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ABSTRACT Secondary xylem (wood) formation is likely
to involve some genes expressed rarely or not at all in
herbaceous plants. Moreover, environmental and develop-
mental stimuli inf luence secondary xylem differentiation,
producing morphological and chemical changes in wood. To
increase our understanding of xylem formation, and to pro-
vide material for comparative analysis of gymnosperm and
angiosperm sequences, ESTs were obtained from immature
xylem of loblolly pine (Pinus taeda L.). A total of 1,097
single-pass sequences were obtained from 5* ends of cDNAs
made from gravistimulated tissue from bent trees. Cluster
analysis detected 107 groups of similar sequences, ranging in
size from 2 to 20 sequences. A total of 361 sequences fell into
these groups, whereas 736 sequences were unique. About 55%
of the pine EST sequences show similarity to previously
described sequences in public databases. About 10% of the
recognized genes encode factors involved in cell wall forma-
tion. Sequences similar to cell wall proteins, most known
lignin biosynthetic enzymes, and several enzymes of carbohy-
drate metabolism were found. A number of putative regulatory
proteins also are represented. Expression patterns of several
of these genes were studied in various tissues and organs of
pine. Sequencing novel genes expressed during xylem forma-
tion will provide a powerful means of identifying mechanisms
controlling this important differentiation pathway.

Wood, a tissue unique to higher plants, contains a large
fraction of the fixed carbon stored in the global ecosystem (1).
Accumulation of secondary xylem, as wood in trees, is both
ecologically and economically important. Trees dominate
many ecosystems and exploit unique ecological niches. Wood
is also a raw material for a major global industry. Despite the
importance of wood, little is known of the genes involved in
wood formation. The physical and chemical properties of wood
are derived directly from the composition and morphology of
the cell walls that are the substance of wood (mature xylem).
The composition and morphology of the wood cell wall depend
on the processes of biosynthesis and assembly. These processes
are thought to be directed by specific genes that control
macromolecular synthesis and determine structure (2). Some
of these genes may be only rarely expressed in other plant
tissues.

The ability of plants to produce different phenotypes under
different environmental conditions has been the subject of
several evolutionary and ecological studies (3). Morphological
and chemical characteristics of wood can be modified dramat-
ically by environmental influence. When a tree leans or twists,
reaction wood is formed in response to gravitational and
mechanical stimuli. In gymnosperms reaction wood takes the
form of compression wood, formed on the underside of the
tree, which is characterized by lower cellulose content and

higher lignin content enriched in p-hydroxyphenyl subunits.
Tracheid length is reduced, the cross-sectional profile becomes
rounded, and the intercellular spaces become larger (4, 5). The
wood formed on the upper side of the inclined stem (opposite
wood) may also show some changes in cell wall structure and
chemistry, but wood from the sides of the inclined stem is
similar to wood from vertical stems in structure and cell wall
chemistry (4). Changes in gene expression are likely to underlie
the morphological and chemical differences observed between
compression wood and normal wood (6).

Sequencing of cDNAs isolated from specialized tissues and
organs has become a useful tool for identifying new genes
(7–10). The majority of plant expressed sequence tag (EST)
projects, however, have been carried out by using a mixture of
organs and tissues from herbaceous angiosperms species. Early
work on the sequence complexity of RNA pools in various
organs of tobacco indicated that individual organs contain
more than 6,000 mRNAs not present in other organs of the
same plant (11). Sequencing of immature xylem cDNAs from
a tree species would increase our knowledge about the mech-
anisms involved in wood formation.

Pinus taeda, the most important commercial softwood spe-
cies in the United States, is the subject of ongoing molecular
and quantitative genetic experiments in many laboratories (12,
13). We have sampled expressed genes from differentiating
xylem forming compression and side wood, and also used
subtraction techniques to isolate genes that may be differen-
tially expressed between these two tissues. The use of stressed
tissues could help us to find transcripts that might be difficult
to find in normal tissue (14). In this paper, we present the
results of first-pass sequence analysis for 1,097 sequences from
differentiating xylem of loblolly pine. We identified 833 dif-
ferent expressed sequences, including many not yet identified
in available databases, and many recognized to be involved in
cell wall formation. This work will support research into the
mechanisms of wood formation, supply many new cloned genes
for genetic engineering, and increase our knowledge of the
environmental influence on wood properties. Comparison of
pine ESTs with sequences from angiosperms will add impor-
tant information about the evolution of higher plants.

