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Improved knowledge of the sorghum transcriptome will enhance basic understanding of how plants respond to stresses and
serve as a source of genes of value to agriculture. Toward this goal, Sorghum bicolor L. Moench cDNA libraries were prepared
from light- and dark-grown seedlings, drought-stressed plants, Colletotrichum-infected seedlings and plants, ovaries,
embryos, and immature panicles. Other libraries were prepared with meristems from Sorghum propinquum (Kunth) Hitchc.
that had been photoperiodically induced to flower, and with rhizomes from S. propinquum and johnsongrass (Sorghum halepense
L. Pers.). A total of 117,682 expressed sequence tags (ESTs) were obtained representing both 3# and 5# sequences from about
half that number of cDNA clones. A total of 16,801 unique transcripts, representing tentative UniScripts (TUs), were identified
from 55,783 3# ESTs. Of these TUs, 9,032 are represented by two or more ESTs. Collectively, these libraries were predicted to
contain a total of approximately 31,000 TUs. Individual libraries, however, were predicted to contain no more than about 6,000
to 9,000, with the exception of light-grown seedlings, which yielded an estimate of close to 13,000. In addition, each library
exhibits about the same level of complexity with respect to both the number of TUs preferentially expressed in that library and
the frequency with which two or more ESTs is found in only that library. These results indicate that the sorghum genome is
expressed in highly selective fashion in the individual organs and in response to the environmental conditions surveyed here.
Close to 2,000 differentially expressed TUs were identified among the cDNA libraries examined, of which 775 were
differentially expressed at a confidence level of 98%. From these 775 TUs, signature genes were identified defining drought,
Colletotrichum infection, skotomorphogenesis (etiolation), ovary, immature panicle, and embryo.

The Poaceae contains numerous species of impor-
tance to human nutrition. A thorough exploration of
the transcriptome of this important plant family is an
important step in understanding its fundamental bi-
ology, as well as in identifying genes that will continue
to improve its agricultural productivity. Defining the
transcriptome of a complex, multicellular eukaryote is,
however, a daunting challenge. The two most widely
used and comprehensive approaches are whole-
genome sequencing coupled with application of gene
prediction algorithms (Mathé et al., 2002) and single-
pass sequencing of cDNAs to obtain expressed se-
quence tags (ESTs; Adams et al., 1991). Among newer
approaches that have not yet been used as widely are
targeted sequencing of gene-rich regions, identified
either as being hypomethylated (Rabinowicz et al.,
1999; Bedell et al., 2005) or enriched in single-copy
sequences (Peterson et al., 2002), and serial analysis
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of gene expression (Velculescu et al., 1995). No one
methodological approach, however, is sufficient. Gene
prediction algorithms are as yet imperfect (Mathé
et al., 2002), while other methods are in a practical
sense incapable of identifying every potentially ex-
pressed gene. Ultimately, a combination of strategies
employed in parallel will be required to provide
a near-complete description of any complex transcrip-
tome.

Among available approaches, an appropriately de-
signed EST project offers a number of substantial
advantages: (1) It most often is a much less expensive
route to gene discovery than is whole-genome se-
quencing; (2) it offers unambiguous identification of
transcribed genomic sequences; (3) it results in a cDNA
resource that can serve a broad scientific community;
(4) it provides at no additional cost templates suit-
able for cDNA-based microarray applications as well
as (5) information about gene expression as a function
of developmental stage, organ, and/or environmental
parameters at the time plant material is harvested for
RNA isolation; and (6) it can reveal information about
several transcript properties, including untranslated
region (UTR) structures, polyadenylation signals, and
alternative splicing. Because of these and other ad-
vantages, several EST projects in commercially impor-
tant plant species have been initiated (Michalek et al.,
2001; Miller et al., 2001; Fedorova et al., 2002;
Fernandes et al., 2002; Shoemaker et al., 2002; Van
der Hoeven et al., 2002; Kikuchi et al., 2003; Ogihara
et al., 2003; Ronning et al., 2003; Vettore et al., 2003; Fei
et al., 2004; Ramı́rez et al., 2005).

