use of a multiplexing strategy. Results provided
quantitative expression profiles with read output
evenly distributed between samples. The frequency of
3#-anchored sequence reads aligning to a given cDNA
was used to quantify mRNA abundance and to mea-
sure differential gene expression. The long read lengths
combined with the specificity of the 3#-UTR were
sufficient to distinguish individual members of a pre-
viously characterized gene family as well as provide
quantitative comparisons of closely related transcripts
that matched unique maize ESTs or assembled cDNAs.
In addition, insertion deletion (indel) polymorphisms
were readily detectable by this method and resolved
nearly identical paralogous gene products.

RESULTS

3#-cDNA Library Construction

We synthesized 3#-anchored cDNA template librar-
ies to generate gene-specific sequence reads by 454
using the protocol shown in Figure 2. Concurrent se-
quencing of up to 16 individual sublibraries is enabled
by incorporation of a three-base multiplex key in the
A-adaptor (Fig. 2A). By using a subset of 16 three-base

keys, we could detect single-base errors in the mul-
tiplex key. Addition of a fourth base to the multiplex
key would enable up to 64 unique combinations with
error detection, thus enhancing the number of concur-
rently sequenced sublibraries. Each 3#-UTR sublibrary
was constructed from total RNA (Fig. 2B) using a
modified, biotinylated 454-B adaptor that incorporates
an oligo(dT) tail for priming cDNA synthesis from
poly(A1) RNA. Following second-strand cDNA syn-
thesis, biotinylated cDNAs were bound to Streptavidin
beads, purified by magnetic pull down, and digested
with MspI to generate 3#-cDNA fragments with 2-base
(CG) overhangs. Specific multiplex A-adaptors were
then ligated to the purified 3# fragments. A detailed
description is provided in ‘‘Materials and Methods.’’
MspI was selected based on simulated digests of 70,000
3#-orientated ESTs of maize (Fig. 3) from the maize full-
length cDNA project (www.maizecdna.org). Predicted
tag lengths were used to assess the proportion of 3#
enrichment in comparison to rice 3#-UTRs. While the
expected size distribution of MspI-digested cDNA frag-
ments is optimal for the Genome Sequencer 20 read
length (approximately 100 bases), the longer reads
generated by the 454-FLX instrument (approximately
250 base average) would likely extend through the
3#-UTR of many transcripts. If so, the number of FLX
reaction cycles could be configured to optimize aver-
age read length (Harkins and Jarvie, 2007). Although a
single MspI digest was used in this study, potential
increases in coverage of 3# ends could be achieved by
combining digests made with compatible restriction
enzymes (e.g. TaqI, MaeII). This would further improve
coverage when used in conjunction with the longer
read lengths and enhanced read output achieved by
454-FLX technology.

Figure 2. Schematic strategy for 3#-UTR profiling by 454 sequencing.
A, A 3#-anchored cDNA library is restriction digested and tagged via
ligation to a multiplex adaptor. Unique combinations of a 4-base
multiplex error-detecting key enables sample identification during
concurrent sequencing of up to 16 sublibraries. B, Sublibrary construc-
tion from total RNA.

Figure 3. Distribution of tag lengths for a simulated MspI digest of
70,000 3#-oriented ESTs from B73 maize (maize full-length cDNA
project [www.maizecdna.org]). A comparison of simulated tag lengths
to the distribution of annotated rice 3#-UTRs indicated enrichment of
3#-UTR sequence with an average tag length of 100 to 200 bases.
Proportion of short tags is reduced due to the low frequency of MspI
sites proximal to the poly(A) tail.
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To test the 3#-UTR profiling strategy, we sequenced
3#-anchored cDNA sublibraries prepared from imma-
ture ovaries of isogenic viviparous-1 (vp1) mutant and
wild-type maize plants in a W22 inbred genetic back-
ground. Prior to RNA sampling, plants were subjected
to a drought stress treatment (‘‘Materials and
Methods’’). VP1 is a transcription factor that mediates
a subset of responses to the plant stress hormone,
abscisic acid (ABA), including maturation and onset of
seed desiccation tolerance. The classic vp1 phenotype
is that of precocious germination due to reduced ABA
sensitivity (McCarty et al., 1991). More recently, how-
ever, VP1 has been implicated in stress responses of
nonseed tissues (Cao et al., 2007). In addition, prelim-
inary evidence suggests that VP1 may be involved in
modulating female reproductive quiescence in maize
under drought stress (A.L. Eveland, unpublished data).
To resolve differences in expression profiles that would
help define roles of the VP1 gene, cDNA sublibraries,
each tagged with a unique multiplex key, were pre-
pared from wild-type and vp1-mutant maize ovaries.

Data Assembly and Analysis

A sequencing reaction on the Genome Sequencer 20
instrument (Margulies et al., 2005) yielded 228,595
high-quality reads with an average, trimmed length
of 95 bases. Of these, 93% were identified as correctly
oriented, 3#-anchored cDNAs with equal representa-
tion of wild-type and mutant sublibraries (Table I). The
7% of reads that were excluded from further analysis
contained errors in the multiplex key (1.5%) or invalid
ligation junctions (5.5%). Assembly of validated, trimmed,
high-quality reads using CAP3 (Huang and Madan,
1999) revealed 14,822 nonredundant 3#-anchored con-
sensus sequences, each represented by two to 2,500
reads, and 32,477 singlets. The distribution of consen-
sus sequences per read number is shown in Supple-
mental Table S1.