MATERIALS AND METHODS

Plant Material. Three 6-year-old loblolly pine (Pinus taeda
L.) trees of different genotypes were induced to form com-
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pression wood by bending to a 45° angle and tying them to the
ground during the growing season (May). Differentiating
xylem was harvested separately from the bottoms and from the
sides of the inclined stems at 3, 15, and 40 days after bending,
frozen immediately in liquid nitrogen, and stored at 280°C
until use. Compression wood formation was apparent upon
visual examination of the undersides of the inclined stems,
even at the earliest sampling time of 3 days. Samples of
differentiating compression wood and side wood were taken
from the same trees to minimize the effects of genetic or
environmental variation on differential gene expression be-
tween these two tissue types. Previous work has demonstrated
that genetic variation between individual trees can confound
the interpretation of biochemical and molecular genetic ex-
periments in loblolly pine (15, 16).

Tissue and organ samples for Northern blot analysis of gene
expression patterns were taken during the growing season and
frozen in liquid nitrogen, then stored at 280°C. Shoot-tip
samples are the terminal 1–2 cm of succulent stem tissue from
elongating branches and terminal leaders. Immature xylem
was harvested with a vegetable peeler from the surface of
woody stems after removal of the bark, and includes cells with
primary cell walls derived from the cambial zone through the
zone of radial cell expansion. Compression wood and side
wood immature xylem RNAs were those used for preparation
of the libraries, whereas vertical immature xylem denotes
samples taken from stems of control trees growing vertically.
The tissue described as ‘‘phloem’’ was collected from the inner
surface of the bark of vertical stems and actually includes
periderm and other tissues as well as active phloem. Planings
were collected from the surface of vertical woody stems with
a wood plane after immature xylem was harvested and includes
cells that have formed secondary cell walls strong enough to
resist harvesting by the vegetable peeler. Needle samples were
partially expanded juvenile needles.

RNA Isolation and Northern Analysis. Total RNA for
cDNA library construction was prepared following the method
of Chang et al. (17). mRNA isolation was carried out with
PolyATtract Systems IV (Promega), according to the manu-
facturer’s instructions. Total RNA for Northern blots was
separated in 1.2% agarose gels with 2.2 M formaldehyde and
transferred to Zetaprobe nylon membranes (Bio-Rad). cDNA
probes were 32P-radiolabeled with Ready-To-Go Labeling
Beads (Pharmacia) and used as probes. The prehybridization
and hybridization in the presence of 50% deionized formamide
were carried out according to published procedures (18).
Membranes were washed at high stringency and used to expose
x-ray film or PhosphorImager screens (Molecular Dynamics).

cDNA Library Construction. Two cDNA libraries were
constructed by using the Stratagene cDNA cloning kit (lambda
ZAP II vector). The side wood and compression wood cDNAs
were directionally cloned with the 59 extreme at the T3 side of
the polylinker. These libraries were named N (morphologically
normal differentiating side wood) and C (differentiating com-
pression wood).

We produced two subtraction libraries to enrich for specific
clones involved in either compression or side wood formation,
using the method of Hesse et al. (19). Briefly, this method uses
a lambda ZAP vector with a modified polylinker (lambda
PAZ), such that the orientation of directionally cloned cDNAs
is opposite between lambda ZAP and lambda PAZ. Mass
excision of single-stranded phagemid DNA from libraries
made in these two vectors yields vector DNA of the same
orientation, but cDNA inserts of complementary orientations.
The single-stranded DNA from the PAZ library is photobio-
tinylated and used to subtract complementary sequences from
the ZAP library. The same N and C cDNA preparations were
ligated into the vector lambda PAZ II (kindly provided by H.
Hesse, Institut für Genbiologische Forschung, Berlin, Germa-
ny), the plasmids were mass-excised and photobiotinylated and

then used to subtract sequences from mass-excised N and C
libraries. The subtracted library enriched in transcripts from
the N library was called CA (compression antisense) and the
subtracted library enriched in transcripts from the C library
was called NA (normal antisense).