The cereals are among the agriculturally most im-
portant members of the Poaceae. The extensive syn-
teny among their genomes (Hulbert et al., 1990; Ahn
et al., 1993; Paterson et al., 1995; Bennetzen and
Freeling, 1997; Gale and Devos, 1998; Draye et al.,
2001; Mullet et al., 2002; Bowers et al., 2003) means
that what is learned about any one of them increases
our knowledge about all. We have chosen to utilize
sorghum as a representative of the cereals for sev-
eral reasons. Not only is it an important cereal crop in
its own right (Doggett, 1988), but it has a relatively
small diploid genome of approximately 750 Mb and
is closely related to maize (Zea mays) and sugarcane
(Saccharum officinarum), both of which have much
larger polyploid genomes (Arumuganathan and Earle,
1991). Well-developed physical and genetic maps
and large bacterial artificial chromosome libraries are
available (Woo et al., 1994; Lin et al., 1999; Klein et al.,
2000; Childs et al., 2001; Draye et al., 2001; Menz et al.,
2002; Bowers et al., 2003). Moreover, sorghum is un-
usually well adapted to harsh environments, includ-
ing high temperature, drought, and low nutrient
availability, and it has been investigated extensively
with respect to many important parameters such as
C4 photosynthesis, drought resistance, variation in
flowering time, and acid-soil resistance. Consequently,
sorghum is an excellent model system for advancing
our understanding of what is almost certainly the

single most important group of plants with respect to
human nutrition.

We characterize and explore here 117,682 sorghum
ESTs derived from approximately half that number of
independent cDNAs, most of which were sequenced
at both 5# and 3# ends. A Milestone set (freeze) of
16,801 unique transcripts, or tentative UniScripts
(TUs), has been identified from 55,783 3# ESTs and is
in use for microarray applications (Buchanan et al.,
2005; Salzman et al., 2005). Of the 16,801 TUs, 7,769 are
singletons. These data provide for sorghum an esti-
mate of about 31,000 for the total number of TUs in
the 13 cDNA libraries investigated here. Because the
overwhelming majority of cDNAs were obtained from
unamplified libraries that were neither normalized nor
subtracted, these data also provide quantitative in-
formation about the expression pattern of each TU
among the cDNA libraries examined. This information
has been used to identify 775 genes that were differ-
entially expressed at a confidence level of 98%, as well
as signature genes for drought, pathogenesis, skoto-
morphogenesis (etiolation), ovaries, immature pani-
cles, and embryos.

All ESTs are available for examination and down-
load at http://fungen.org/Sorghum.htm and http://
cggc.agtec.uga.edu/cggc. Additional information con-
cerning data access is provided in ‘‘Materials and
Methods.’’

RESULTS

EST Characteristics

The 13 cDNA libraries from which ESTs were
obtained are summarized in Table I. Three major
considerations went into the choice of libraries. Some
were selected to provide linkage to other EST projects
(e.g. pathogen-infected plants, incompatible [PI1] and
pathogen-infected plants, compatible [PIC1]; Ronning
et al., 2003), all were selected to provide a high rate of
gene discovery, and several were selected to satisfy
specific biological targets. PI1 and PIC1 were selected
to provide genes responding to biotic stress. Water-
stressed plants (WS1) and leaves from plants stressed
after flowering (DSAF1) or before flowering (DSBF1)
were selected to identify drought-induced genes.
Dark-grown seedlings (DG1) were included to provide
insight into skotomorphogenesis. Floral-induced mer-
istems (FM1) are intended to help reveal transcriptome
changes occurring in response to photoperiodic in-
duction of flowering. Rhizomes (RHIZ1 and RHIZ2)
were selected to identify genes expressed solely or
preferentially in rhizomes, with a view toward iden-
tifying candidate genes that might help in the control
of johnsongrass (Sorghum halepense L. Pers.), which
requires control in several parts of the world largely
because of its rhizomatous growth habit. Time points
for harvesting tissues were intended to offer a high
probability of identifying genes of interest. For
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example, embryos were harvested 24 h following the
onset of germination because prior work demon-
strated substantial new transcript accumulation at
this early time point (Hauser et al., 1998). RHIZ1 is
included because it was immediately available for
methodological development. RHIZ2 was produced
as a replacement for RHIZ1 because it was from
Sorghum propinquum (Kunth) Hitchc. rather than
johnsongrass because the cDNA inserts in RHIZ1
were short and because RHIZ1 had been ampli-
fied. S. propinquum was preferred over johnsongrass
because the former is the species used for one of the
two comprehensive sorghum genetic maps (Bowers
et al., 2003).
Initial choices for species and genotype were made