The capacity of these consensus sequences to identify
individual genes based on specificity of their 3#-UTRs

was tested by aligning these reads to available maize
cDNA databases (The Institute for Genomic Research
Zea mays Gene Index [ZmGI] and Industry UniGene
[IUC]) using BLASTN (cutoff: E , 1027). At least 87%
of the consensus tags matched cDNAs and 66%
aligned with a gene-enriched maize genomic assembly
(MAGI; Fu et al., 2005). In addition, BLASTN searches
of the The Institute for Genomic Research maize repeat
database (http://maize.tigr.org/repeat_db.shtml) indi-
cated that only 1.9% of 3#-anchored consensus se-
quences contained retrotransposons or other repetitive
sequences, whereas another 1.2% were identified as
organellar or cytosolic ribosomal RNA (rRNA) con-
taminants. The latter were most likely due to rare mis-
priming by the oligo(dT)-B adaptor during cDNA
synthesis.

Analysis of 3#-UTR Profile Reveals a Dynamic
Range of Expression

Based on the set of unique consensus sequences
obtained from the two-sample library, we developed a
graphic display for the quantitative transcriptome pro-
file (Fig. 4, A and B). We quantified gene expression for
each of 11,559 consensus sequences that matched
unique cDNAs using read frequencies. The results are
plotted on a logarithmic scale to capture the full range of
expression. The 11,559 3# sequences profiled were also
analyzed based on Gene Ontology functional classifica-
tions determined by PFam searches derived from ZmGI
and IUC databases. Analysis of respective maize cDNAs
revealed 5,202 (45%) that were unclassified and lacked
annotation based on sequence similarity. An additional
578 (5%) of consensus sequences matched genes hav-
ing conserved domains of unknown function.

The relationship between abundance of each mRNA
and its rank (ordered from least to most prevalent) in
the whole dataset approximated a Zipf-power law
(ranked slope near 21 on a log-log scale). This distri-
bution was evident among transcripts overall (Fig. 4A)
and within individual functional classes (Figs. 4B and
5A). Zipf’s power law relationships are observed in a
wide range of natural phenomena, including the dis-
tribution of gene expression in a variety of organisms
(Kuznetsov et al., 2002; Furusawa and Kaneko, 2003).
Accordingly, it has been used as a tool for normaliza-
tion in some SAGE and microarray analyses. Although
our results were consistent with this distribution,
an interesting exception is shown for the chromatin-
related functional class. As shown in Figures 4B and
5B, distribution of expression was skewed for this
group of mRNAs by a disproportionate number of
highly abundant transcripts.

Distinguishing Gene Family Members

To evaluate 3#-UTR profiling for resolution of indi-
vidual gene family members, we analyzed the cellulose
synthase (CesA) gene family (Fig. 5A). The assem-
bled 3#-anchored sequences distinguished 12 unique

Table I. Summary statistics for a two-sample multiplex 3#-UTR library

Total high-quality readsa 228,595
Wild-type sublibrary reads 105,289
Mutant sublibrary reads 109,958
Error-detected reads 13,348
Errors in multiplex key (1.5%)
Invalid ligation junctions (5.5%)
Total unique sequencesb 47,299
Singletsc 32,477
Consensus sequences ($2 reads) 14,822
cDNA matchesd 11,559
Genome matchese 9,740

aAbundance of reads after filtering for MspI-ligation junc-
tions. bNonredundant set of sequences representing unique tran-
scripts. cSingle-copy transcripts. dAbundance of consensus
sequences matching cDNAs in IUC or ZmGI databases. eAbundance
of consensus sequences matching available MAGI4.

Profiling by 3#-UTR

Plant Physiol. Vol. 146, 2008 35



transcripts representing nine annotated CesA gene fam-
ily members (Supplemental Table S1) that were previ-
ously characterized in maize (Holland et al., 2000;
Appenzeller et al., 2004). The full-length CesA cDNAs
(ZmGI) share up to 94% sequence identity. In some
cases, extensive sequence similarity between CesA
genes and their proximal mapped locations to each
other in the genome are suggestive of paired duplica-
tions (e.g. CesA1 and CesA2 on chromosomes 6 and 8
and CesA4 and CesA9 on chromosome 7). The cDNA
sequences for CesA4 and CesA9 differ almost exclu-
sively in their 3#-UTRs, thus complicating resolution of
these two genes in previous expression studies (Holland
et al., 2000). Here, the corresponding 3#-anchored 454
reads for these closely related gene family members
aligned with gene-specific regions in the 3#-UTR (Sup-
plemental Fig. S1). Polymorphic variants for CesA4 and
CesA6 were also identified. Alignments of consensus
tags to a CesA4 cDNA (TC287832) indicated that a novel
transcript variant (CesA4c) contained an MspI restric-
tion site polymorphism as well as 35 bp of an unspliced
intron (Supplemental Table S2). Although no other ESTs
having these features were detected in maize databases,
nine reads in our maize-ovary dataset aligned with the
CesA4c variant. Consistent with the possibility that
these sequences identify a second CesA4 gene, CesA4
has been mapped to two locations (2.06 and 7.01;
Holland et al., 2000) corresponding to duplicated chro-
mosome segments (Helentjaris et al., 1988).

In addition, we analyzed a group of closely related
histone H1-like transcripts (Fig. 5B). These transcripts
matched a unique, nonredundant set of ESTs from
various maize cDNA libraries and were annotated
based on sequence similarities in other species.
Although these H1 genes have not been individually
characterized in maize, BLASTN results provided
insight for eventual functional analysis. For example,
a very highly expressed H1-like transcript (TC292133a)
matched a drought- and ABA-induced gene that had
been characterized in tomato (Bray et al., 1999). These
results indicate that unbiased profiling of closely re-
lated transcripts can facilitate studies of functional
genomics with or without a fully annotated EST data-
set or a completely sequenced genome.