Nucleotide Sequencing. Randomly chosen single-phage
plaques were picked from the N and C primary libraries and
from the NA and CA subtracted libraries, and the pBluescript
plasmid was individually excised following the manufacturer’s
protocol (Stratagene). DNA plasmid miniprep were prepared
by using the AGCT 96-well DNA Miniprep Kit (Advanced
Genetic Technology Corporation). Each plasmid was named
according to the 96-well culture plate, the library of origin, and
the well identity, e.g., clone 7C8A is from well 8A of plate 7 of
the C library.

Sequencing was carried out on plasmid DNA preparations,
in the sequencing facilities of Iowa State University and the
University of Missouri on automated sequencers (Applied
Biosystems). Partial sequence from the 59 end of each clone
was obtained.

Sequence Processing and Analysis. The following process-
ing and analysis steps were performed on each sequence by
using computational tools developed at the University of
Minnesota, Computational Biology Center (20, 21).

Sequence artifact removal consisted of detecting leading and
trailing vector in the clone sequence and trimming it off. The
quality checks were: (i) determine how many unknown or ‘‘N’’
base calls were in the sequence and trim leading and trailing
high-N sections to obtain the best subsequence where the
number of Ns was 4% or less of the total number of base pairs,
and (ii) tag each short (,50-bp) sequence so that further
processing was discontinued.

The compositional complexity analysis was as follows. (i)
Translate each resulting high-quality DNA sequence into the
possible peptide sequences for all six reading frames and scan
those peptide sequences for regions of low compositional
complexity (LC regions). LC regions can affect similarity
search results by producing similarities of high mathematical
probability but low probability of being biologically meaningful
(22). (ii) If LC regions were found, they were masked out of the
translated peptide sequence.

The similarity analysis for each sequence used the BLAST
database search programs (23). The steps in this analysis were:
(i) execute a BLASTN search of each sequence against Gen-
Bank; (ii) execute a BLASTX search of each sequence against a
peptide sequence database composed of the National Center
for Biotechnology Information (NCBI) GenPept database,
release 97.0, and the Protein Information Resource (PIR)
protein sequence database, release 49.0 (24); (iii) for each
translated protein sequence containing LC regions that are
masked out, execute a BLASTP search against the combined
GenPept plus PIR protein sequence database.

The results from the similarity analysis were transformed
from text files into a format suitable for storage in a database
management system (DBMS). The data were placed into the
DBMS and analyzed by using Structured Query Language
(SQL) queries. Each analysis was carried out via SQL queries
on the DBMS.

The results of the processing and analysis for each sequence
are stored in a set of World Wide Web pages, one for each
sequence. These pages can be searched collectively by using
words or phrases of interest. In addition, users can conduct
BLASTN or TBLASTN searches of a DNA or protein sequence
against all of the cDNA sequences. These tools can be accessed
via the University of Minnesota WWW site at http:yy
www.cbc.umn.eduyResearchProjectsyPine.

Score, P value, and percent identities from the BLASTX
results were considered when determining significant similar-
ities. Strong similarities, or hits, are those with scores greater
than 150, P values less than 0.005, and identities greater than
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or equal to 40%. Marginal hits are those that did not qualify
as strong hits, but had scores greater than 80, P values less than
0.010, and identities greater than or equal to 30%.

The partial cDNA sequences were clustered together based
on their similarity to each other, using BLASTN searches. Each
similarity with a score greater than 800 and a P value less than
0.001 was considered a strong hit, and each marginal hit had
a score between 600 and 800 and a P value less than 0.001. Both
strong and marginal hits were used to cluster the sequences
together.