for four reasons. (1) Genotype BTx623 was selected for
most libraries because it is one of the most widely used
Sorghum bicolor L. Moench accessions in breeding pro-
grams and (2) has been used as one of the parents for
the construction of both of the most detailed genetic
maps for sorghum (Menz et al., 2002; Bowers et al.,
2003). (3) S. propinquum was selected in part because
it was used for one of the two sorghum genetic maps
and in part because it possesses rhizomes, which
S. bicolor lack. (4) Similarly, to understand better
changes that might occur during the transition of
a meristem from vegetative to reproductive, the pho-

toperiodic behavior of S. propinquum was exploited in
order to provide appropriate starting material. DSAF1
and DSBF1 were not originally part of this project.
They were included subsequently because of the added
information theyprovide concerningdrought, themajor
abiotic focus of this work.

From a total of 151,870 sequence attempts, 117,682
high-quality 3# and 5# ESTs were obtained (Table II).
With the exceptions of RHIZ1, DSAF1, and DSBF1,
about one- half of the clones contain full-coding-length
cDNAs. Estimates for cDNAs cloned backwards from
expectations range from 0.5% to 3.5%. Most libraries
were sequenced to a depth of about 5,000 cDNAs.
After trimming for vector, adapter, and quality, ESTs as
submitted to GenBank averaged 516 and 529 nucleo-
tides (nt) for 3# and 5# reads, respectively. The greatest
number of trimmed sequences had lengths between
500 and 599 nt, with 89% exceeding 300 nt (Fig. 1).
These sequences can be explored and downloaded as
fasta files as described in ‘‘Materials and Methods.’’

Milestone TUs

Only 3# ESTs were clustered for two reasons. First,
ESTs deriving from the same gene would be expected
to have substantial sequence overlap. Conversely, 5#
ESTs would be expected to start at different places

Table I. cDNA libraries from which ESTs described here were obtained

Library Designation Species RNA Source

DG1 S. bicolor Seedlings, including roots, germinated and grown for 5 d
in total darkness at 25�C and near-saturating humidity

DSAF1 S. bicolor Leaves from greenhouse-grown plants stressed by drought
after flowering (library amplified and subtracted)

DSBF1 S. bicolor Leaves from greenhouse-grown plants stressed by drought
before flowering (library amplified and subtracted)

EM1 S. bicolor Embryos 24 hr after the onset of imbibition at 25�C on white
filter paper in Petri dishes

FM1 S. propinquum Meristems from mature plants treated with 15 short, 8-hr
photoperiods in a growth chamber, followed by 16 d in
a greenhouse during the natural long days of late April
and early May in Athens, GA

IP1 S. bicolor Immature panicles from field-grown plants near College
Station, TX

LG1 S. bicolor Greenhouse-grown seedlings, 10–14 d old, including roots,
9–10 cm in height

OV1/OV2 S. bicolor Immature ovaries from 8-week-old, greenhouse-grown
plants

PI1 S. bicolor Leaves of 2-week-old seedlings harvested 48 hr after
inoculation with isolate FRM421 of Colletotrichum
graminicola (incompatible challenge)

PIC1 S. bicolor Leaves of 4-week-old plants sprayed with a spore
suspension of isolate FRM421 of C. graminicola
(compatible challenge)

RHIZ1 S. halepense Rhizome apices harvested from field-grown plants near
College Station, TX (library amplified)

RHIZ2 S. propinquum Rhizome apices (approximately 1 cm) harvested from
mature vegetative greenhouse-grown plants in
Athens, GA

WS1 S. bicolor Greenhouse-grown plants, 5 weeks old, including roots,
on days 7 and 8 after cessation of watering
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depending upon where reverse transcription (RT) ter-
minated. Thus, by using only 3# ESTs the much greater
frequency of error associated with clustering 5# ESTs is
avoided. Wang et al. (2004) have subsequently docu-
mented with Arabidopsis (Arabidopsis thaliana) that the
rate of erroneously separating ESTs into two or more
clusters is 30% with 5# ESTs, but only 3% with 3# ESTs.
Since we have sequenced both ends of the vast
majority of cDNAs, little or nothing is lost by taking
the more rigorous approach used here. Moreover,
because the 3# and 5# ESTs from the same cDNA are
linked, once the 3# ESTs have been clustered the useful
length of consensus sequences can be extended by
directed incorporation of the 5# sequences. The second
reason derives from the expectation that UTRs of 3#
ESTs should discriminate better among members of
a multigene family than would 5# ESTs, thereby pro-
viding a potentially better measure of gene discovery.