Evaluation of Differential Expression between
Multiplexed Sublibraries

The use of 3#-UTR profiling as an effective strategy
for detecting quantitative differences in transcript

Figure 4. A graphic presentation of the quantitative 3#-UTR profile
representing 11,559 consensus sequences that matched cDNAs in the
two-sample multiplexed library. Read frequency was used as a quan-

titative measure of mRNA abundance. A, Transcript abundance is
plotted on a log-log scale for respective genes in rank order from least-
to most-highly expressed. B, Transcripts are grouped into functional
classifications based on Gene Ontologies and plotted linearly along the
y axis. Read count for each transcript is plotted on the x axis (log scale).
Color scale (dark to light) denotes the dynamic range of mRNA
abundance. Distribution of consensus sequences according to read
count is also shown in Supplemental Table S1.
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abundance between samples was evaluated based on
read frequencies generated from individual sublibrar-
ies. Read frequencies representing each expressed
gene were determined for wild-type and mutant
sublibraries by parsing the CAP3 ace file output. We
analyzed 4,147 consensus sequences that were repre-
sented by a total of 10 or more reads using a x2 statistic.
Of these, 202 showed significant differences (P , 0.0015)
in frequency between the two samples, indicating
putative differences in transcript levels. A subset of
these consensus sequences with highly significant dif-
ferences between libraries was annotated by BLASTN

to identify best-match ESTs (Table II). Of the 30 se-
quences listed, three matched to unannotated cDNAs
that appeared to be maize specific (TC286704,
TC300122 [ZmGI], and 2569799 [National Center for
Biotechnology Information {NCBI} UniGene]) and,
based on searches of public databases, 10 were found
exclusively or highly represented in cDNA libraries
from reproductive tissues (2568974/TC285721, 514900,
2566963, 2568212/TC286030, 507904/TC301902 [NCBI
UniGene/ZmGI]) or from drought-stressed plants
(2564044/TC285867, 2714857/TC286791, 508486/
TC29233, 2561245/TC299973, 2567165 [NCBI UniGene/
ZmGI]).

Quantitative differences in levels of specific mRNAs
were confirmed for a subset of genes by real-time
reverse transcription (RT)-PCR analyses of the wild-
type and vp1 mutant samples (Fig. 6). Results showed
that differences in transcript abundance between wild-
type and mutant RNA samples used in 3#-cDNA
sublibrary construction paralleled the 454-based ex-
pression profiles.

Resolution of Near-Identical Transcripts
by Polymorphisms

Analyses of the maize genome have revealed a high
frequency of nearly identical paralogs with $98%
identity (Emrich et al., 2007b). In most instances,
both gene copies are expressed. Identification of single
feature polymorphisms in the 3# sequences can effec-
tively distinguish a subset of such paralogs. At least
one example where 3#-UTR profiling effectively re-
solved near-identical paralogs was evident for closely
related but differentially expressed auxin-repressed,
dormancy-associated (Arda) transcripts (we designated
these genes as ARDA1 and ARDA2). The ARDA1 and
ARDA2 sequences share $98% identity (99% in the
coding region and 97% in their 3#-UTRs). Two distinct
3#-UTR ARDA consensus sequences detected an 18-bp
indel polymorphism that distinguished these two pa-
ralogs. Read frequencies showed reciprocal responses
in the mutant background by ARDA1 (P , 10253)
and ARDA2 (P , 10212). Differential profiles for these
genes were confirmed by amplifying the region in or
around the indel using real-time RT-PCR (Fig. 7A).
These reciprocal expression profiles could not be re-
solved when regions outside of the indel sequence
were amplified due to confounding effects of the
nearly identical sequences.

Earlier work identified ARDA1 as a potentially
important contributor to stress tolerance in hybrid
maize (Guo et al., 2004). The previously undetected
ARDA2, resolved in the monoallelic W22 inbred,
matched a unique maize EST. Alignment of the two
consensus sequences to a region within assembled
genomic sequence (MAGI4_156527) verified the pres-
ence of two paralogous gene products (Fig. 7B). Both
ARDA paralogs appeared to be drought responsive in
preliminary analyses. Currently, there is little information
for putative roles of ARDA genes. Studies in pea

Figure 5. Distribution of transcripts (log-log scale) in selected func-
tional classes from Figure 4B and read count for each. Resolution of
individual gene family members was enabled by the specificity of the
3#-UTR. A, Quantitative measure of mRNAs for all transcripts classified
with cell wall-related functions (Fig. 4B) and resolution of 12 unique
mRNAs representing nine previously characterized members of the
CesA gene family (including transcript variants for CesA4 and CesA6) in
maize ovaries. Read frequencies for CesA gene family members range
from two to 27 reads. B, Quantitative measure of mRNAs for all tran-
scripts with chromatin-related functions (Fig. 4B) and identification of
H1-like transcripts that matched unique but uncharacterized maize
cDNAs (indicated by ZmGI TC nos. or GenBank IDs). Read frequencies
for H1 gene family members range from two to 684 reads. TC292133:
drought-induced H1; TC29749, TC292749, TC292750, gi:149102785:
H1-like HON101; gi:110544310: TC294259; TC292931: HMGI/Y.
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(Pisum sativum) characterized similar genes as markers
for dormancy in axillary buds (Stafstrom et al., 1998).