RESULTS AND DISCUSSION

cDNA Libraries and Nucleotide Sequencing. Immature xy-
lem from bent trees was used to construct the cDNA libraries.
Directionally cloned lambda ZAP II libraries were made from
compression and morphologically normal side wood, desig-
nated C and N. Both primary libraries contained 1 3 106

recombinant phage and, therefore, were considered to have an
adequate representation of the expressed genes. An average
insert size of 1.5 kb was calculated based on 60 randomly
picked clones. The presence of poly(A) tails in all of these
clones was confirmed by sequencing the 39 ends, as a test of the
quality of the libraries.

A subtraction procedure was used to obtain more specific or
rare clones. We produced two subtraction libraries, one en-
riched in compression transcripts (NA) and the other enriched
in normal transcripts (CA). The method used, described by
Hesse et al. (19), allows verification of the origin of subtracted
clones, because a failure of subtraction results in cDNA clones
that are in the opposite orientation relative to the vector. The
numbers of clones sequenced from each library are C 5 577,
NA 5 72, N 5 324, CA 5 124. The clone names indicate the
culture plate, the library, and the individual well location of
each clone.

Partial DNA sequences were determined from the 59 end of
1,097 clones, randomly picked from the primary libraries or the
subtracted libraries. All the sequences were trimmed with a
computer program to remove sequencing artifacts and vector
sequence as described in Materials and Methods. The average
sequence length was 510 nt, after trimming.

Characterization of the EST Sequences. A current analysis
of the immature xylem loblolly pine database sequences can be
obtained from the World Wide Web server at http:yy
www.cbc.umn.eduyResearchProjectsyPine. These sequences
have been submitted to the NCBI database of ESTs (dbEST).
The plasmids corresponding to the ESTs have been deposited
in the American Type Culture Collection (Manassas, VA), and
ATCC accession numbers are given in the dbEST records for
the sequences.

Similarity searches of the pine cDNA sequences against each
other allowed clustering using criteria described in Materials
and Methods. The cluster analysis revealed that 736 of the 1,097
sequences were unique or nonredundant, whereas 361 were
members of 107 distinct clusters (table 1 in web page). Because
the clones were picked from primary libraries and were excised
individually, the clusters represent either independent clones
of the same transcript, allelic sequences, or different members
of multigene families. The largest cluster contained 20 se-
quences, and more than 60 of the clusters contained only 2
sequences. The number of unique sequences may be overes-
timated, because some sequences could be nonoverlapping
regions of the same cDNA.

Among the 1,097 sequences, 460 (42%) showed strong
similarity to at least 1 sequence in the public databases, and
another 148 (13%) showed marginal similarity (table 2 in web
page). In some cases the putative function of a sequence could
not be inferred from similarity analysis, but the cluster analysis
placed the clone in a group with others that had either strong
or marginal scores. The combination of cluster analysis within

the pine EST dataset and similarity searching of GenBank
increased the total number of sequences for which we can infer
a putative function to 651 (59%). The genome structures of
extant species suggest that conifer and angiosperm genomes
have evolved by different mechanisms (25). Angiosperms are
believed to have diverged from conifers about 270–300 million
years ago (26). This large evolutionary distance makes difficult
the isolation of pine homologues of angiosperm genes by
hybridization with heterologous probes or by PCR using
degenerate primers, but does not seem to limit our ability to
recognize similarity in ESTs.

Sequences that have neither strong nor marginal scores may
represent nonconserved regions of known genes or completely
new genes. Sequences that show strong similarity average 565
nt in length, those with marginal similarity have an average
length of 533 nt, and the average length of those with no
significant similarity is 447 nt. This suggests that length and
quality of cDNA sequence are correlated with the ability to
identify similar sequences in public databases. However, many
long, high-quality sequences show neither strong nor marginal
similarity to sequences in the database. Full-length sequence of
these clones will be needed for more complete similarity
searches.