The 55,783 3# ESTs clustered here identify 6,114
singletons, 1,655 contigs-of-one, and 9,032 clusters of
two or more members (Table II). When a sequence is
sufficiently similar to one or more other sequences,
phrap attempts to assemble it with them. If phrap ul-
timately fails to do so, however, the sequence is des-
ignated by phrap as a contig-of-one. The identifier of
a TU in this category begins with 1. A sequence that
bears so little resemblance to any other sequence that
no attempt is ever made to assemble it with other
sequences is designated by phrap as a singleton. The
identifier for this category begins with 0. While both
categories contain only one EST, it can be important to
be aware that those originally identified as a contig-of-
one do have a strong resemblance to one or more other
TUs. The identifier of a TU with two or more members
begins with a 2. For simplicity, the term singleton in

the following will also refer to contigs-of-one. Collec-
tively, singletons and assemblies with two or more
members will be referred to here as TUs, as already
defined. The distribution of TU consensus sequence
lengths is presented in Figure 1. With few exceptions,
they are little more than about 100 nt longer than
individual sequences (Fig. 1). The number of TUs
as a function of the number of ESTs per TU indicates
that very few genes are observed to be expressed at
high frequency (Fig. 2). Only 42 TUs are detected at a
frequency exceeding one transcript per 1,000, while
only 2,158 exceed a frequency of one per 10,000.

The relative coverage of this EST data set has been
evaluated by BLASTn to 255,964 sugarcane, 416,090

Table II. EST characteristics and cluster information

Library
ESTs (No.) Average Trimmed Length 3# ESTs Included

in TUs (No.)a
TUs

(No.)b
Singletons

(No.)c
Full Coding

Length

Inverted

Clones3# 5# 3# 5#

nt % %

DG1 5,642 6,627 501 528 5,149 2,858 1,938 56 3.2
DSAF1 3,057 3,497 516d 516d 2,960 1,995 1,401 14 2.3
DSBF1 2,961 785 543d 543d 2,882 1,904 1,399 18 2.0
EM1 5,126 5,405 508 521 4,793 2,690 1,779 52 1.6
FM1 4,976 5,336 507 504 4,861 2,716 1,850 50 1.2
IP1 4,936 5,067 500 538 4,731 2,582 1,700 49 0.5
LG1 5,015 5,316 485 543 4,822 2,966 2,210 52 2.6
OV1 2,578 2,810 516 546 2,458 1,575 1,152 53 2.9
OV2 2,615 2,787 571 504 2,476 1,647 1,245 52 2.3
PI1 5,077 5,203 523 527 4,774 2,539 1,711 53 1.4
PIC1 5,042 4,522 551 592 4,823 2,646 1,699 28 0.7
RHIZ1 1,179 0 426 n.a.e 1,087 789 598 n.d.f n.d.f

RHIZ2 5,308 5,978 510 513 5,175 2,610 1,665 64 1.2
WS1 5,437 5,400 537 515 4,792 2,580 1,856 50 3.5
Total 58,949 58,733 516 529 55,783 16,801 7,769g

aSome 3# ESTs were excluded from the Milestone 3# EST assembly as explained in ‘‘Materials and Methods.’’ bThe total number of TUs
represented within the indicated library; because a single TU can have ESTs from many libraries, the sum of the values in this column exceed
16,801. cThe number of TUs in which an EST from this library appears only once. dAverage is for both 3# and 5# sequences
together. eNot applicable. fNot determined. gTotal number of singletons in the Milestone assembly.