Validation of Single Nucleotide Polymorphisms and
Homopolymer-Based Polymorphisms

We conducted a detailed analysis of polymorphisms
detected by a preliminary dataset comprised of 1,263
W22 consensus sequences using BLASTN alignment
to MAGI4 B73 genomic sequences. We expected that
some portion of apparent polymorphisms in consen-
sus sequences ranging from two to 75 reads (56.6%;
Supplemental Table S3) was due to sequence errors. To
estimate the contribution of sequence errors in the 454
data, we evaluated polymorphisms detected by a sub-
set of 107 cDNA consensus sequences (seven to 75
reads) with respect to B73 MAGI assemblies by inde-
pendent BLASTN searches of IUC cDNA and public
EST databases. We confirmed 93.8% of 146 sequence
polymorphisms detected within 52 W22 alleles by
identical cDNA matches, indicating that most identify
independently documented maize alleles.

Because the pyrosequencing method used by 454 is
prone to errors in estimating lengths of long homo-
polymer runs (Margulies et al., 2005), we investigated
the effect this may have on single nucleotide polymor-
phism (SNP) detection in maize sequences. Overall,
29% of the 1,263 W22 consensus sequences analyzed
above contained one or more homopolymer tracts of
5 bp or longer. To assess the impact of homopolymer
read errors on SNP detection by 454, we analyzed the
polymorphisms detected by a set of 211 W22 consen-
sus sequences (five to 75 reads) in best alignments to
the MAGI4 (B73) dataset (examples in Supplemental
Fig. S2). Of the total 257 polymorphisms detected
(counting indels as one), at least 89.9% were inde-
pendently confirmed by identical cDNA matches. In
addition, only 60 (23%) were potentially attributed to
simple or compound (e.g. CCTTT / CCCTT) ho-
mopolymer base-calling errors. Moreover, the 60
homopolymer-based polymorphisms were distributed
randomly (P . 0.9) between alignments that included
long homopolymer tracts of $5 bp (21% of consensus
sequences analyzed) and alignments that lacked them.

Table II. Best-match cDNAs and associated annotations (BLASTN) for consensus sequences showing highly significant differences in transcript
abundance between wild-type and vp1 mutant drought-stressed ovary sublibraries

Read frequency differences for consensus sequences were analyzed using a x2 statistic. Consensus sequences were aligned to best-match cDNAs
using BLASTN in ZmGI and IUC databases. NCBI UniGene IDs are listed for sequences where TC numbers were not available.

Read Frequency
cDNA ID Percent Match (Length) BLASTN Annotation (Species)

Wild Type vp1
P Value

TC285867a 100 (87) Auxin-repressed dormancy (Robinia pseudoacacia) 238 709 10253

TC285721b 100 (98) Gly-rich protein (rice) 57 244 10227

TC286704 98 (94) Unannotated 25 167 10224

TC305930 98 (80) Farnesylated protein 3 (Hordeum vulgare) 14 119 10220

2569891 100 (52) Xyloglucan endotransglucosylase (H. vulgare) 234 81 10218

TC285789 100 (96) Auxin-repressed dormancy (pea) 53 1 10212

TC292711 100 (100) Nodulin MtN3 family (Arabidopsis) 0 52 10213

514900b 97 (116) At1g74950 (Arabidopsis) 127 37 10212

TC286791a 100 (86) Dehydrin RAB-17 protein (maize) 8 69 10212

TC292358 100 (96) Thr-rich extensin (maize) 1,070 1,414 10212

507881 100 (95) Unnamed protein product (rice) 93 21 10211

TC286485 100 (87) Histone H2A (maize) 575 396 10211

2566963b 99 (104) Unknown protein (rice) 74 12 10211

TC286030b 100 (111) Harpin-induced gene 1 (rice) 106 31 10210

TC310545 100 (93) Histone H1 (maize) 259 135 10210

TC294233a 100 (104) Putative cystatin cc3 (Saccharum officinarum) 65 158 10210

2708354 100 (97) Unannotated (rice) 75 16 10210

TC298173 95 (93) Histone 3 (rice) 151 61 10210

TC294050 100 (95) EF-hand Ca21-binding CCD1 (wheat) 102 32 1029

TC301902b 100 (87) AP2 domain, EREBP (rice) 66 13 1029

TC305186 100 (78) Subtilisin-like proteinase (rice) 113 41 1029

1572511 100 (49) Hypothetical protein (rice) 31 0 1028

TC299973a 95 (84) Glycogenin-like (rice) 31 0 1028

654573 100 (45) Ca1-binding EF hand family (Arabidopsis) 53 10 1028

TC280589 100 (98) Phosphate-induced protein 1 like (Pennisetum ciliare) 146 67 1028

2567165a 90 (110) Heavy-metal associated (rice) 141 64 1028

2569891 100 (52) Xyloglucan endo-1,4-b-D-glucanase (H. vulgare) 43 6 1027

TC310820 100 (91) CCCH-type zinc finger protein like (rice) 15 61 1027

2569799 100 (74) Unannotated 59 14 1027

TC300122 99 (103) Unannotated 127 56 1027

acDNAs highly represented in GenBank libraries from drought-stressed maize plants. bcDNAs highly represented in GenBank libraries from
maize reproductive tissues.
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Finally, all but seven of 60 homopolymer length poly-
morphisms were supported by independent EST se-
quences from W22 or other sources. Hence, these
homopolymer-based polymorphisms were not appre-
ciably less reliable (88.3% confirmed) than other sub-
stitution and indel polymorphisms (93.8% confirmed
by independent cDNA sequences).

DISCUSSION

Our results demonstrate that 3#-UTR profiling is an
effective strategy for high-resolution global analysis of
gene expression that does not require a complete
genome sequence. Using this approach, we were able
to identify over 14,000 gene-specific mRNAs and
quantify expression based on read frequencies occur-
ring in 3#-anchored consensus sequences. Analysis of
the quantitative 3#-UTR profile revealed a dynamic
range of gene expression spanning greater than 3
orders of magnitude.