Although a putative function can be deduced from sequence
similarity, the true function can only be verified by biochemical
and genetic approaches (14). Different approaches exist to test
the function of pine xylem genes. For example, mutant analysis
in pine is favored by the high frequency of mutant alleles found
in natural populations (27). A cell culture system using Zinnia
elegans mesophyll cells, which can trans-differentiate into
tracheary elements in vitro, would constitute a good system to
test the function of xylem related genes if an efficient trans-
formation system were developed (28).

Putative Genes in the Pine Xylem Dataset. The largest group
of sequences with putative functions, assigned by results of
similarity searches, are genes encoding proteins important in
plant cell wall formation. This is not unexpected, because pine
xylem is characterized by massive cell walls. The use of cDNA
libraries made from tissues or organs specialized for metabolic
processes of interest has been reported previously (10). Struc-
tural proteins present in the plant cell wall, and enzymes
involved in production of cell wall polymers, comprise more
than 10% of the sequences with putative functions. Cell wall
associated carbohydrate metabolism proteins are represented
with 23 sequences, including cellulases and xyloglucan endo-
transglycosylases. There are 50 clones corresponding to cell
wall structural proteins, including extensin-like proteins (1
cluster of 20 sequences) along with proline-rich proteins,
arabinogalactan-like proteins, and glycine-rich proteins. Work
is now in progress to isolate representative full-length clones
for each class of cell wall protein and to purify the correspond-
ing proteins from pine xylem cell walls. Robertson et al. (29)
analyzed N-terminal amino acid sequences of cell wall proteins
isolated from suspension-cultured cells of five angiosperm
species and concluded that ‘‘a significant proportion of wall
proteins have not been previously described.’’

Most of the genes known to be involved in the lignin
biosynthetic pathway also are represented, including PAL,
C4H, OMT, 4CL, and CAD (30). There are six clones with
similarity to diphenol oxidase (laccase) and only one clone
similar to peroxidase, both types of enzymes thought to be
involved in lignification. The difference in apparent abun-
dance of these two classes of enzymes suggests that diphenol
oxidases may be more important than peroxidases in lignin
biosynthesis in pine xylem (31, 32). Only one of the 16 clones
similar to genes involved in lignin biosynthesis was from the N
library; all others were from the C or NA libraries. Compres-
sion wood is known to have higher levels of lignin and of lignin
biosynthetic enzymes than side wood or normal wood [re-
viewed by Timell (4)].

Plant Biology: Allona et al. Proc. Natl. Acad. Sci. USA 95 (1998) 9695



Two other large clusters represent enzymes involved in
amino acid metabolism. Transcripts encoding methionine
synthase (16 sequences in 1 cluster) and glycine hydroxymethyl-
transferase (9 sequences in 2 clusters, plus 2 singlets) are
abundant. Both of these sequences occur at about 10-fold
higher frequency in the pine xylem dataset than in the TIGR
Arabidopsis EST assembly database (http:yywww.tigr.orgytdby
atyatest.html). Arabidopsis ESTs similar to methionine syn-
thase or glycine hydroxymethyltransferase occur at frequen-
cies of about 0.1% in the TIGR database, whereas pine ESTs
similar to these two enzymes occur in the pine xylem dataset
at frequencies greater than 1%. Methionine is involved in
methyltransferase reactions as S-adenosylmethionine, whereas
glycine hydroxymethyltransferase participates in methyl trans-
fer reactions through regeneration of 5,10-methylene tetrahy-
drofolate catalyzing the interconversion between serine and
glycine. These two cofactors are required for a number of
biosynthetic reactions in plant cells, and the abundance of
these sequences in the pine xylem dataset may reflect the
demand for methyl transfer reactions in differentiating xylem.
Also, glycine is one of the most abundant amino acids in cell
wall structural proteins. Alternatively, these proteins may have
other functions. Methionine synthase, for example, has been
suggested to play a role in protein folding or signal transduc-
tion in Chlamydomonas (33).