Figure 1. The number of 3# ESTs (left-hand scale) or TUs (right-hand
scale) binned by sequence or contig length, respectively.
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maize, and 284,234 rice (Oryza sativa) ESTs downloaded
from GenBank on September 13, 2004. The best return
for each TU from each database was binned, revealing
the expected inverse relationship between frequency
of high-quality hits and evolutionary distance. The
percentage of TUs returning an Expect value #E-100
was 54.9%, 43.1%, and 11.6% for sugarcane, maize, and
rice, respectively. Conversely, these percentages for
Expect values .E-5 were 19.6%, 23.4%, and 35.5%,
respectively. A bar chart that includes these data is
presented in Supplemental Figure 1.

Discovery Rate and Distribution of TUs

Because the overwhelming majority of cDNAs were
randomly selected from unamplified and nonnormal-
ized libraries, results of clustering 3# ESTs can be used
to estimate the rate of discovery of new TUs as a
function of the number of 3# ESTs accumulated. Be-
cause the required information has been entered into
the same Oracle database that also contains the results
of ESTclustering, it is possible to calculate and display
the number of TUs as a function of the number of 3#
ESTs included in the data set (Fig. 3), to do the same for
each cDNA library separately, and to do the same
cumulatively, as additional libraries are added (Fig. 4).
From the theoretical curve in Figure 3, obtained
as described in ‘‘Materials and Methods,’’ it is then
possible to define the rate of TU discovery at any
number of 3# ESTs and to extrapolate in order to obtain
an estimate of the total number expected if one or more
libraries were sequenced to infinite depth (Fig. 4). The
rate of gene discovery remains substantial, even after
sampling 55,783 cDNAs. At this point the rate of dis-
covery of new TUs by sequencing new cDNA clones
picked at random from these same libraries is pre-
dicted from the slope of the theoretical curve to be
13.6% (Fig. 3). At infinite sequencing depth, the result
predicts that these libraries contain representatives
of approximately 30,600 TUs (Fig. 4). Each library in-

dividually is predicted to contain representatives of no
more than about 13,000 TUs, with most containing
only about 6,000 to 9,000 (Fig. 4).

The richest library in terms of the maximum number
of TUs predicted is that prepared from young, light-
grown seedlings (LG1 in Fig. 4). TUs enhanced in their
expression, however, were no more frequent in LG1
than in other libraries. This is the case whether fold
induction relative to the average expression across all
libraries is measured (Fig. 5), or the frequency with
which TUs consisting of two or more 3# ESTs is ob-
served in only one library is determined (Fig. 6). For
each library or subgroup, fold induction is the fre-
quency with which that library or subgroup was re-
presented in a TU (the number of 3# ESTs in the TU
from that library or subgroup divided by the total
number of 3# ESTs in the library or subgroup) divided
by the ratio of the total number of 3# ESTs in that TU to
the total number of 3# ESTs (55,783).

Hierarchical Clustering, Differentially Expressed TUs,
and Signature Genes

Hierarchical clustering of 3# ESTs representing the
258 TUs with 20 or more members revealed that few of
these highly expressed genes were expressed uni-
formly among all libraries (data not shown). Similarly,
an evaluation of the 10 most abundantly expressed
genes indicated that most were expressed preferen-
tially in only a few libraries, with the three drought-
related libraries (WS1, DSAF1, DSBF1) accounting for
the majority of expression in half of these 10 (data not
shown). To explore in greater detail the ability of this
EST data set to discriminate among the different en-
vironmental conditions or plant organs from which
the individual libraries were obtained, the R statistic of
Stekel et al. (2000) was calculated for the 3# ESTs in
every TU. Stekel et al. documented that the relation-
ship between R and the probability that expression dif-
fers from the null hypothesis that expression is uniform
among libraries must be determined independently

Figure 2. The number of TUs as a function of the number of 3# ESTs
per TU.

Figure 3. The number of TUs as a function of the number of 3# ESTs
accumulated. The solid line represents experimental data; the dashed
line represents a best fit to those data. Inflection points occurwhere new
libraries were introduced.
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for each data set examined. Consequently, this rela-
tionship was determined for the data set examined
here (Table III). The results indicate that for R $ 6,
there are 3,174 TUs observed to be differentially ex-
pressed, of which 1,272 are expected to be false
positives. Consequently, this analysis indicates that
close to 2,000 TUs in this dataset are differentially
expressed, although the believability value associated
with any one TU is only 59.9%. In order to focus on
TUs with greater certainty of being differentially ex-
pressed, a subset of 775 with an R statistic equal to or
greater than 11.55, equivalent to a believability of 98%
or greater, was selected for further analysis. Because
DSAF1 and DSBF1 were normalized libraries, they
were excluded from the analysis presented here.