Our strategy of using long-read, 454 sequencing to
target gene-specific 3#-UTRs offers several advantages
over previous tag-based approaches to global expres-
sion profiling. First, depth of sequencing is enhanced
by anchoring the 454 reads to unique sites proximal to
the 3# ends of transcripts. This eliminates redundancy
associated with shotgun sequencing of cDNA frag-
ments, thus providing more reads per unique tran-
script and reducing the potential for highly expressed
mRNAs to saturate the library (Weber et al., 2007). In
this study, the two-sublibrary analysis using the 454
Genome Sequencer 20 instrument identified 47,299
distinct mRNAs (including 14,822 consensus se-
quences represented by two to 2,500 reads). In com-
parison, sequencing of nebulized Arabidopsis cDNAs
yielded approximately 17,500 unique transcripts after
two GS 20 sequencing reactions (Weber et al., 2007).

Although we cannot discount the possibility that a
portion of the singlets identified in our dataset are due
to sequencing errors, deeper sampling with the up-
graded FLX technology will provide enhanced statis-
tical support for rare transcripts.

Second, the specificity of these long, 3#-UTR-based
sequence reads facilitates unambiguous gene assign-
ment. Our analyses indicated that individual gene
family members can be resolved by unique, gene-
specific 3#-anchored tags, and the corresponding
closely related ESTs can be characterized. Finally,
enrichment of 3#-UTR sequences provides a useful
source of polymorphic information for studies of
natural variation. Identification and analysis of nearly
identical paralogous genes is improved on a genome-
wide scale by enrichment for polymorphisms in the
3# sequences. Even in cases where genomic informa-
tion is very limited, high-throughput sequencing of
3#-UTRs from species’ variants allows direct compar-
ison of polymorphic loci. This approach thus provides
a tool for genotyping and assessing genetic diversity
contributing to quantitative traits without the need for
a sequenced genome or extensive EST collections.

Approximately 22% of the unique mRNAs identi-
fied in this study by at least two reads did not match
ESTs in either ZmGI or IUC databases. A similar
percentage of novel sequences (30%) were also ob-
served for a transcript profile from maize shoot apical
meristem using 454-based shotgun sequencing of
sheared cDNAs (Emrich et al., 2007a). The 8% differ-
ence may reflect an increased specificity of our
BLASTN results using the IUC cDNA collection
and/or more novel transcripts identified in the non-
differentiated shoot apical meristem tissue. Our data
also showed that among distinct mRNAs matching
cDNAs, approximately 50% either contained domains
of unknown function and/or were unclassified based
on lack of homology to annotated genes in other

Figure 6. Validation of technical accuracy for deter-
mining differences in transcript abundance based on
read number. Parallel real-time RT-PCR (SYBR green,
MyIQ, Bio-Rad) analyses (technical error based on
three independent determinations) on identical RNA
samples as used in 3#-UTR sublibrary construction
validated the significant differences in read frequency
(P , 0.0015 except for a-tubulin control) for a subset
of genes. Gene-specific primers were designed using
the 454 sequence reads and associated EST matches
as templates.
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species. This percentage demonstrates the potential for
gene discovery with unbiased sampling and sequenc-
ing of gene-specific 3#-UTRs.

Furthermore, quantitative analyses of closely re-
lated transcripts can extend studies of functional ge-
nomics to species without completely sequenced
genomes and where gene families are largely unchar-
acterized. We addressed this possibility with an anal-
ysis of H1-like transcripts in maize ovaries. Although
the individual genes have not been characterized in
maize, identification of the corresponding H1 ESTs
indicated that these unique, nonredundant transcripts
are indeed expressed. One highly represented H1
mRNA in maize, TC292133a, was annotated as a
drought- and ABA-inducible H1 gene based on se-
quence similarities in tomato (Bray et al., 1999). This
annotation is consistent with a function for this highly
expressed H1 in drought-stressed maize.

For organisms that have limiting cDNA resources,
3#-cDNA tags will be less likely to align with upstream
coding sequences, thus constraining functional anno-

tation. Nonetheless, 3#-UTR sequences enable resolu-
tion of unique mRNAs and distinguish among closely
related transcripts. Quantitative data on transcript
abundance is also provided, as well as an open, unbi-
ased sampling of the transcriptome. Where additional
cDNA information is available, the 3#-cDNA sequences
can be extended by BLASTN alignments. Alternatively,
the sequence tags can be used to design primers or
probes for screening of cDNA libraries. While the di-
vergence of 3#-UTR sequences facilitates resolution of
genes within a genome, it may limit the effectiveness of
cross-species comparisons for annotation of transcripts.
For example, alignment of maize ovary 3#-cDNA con-
sensus tags to the complete set of rice genes (OsGI)
using BLASTN produced matches (expectation score
,1e25) for only 20.6% of the transcripts.

Based on our analysis of SNPs identified within con-
sensus sequences and comparisons with B73 MAGI
genomic assemblies (Supplemental Table S1), we con-
firmed at least 89.9% of polymorphisms independently
by identical cDNA matches. These data are consistent
with a recent study by Barbazuk et al. (2007) in which
88% of SNPs sampled by two or more 454 reads were
validated by Sanger sequencing. Removal of the un-
confirmed SNPs from our analysis reduced the esti-
mated polymorphisms in W22 relative to B73 to 43.9%.
That estimate is comparable to the 44% polymorphism
reported for B73 and Mo17 alleles (Vroh Bi et al., 2006).
Due to incomplete coverage of the B73 genome, it is
likely that some W22 consensus sequences were aligned
to closely related, paralogous MAGI4 sequences rather
than alleles (e.g. ARDA paralogs).

In addition, our preliminary results indicate that
homopolymer base-calling errors will have a minor
impact on the ability to analyze polymorphisms in
maize cDNAs. Importantly, even where errors of this
type occur, the consistency of base calling in reads
derived from independent 454 libraries suggests that
nonidentical alleles may still be distinguished if they
give rise to different consensus sequences. This level of
specificity in gene expression analysis is invaluable to
uncovering novel variation in polyploid or paleo-
polyploid genomes (Osborn et al., 2003). Evidence of
ancient tetraploidization in the maize genome can be
observed for roughly 60% of genes in duplicated
regions (Messing et al., 2004). Conservative estimates
indicate that extensive amplification of tandemly du-
plicated genes may represent approximately one-third
(35%) of maize genes (Messing et al., 2004).

Our analysis of expressed CesA gene family mem-
bers demonstrates the capacity of the approach de-
scribed to provide quantitative resolution of closely
related transcripts. This is achieved by specificity of
the 3#-UTRs for individual cDNAs. Cross hybridiza-
tion of near-identical transcripts often complicates
identification of individual gene family members in
array-based experiments. Consistent with this, the res-
olution of three CesA4 transcripts, including a putative
splice variant, denotes the complexity within the CesA
gene family in maize. Even with the most stringent

Figure 7. A 3# sequence polymorphism resolved nearly identical
ARDA paralogs with differences in mRNA abundance. A, Q-PCR
analyses confirmed the reciprocal responses of near-identical Arda1
and Arda2 ($98% identity) on wild-type and mutant samples used for
sublibrary construction (technical error based on three independent
determinations). B, The near-identical ARDA1 (EE188942) and ARDA2
(EE679809) ESTs differ by an 18-bp insertion within ARDA2, which is
not present in MAGI4_156527 (region aligning with the ESTs). The 454
sequence reads representing ARDA1 (blue) and ARDA2 (brown) are
highlighted within the 3# end of the ARDA2 EST sequence (top) and
within a schematic diagram of the two ESTs (3# ends) aligned to maize
genomic sequence (bottom).
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probe designs, cross hybridization with unknown
family members remains a challenge in nonsequenced
genomes. With unbiased sampling and sequencing,
resolution of tissue and/or temporal-specific tran-
scripts and polymorphic variants will provide func-
tional clues in complex genomes such as maize (Ma
et al., 2006). Furthermore, quantitative assessment of
transcription among individual members of a gene
family can facilitate analyses of functional genomics
and address key questions in evolution. Studies in
Arabidopsis have identified instances of functional
diversification among duplicated genes either in par-
allel biochemical pathways (Blanc and Wolfe, 2004) or
within specific developmental and metabolic pro-
cesses (Schmid et al., 2005).

Results from the quantitative 3#-UTR expression pro-
file showed that the Zipf power distribution of gene
expression observed across the entire dataset over-
all was not conserved within the chromatin-related
functional class. This group of mRNAs showed a
skewed distribution of abundance due mainly to a large
number of distinct, highly expressed H3 transcripts.
Among these, we identified 67 mRNAs having H3 func-
tional domains, and 39% of the consensus sequences
were represented by 100 to 1,000 reads. Results may be
due to transcriptional responses to the stress treatment
or be specific to the reproductive tissues examined.

Validation of differences in transcript abundance for
a subset of genes by real-time RT-PCR in RNA samples
used for sublibrary construction supports 3#-UTR
profiling as a platform for quantitative expression
profiling between samples. Furthermore, construction
of the 3#-cDNA libraries by this method yielded se-
quences with very low retrotransposon content and
nominal rRNA contamination. In addition, read dis-
tribution between multiplexed samples was well bal-
anced. Thus, a multiplexing strategy can be used to
concurrently profile multiple samples for increased
cost effectiveness. Incorporation of a 4-base error
detecting key enables up to 64 unique combinations
for individual sample recognition.

Preliminary data generated with the recently up-
graded FLX 454 technology (Harkins and Jarvie, 2007)
identified approximately 22,920 unique consensus se-
quences with a much higher depth of sequencing for 12
multiplexed samples in a single reaction (A.L. Eveland,
unpublished data). The enhanced sequencing capacity
of FLX will therefore provide improved statistical anal-
yses while increasing the number of multiplexed cDNA
libraries (e.g. biological replicates and treatments). In
this study, a single Genome Sequencer 20 run enabled
detection of unique transcripts (two or more reads) with
a sensitivity of approximately one in 100,000 mRNA
molecules. A similar run on the 454-FLX instrument is
expected to increase sensitivity by at least 2-fold. This
will be directly applicable to identifying rare tran-
scripts and resolving complex gene families.

Also, the range of gene expression quantified by the
454-based 3#-UTR profile provides higher resolution in
global transcript profiling analyses compared to array-

based hybridization experiments. Accordingly, our
results include detection of many rare mRNAs as
well as quantification of highly abundant transcripts.
In contrast, this level of resolution was not observed
in initial microarray analyses of the same tissues (A.L.
Eveland, unpublished data) due to threshold levels of
detection and saturation. Likewise, with array-based
interpretation of fold-changes, subtle variations in
gene expression are often not detected but can have
a significant impact on physiology. A quantitative ap-
praisal of all expressed sequences is thus invaluable to
studies of quantitative traits such as heterozygosity
(Birchler et al., 2003; Stupar and Springer, 2006).