This subset of 775 TUswas evaluated by hierarchical
clustering, yielding the result illustrated in Figure 7.
The number of members in these TUs ranged from 4 to
215. The two pathogen libraries clustered as a group,
as did the three drought libraries when the analysis
was repeated with the inclusion of DSAF1 and DSBF1
(data not shown). FM1 and RHIZ2, both from
S. propinquum, also clustered together. Individual ex-
amination of several of the TUs that identify these
latter two libraries (green bar to right of heat map in
Fig. 7) reveal that they most often represent genes
whose orthologs in S. propinquum and S. bicolor differ
enough that the ESTs derived from them were sepa-
rated into different TUs.

With the further exclusion of RHIZ1, RHIZ2, and
FM1, 70 TUs were selected from Figure 7 and resub-
mitted to hierarchical clustering. These 70 TUs con-
sisted of 10 representing each of seven subgroups or
libraries. The results identify well-defined signature

TUs for each of the environmental conditions (drought,
pathogenesis, skotomorphogenesis, photomorphogen-
esis) or tissues (embryo, immature panicle, ovary) ex-
amined (Fig. 8). Two size fractions of the ovary library
were picked and sequenced for a practical reason
described in ‘‘Materials andMethods.’’ Comparison of
the ESTs derived from these two library fractions in
Figures 7 and 8 indicates that variable size distribution
in these two library fractions does lead to minor dif-
ferences in the TUs identified (Fig. 7), even though
ovary 1 (OV1) and OV2 nonetheless cluster well with
one another (Figs. 7 and 8).

Eighteen signature genes identified by hierarchical
clustering were evaluated by quantitative RT-PCR. To
evaluate the utility of these signature genes, seven
comparisons were made between abscisic acid (ABA)-
treated and light-grown seedlings and 11 between
dark- and light-grown seedlings. The former compar-
isonsweredesigned to assess the utility of the signature
genes with respect to ABA response, which is a sub-
component of dehydration stress, and to connect these
signaturegenes to an in-depthmicroarray evaluation of
ABA and dehydration responsive genes in sorghum
(Buchanan et al., 2005). The latter comparisons focused
on five or six TUs expressed preferentially in dark- or
light-grown seedlings, respectively. Fold induction for
each of these comparisons is reported in the right-most
column of Figure 8. With only two exceptions, TUs
2_8855 and 2_7723, the results are consistent with those
obtained by hierarchical clustering.

The entire Milestone 1.0 data set is available in
comma-delimited format as Supplemental Table I.
It is also available for download, together with all
consensus sequences, using MAGIC Gene Discovery
at http://fungen.org/Sorghum.htm. Supplemental
Table I contains TU identification (ID), number of 3#
ESTs in the TU, number of 3# ESTs in each library for

Figure 4. The maximum number of TUs predicted for each library if
sampled to infinite depth (bars) and of TUs predicted as the number of
libraries increases in cumulative fashion from left to right (black
circles). In most cases, as an additional library is introduced the total
number of TUs predicted at infinity increases.

Figure 5. The number of TUs whose expression is 2.5-, 5-, or 10-fold
greater in the indicated library as compared to the average expression
for all libraries. Fold induction was calculated only for TUs in which at
least three 3# ESTs were detected in the indicated library and for those
libraries randomly sampled to approximately the same depth of ap-
proximately 5,000 3# ESTs.
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that TU, BLASTx target description, Expect value,
Protein Information Resource Non-redundant Refer-
ence Protein (PIR-NREF) ID, and the 3# EST that
represents the TU (TU anchor sequence). Supplemen-
tal Table II provides the same information for the data
in Figure 7, the R statistic, and the order in which TUs
appear in the heat map.