Future Prospects

With 454-based, long-read sequencing of 3#-UTRs,
quantitative profiles for allele-specific inheritance pat-
terns can be generated in the absence of a priori data
on polymorphisms. Allelic variants are frequently
distinguished by single-feature polymorphisms such
as those that marked nearly identical paralogs in this
study. Identifying allele-specific differences in gene
expression and quantifying parental contributions to
complex traits in F1 hybrids are key to understanding
genetic mechanisms such as imprinting (Guo et al.,
2003) and heterosis (Birchler et al., 2003; Springer and
Stupar, 2007). In addition, strategies for expression
quantitative trait loci analyses (Schadt et al., 2003;
Borevitz and Chory, 2004) and genome-wide linkage
studies (Cheung et al., 2005) are improved by a high-
resolution, nonbiased approach to quantifying allelic
imbalances in gene expression (including those result-
ing from imprinting or X-chromosome inactivation).
Furthermore, analysis of natural variation is enhanced
by recovery of haplotypes in species where genomic
information is limited.

Natural variation can also be assessed with array-
based probe sets generated from 3#-anchored se-
quence reads (Borevitz et al., 2003). For species in
which comprehensive microarray platforms are not
available, the 3#-UTR sequence reads can serve as
blueprints for chip construction with highly specific
probe sets representing an unbiased sample of ex-
pressed sequences. Alternatively, for genomes with
limited EST support, this method can enhance effi-
ciency of cDNA sequencing by prescreening libraries
to eliminate redundancy. Fine mapping and marker-
assisted breeding can also be facilitated by utilizing in-
dels in the 3#-UTRs as molecular markers (Bhattramakki
et al., 2002; Vroh Bi et al., 2006). In addition, anchoring
the 454 sequences proximal to the 3# ends of transcripts
enables resolution of 3#-RNA processing variants. In-
stances of differential polyadenylated transcripts were
readily detected in this study (data not shown). Cur-
rently, identification and characterization of alternate
poly(A) sites is fragmentary for most genes, because
the required length of 3#-UTR sequence has been
largely outside the range of short-read technologies
(Jongeneel et al., 2005).
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CONCLUSION

By combining the specificity of 3#-UTRs with long-
read, high-throughput sequencing, we are able to dis-
tinguish expression of newly identified genes and
closely related transcripts on a genome-wide scale.
This can also be accomplished without reference to
a completely sequenced genome. The approach pro-
vides an efficient avenue for gene discovery and eluci-
dation of variations in expression that underlie natural
variation and contribute to complex genetics of heter-
osis and imprinting. In addition, 3#-UTR profiling ad-
vances studies of comparative and functional genomics
by quantitatively resolving expression of gene families
and identifying unknown gene family members.

MATERIALS AND METHODS

Plant Materials

Maize (Zea mays) plants were grown in 14-inch, 7-gallon pots under

greenhouse conditions (September to November in Gainesville, FL) at 12-h-

light/12-h-dark cycles. Sibling wild-type and vp1 mutant plants in a W22

inbred background were derived from a self-pollinated vp1/1 heterozygous

ear. A drought-stress treatment was initiated by gradually withholding water

beginning 2 weeks prior to tassel emergence. Soil was covered to restrict water

loss by evaporation and pots were weighed at the end of each day to

determine water loss to transpiration. Water lost to transpiration was added

back. One week after ears first appeared, water was withheld completely. Ears

were collected right before silk emergence from wild-type and vp1 mutant

plants. Immature ovaries (with pedicels) were hand dissected from equivalent

sections of each ear (base-to-mid section), weighed to 50 mg fresh weight

(15 ovaries per ear), and frozen in liquid N2.

Sublibrary Preparation and Sequencing

Tissue was homogenized in TRIzol reagent (Invitrogen) using a FastPrep

lysis system (Q-BIOgene). RNA was extracted using standard methods based

on protocols from the University of Arizona (www.maizearray.org). Total

RNA (5 mg) from wild-type and vp1 mutant ovaries was used for cDNA

synthesis (MessageAmp II, Ambion) and primed with 6 pmol biotinylated

(T12) B-adaptor (modified from Margulies et al., 2005) oligo: Biotin, CCT-

ATCCCCTGTGTGCCTTGCCTATCCCTGTTGCGTGTCTCAGTTTTTTTTT-

TTT[AGC]. Purified cDNA (DNA clear, Ambion) was bound to M-270 Strepta-

vidin beads (Dynal), immobilized on a Magnabot 96 (Promega), and digested

with MspI (Promega) to create 2-base CG overhangs for adaptor ligation.

A-adaptor oligos (modified from Margulies et al., 2005) included 3-base

multiplex keys (wild-type sublibrary top strand, 5#-CCATCTCATCCCTG-

CGTGTCCCATCTGTTCCCTCCCTGTCTCAGCAT-3#; wild-type sublibrary

bottom strand, 5#-CGATGCTGAGACAGGGAGGGAACAGATGGGACA-

CGCAGGGATGA-3#; vp1 mutant sublibrary top strand, 5#-CCATCTCA-

TCCCTGCGTGTCCCATCTGTTCCCTCCCTGTCTCAGACT-3#; vp1 mutant

sublibrary bottom strand, 5#-CGAGTCTGAGACAGGGAGGGAACAGAT-

GGGACACGCAGGGATGA-3#).

Adapter pairs were combined and concentrated to 1 pmol/mL in salt buffer

(10 mM Tris, 1 mM EDTA, 50 mM NaCl [pH 8]) and annealed by incremental,

21 degree/min decreases (95�C–4�C, with a 30-min hold at 72�C–71�C).

Adaptors (5 pmol) with multiplex keys CAT and AGT were ligated to digested

wild-type and mutant cDNA samples, respectively. The 3-base key sequences

enabled detection of single-base errors in the multiplex key. Unligated

adaptors were removed by washing beads twice with 13 B & W buffer (2.5

mM Tris-HCL, pH 7.5, 0.25 mM EDTA, 0.5 M NaCl) and twice with distilled,

deionized water. The desired 5#-A-cDNA-B-3# template strand was eluted

with 100 mM NaOH, neutralized, and concentrated on a Qiagen column

(Margulies et al., 2005). Sequencing was conducted as per Margulies et al.