DISCUSSION

The analysis of sorghum ESTs presented here is an
early step in taking advantage of sorghum as a model
organism for genome-scale investigations of stress-
related genes among the Poaceae. It complements the
more extensive effort that has already been put into
mapping the sorghum genome (Whitkus et al., 1992;
Chittenden et al., 1994; Paterson et al., 1995; Klein et al.,
2000; Menz et al., 2002; Bowers et al., 2003) and will
facilitate annotation of an eventual sorghum genome
sequence. Direct association of some ESTs to an emerg-
ing physical map of the sorghum genome (Childs
et al., 2001; Draye et al., 2001), together with mapping
of ESTs and TU consensus sequences to the rice
genome at Gramene (Ware et al., 2002), provides
added value to both the sorghum ESTs described
here and the physical and genetic maps.
By random sampling of a relatively large number

of mostly nonnormalized, unamplified, and diverse
cDNA libraries to a uniform depth of about 5,000
cDNAs, and by sequencing both 3# and 5# ends of
each cDNA (Tables I and II), the advantages enumer-
ated in the introduction have been realized. The random
sampling permits more rigorous interpretation of the

results of hierarchical clustering. Sequencing both
ends of each cDNA permitted more rigorous cluster-
ing, as compared to the large majority of other plant
EST projects, which focused almost exclusively on 5#
ESTs (e.g. Shoemaker et al., 2002; Ronning et al., 2003;
Vettore et al., 2003; Fei et al., 2004; Ramı́rez et al., 2005).
As Wang et al. (2004) have documented recently for
Arabidopsis, clustering of 5# ESTs resulted in a 30%
overestimation of the number of unique clusters, as
opposed to only 3% for 3# ESTs. This difference results
largely from a far greater frequency of insufficient
overlap among 5# as compared to 3# ESTs. Simulta-
neously, however, the additional 5# ESTs obtained here
provide additional coding information and substantial
amounts of 5# UTR sequence for the many cDNA
clones that are full coding length (Table II). The aver-
age high-quality trimmed read length of over 500 nt
(Table II, Fig. 1), coupledwith both 3# and 5# sequences
for most cDNAs, yields more than 1 kb of sequence for
the majority of TUs. Consequently, the sequences re-
ported here, together with the cDNA clones from
which they were obtained, provide not only both qual-
itative and quantitative information about the sorghum
transcriptome, but also a rich resource for downstream
applications. This resource is already in use for micro-
array applications (Buchanan et al., 2005; Salzman
et al., 2005).

The PIR-NREF database was selected for default
provisional electronic annotation for several reasons
(Wu et al., 2002). It is comprehensive, incorporating
sequences from six other databases, and current, with
biweekly updates. It is nonredundant and well cu-
rated, with extensive source attribution. The best hit
for each sequence is provided irrespective of Expect
value, permitting independent judgments concerning
the significance of a hit. MAGIC Gene Discovery at
http://fungen.org/genediscovery (Cordonnier-Pratt
et al., 2004) displays the alignment for each high-
scoring pair as illustrated in Supplemental Figure 2, as
well as extensive information about each BLAST
return as enumerated in the legend for this figure.

Figure 6. The frequency of TUs consisting of two or more 3# ESTs
observed exclusively in only one library or library subgroup. Drought
consists of WS1, DSAF1, and DSBF1; pathogen of PI1 and PIC1; and
rhizome of RHIZ1 and RHIZ2.

Table III. Relationship between R statistic and believability

R
TUs Observed

(No.)a
TUs from Randomized

Data (No.)b
Believability

%

4 6,168 4,522 26.7
6 3,174 1,272 59.9
8 1,731 280 83.9

10 1,051 54.5 94.8
12 680 10.1 98.5
14 499 1.8 99.6
16 378 0.31 99.9
18 305 0.05 100.0

aThe number of TUs with an R statistic equal to or greater than the
indicated R value. bThe mean number of TUs with an R statistic
equal to or greater than the indicated R value calculated following
1,000 randomizations of data as described by Stekel et al. (2000).
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Figure 8. Hierarchical clustering of 70 TUs selected from Figure 7, 10 for each of seven subgroups or libraries: pathogen (PI1,
PIC1), ovary (OV1, OV2), WS1, DG1, IP1, EM1, and LG1. From left to right, annotations are TU ID, number of 3# ESTs in the TU,
PIR-NREF target description, Expect value, PIR-NREF ID, R statistic, and where available fold induction as measured by
quantitative RT-PCR. Colored bars along the left-hand margin of the heat map identify sets of signature genes. The color scale is
comparable to that in Figure 7.
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