(2005) using a 454 GS-20 instrument.

The expected yield of approximately 3 3 109 template molecules for the

combined libraries was confirmed by a SYBR Green Q-PCR strategy (MyiQ,

Bio-Rad). Molecules per microliter of amplified product were calculated from

an in vitro transcribed (MAXIscript, Ambion) a-tubulin (maize) standard:

a-tubulin forward, 5#-TTGTGCCTGGTGGCGACCTGG-3# and a-tubulin re-

verse, 5#-ACCGACCTCCTCGTAGTCCT-3#.

Data Analysis

Quality-trimmed 454 sequences (FASTA format) were filtered for valid key

and ligation junction (CGG) sequences at 5# ends, and poly-A tails were

trimmed using custom programs written in Java. Validated, trimmed se-

quences (93% of total reads) were assembled using CAP3 (http://

genome.cs.mtu.edu/sas.html). The nonredundant set of consensus cDNA

sequences represented by two or more reads (14,822 total assemblies) were

annotated by BLASTN searches of cDNA databases for maize. These included

ZmGI and IUC, a collection of cDNAs provided by an industry consortium via

a user’s agreement (http://www.maizeseq.org). Functional classifications of

cDNA matches were based on Gene Ontology terms associated with PFam

(http://www.sanger.ac.uk/Software/Pfam/) assignments in IUC. In addi-

tion, consensus sequences were aligned by BLASTN to MAGI (version 4.0

[http://magi.plantgenomics.iastate.edu/]).

All 3#-consensus sequence tags were deposited into dbEST (NCBI).

Real-Time PCR Analysis for Validation of 454 Data

Real-time RT-PCR was carried out to validate technical replicates of RNA

samples used in sublibrary construction. For real-time PCR analysis, cDNA

was synthesized from DNaseI-treated (Ambion) total RNA using an oligo(dT)

primer (TaqMan Reverse Transcription Reagents, ABI). Real-time PCR was

monitored using the MyiQ Single Color Real-Time PCR Detection system (Bio-

Rad). Each reaction contained 10 mL of 23 iQ SYBR Green Supermix (Bio-

Rad), 1.0 mL of cDNA sample, and 200 nM gene-specific primer in a final

volume of 20 mL. All reactions were performed in triplicate. The relative

abundance of transcripts was normalized with 18S rRNA control values using

Taqman (Ribosomal RNA Control Reagents, ABI) and to the constitutive

expression of an a-tubulin mRNA using SYBR Green on cDNA templates

(MyiQ, Bio-Rad). SYBR Green was used to amplify a subset of transcripts with

gene-specific primers. Primer pairs were designed using the 454-read and

adjacent sequences in best-match ESTs identified by BLASTN as templates.

CBS domain chloride channel ([2562879] CBS forward, 5#-ATGGATGCTGCTG-

TTCTCATGCTC-3# and CBS reverse, 5#-ATGGAGTCTCCTGGCGTGCTAC-3#),

thaumatin/osmotin ([1321765] Osmotin forward, 5#-TACCGCAGCAGCTG-

AACAACG-3# and Osmotin reverse, 5#-ATGTTCCGTCGCAGTCGCTAGG-3#),

senescence-associated/tetraspannin ([TC299489] Sa forward, 5#-AAC-

GACGAGGACGACCTCTGC-3# and Sa reverse, 5#-AGTTTGATTAAGCG-

TCACCGCCTCG-3#), chlorophyll a/b-binding protein ([TC299127] Cab

forward, 5#-TGTACCCTGGCGGCAGCTTC-3# and Cab reverse, 5#-ATC-

CACGTACGTACACCCTCTCC-3#), copper transport ATPase/heavy-metal

associated ([2562278] Hma forward, 5#-AGCCAAAGCTGACGCCTGATC-3#
and Hma reverse, 5#-TCCTGCAAGGGATGTGTTGTTC-3#), Gly-rich protein

([2923887] Grp forward, 5#-ATCAGGTGAAGGATACGGACAAGGTG-3#and

Grp reverse, 5#-ACAGGACAAATTACAAGCCTTGCGGTG-3#), dehydrin

DHN1/RAB-17 ([TC286791] dehydrin forward, 5#-ACAGCACTGAGCG-

GCGCCTATAC-3# and dehydrin reverse, 5#-ACGTAGCAGCATAAACAGTA-

CACGGACC-3#). Relative expression levels of ARDA1 and ARDA2 were

compared by real-time RT-PCR using SYBR Green and gene-specific primers

within and around the 18-bp indel sequence (Arda1 forward, 5#-TACAA-

GCGGGCGCAGTCG-3#, Arda1 reverse, 5#-AGCAAACATGGCCTCTTCA-

CTG-3#; Arda2 forward, 5#-TACAAGCGGGCGCAGTCG-3#, Arda2 reverse

5#-TGGCCTGACAGAGACACCG-3#).

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers EY950428 through EY965249.

Supplemental Data

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

Supplemental Figure S1. Alignment of full-length CesA ESTs and

corresponding gene-specific 3#-anchored consensus sequences.

Supplemental Figure S2. Confirmation of SNPs (including homopolymer-

based polymorphisms) in W22 3#-anchored sequence reads.
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Supplemental Table S1. Distribution of consensus sequences by read

number.

Supplemental Table S2. Sequences for gene-specific 3#-anchored 454

reads that resolved individual CesA gene family members.

Supplemental Table S3. Validated polymorphisms in W22 454 consensus

sequences compared with B73 genomic sequence.
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