Genes involved in regulation of cellular metabolism are also
represented abundantly in this pine EST dataset. There are
several clones similar to protein kinases, and several transcrip-
tion factors such as MADS box, zinc finger proteins, home-
odomain, and LIM domain proteins. These proteins could be
involved either in the normal development of xylem, or in the
response to a specific stress. Plants can be subjected to a large
number of stresses, such as heat or cold shock, drought or
water stress, or attack by a wide variety of pathogens, which
induce the transcription of genes whose expression is specific
to these conditions (14). In our studies, for the induction of
compression wood, the environmental stimulus is mechanical
and gravitational. Many genes involved in signal transduction
and regulation of gene expression are expressed at a very low
level, and these genes may be hard to find even by using a
normalized library (14).

Differential Expression of Genes in Different Tissues and
Organs of Loblolly Pine. Northern blots were used to study the
relative abundance of transcripts corresponding to sets of
clones from this study. One set potentially is involved in cell
wall structure and metabolism, whereas another set is related
to regulatory proteins. The objective of these experiments was
to gain additional information about the abundance of tran-
scripts in various tissue and organs of pine and to test the
hypothesis that sequencing in a highly specialized tissue would
yield a high frequency of clones corresponding to differentially
expressed genes. Most clones do detect widely differing levels
of transcripts in the different RNA samples tested, although
the highest transcript levels detected by an individual clone are
not always found in the tissue from which that clone was
isolated.

The cell wall-related clones include two different members
of the xyloglucan endotransglycosylase family and two putative
cell wall proteins (Fig. 1). Xyloglucan endotransglycosylases
(XET) are enzymes thought to participate in restructuring of
cell wall crosslinks, and a family of related genes encoding
these enzymes has been identified and characterized in Ara-
bidopsis and other herbaceous plants (34–36). A total of four
different putative pine XET were identified. The two XET
clones chosen for testing were the most divergent from the
known angiosperm sequences. The 1C8A transcript is more
abundant in vertical xylem than in side wood, whereas the
3N5D transcript is more abundant in side wood than in vertical
xylem (Fig. 1B). The differences between these genes in
patterns of transcript abundance suggest that these two mem-

bers of the XET family have specialized functions in modifi-
cation of xylem cell wall structure. Two putative cell wall
proteins were also analyzed. One of these proteins is similar to
proline-rich proteins and the other is similar to glycine-rich
proteins (37–39), but both pine proteins differ from the most
similar angiosperm counterpart in the repeat patterns of
predicted polypeptides. These cDNAs also detect different
patterns of transcript abundance, suggesting functional spe-
cialization of the corresponding proteins (Fig. 1C). Both
cDNAs detect transcripts that are relatively more abundant in
side wood than in other tissues, although the 6N5F cDNA also
detects abundant transcripts in the ‘‘phloem’’ RNA sample,
suggesting that this protein may be involved both in the stress
response of xylem and in the normal development of phloem
or related tissues.

Several cDNAs that show similarity to regulatory proteins
show tissue specificity (Fig. 2). Three of these cDNAs are
related to proteins involved in regulation of calcium homeosta-
sis or cellular responsiveness to calcium; these clones are of
interest because calcium and calcium-binding proteins are
implicated in plant responses to gravity (40, 41). Clones similar
to calreticulin and calnexin detected transcripts in all samples,
although somewhat higher levels are present in the compres-
sion wood and side wood samples, suggesting a role for these
proteins in the stress response of immature xylem. A clone
similar to calcium-dependent protein kinase detected much
higher levels of transcripts in needle RNA than in any other
tissue, suggesting that this particular gene may play a more
important role in needles than in differentiating xylem. The
other three cDNAs, 5N3D, 5C7A, and 6C12H, show similarity
to proteins containing either homeodomain or LIM-domain
regions (Fig. 2C). Homeodomains are implicated in DNA-

FIG. 1. Northern blot results using cell wall-related cDNA clones
identified during this sequencing project. (A) Total RNA samples
separated in formaldehyde-agarose gels and stained with ethidium
bromide to estimate total loading. (B) Results of hybridization of the
immobilized total RNA samples to clones 1C8A and 3N5D, which
encode different putative xyloglucan endotransglycosylases (XET).
(C) Results of hybridization of total RNA samples to two cDNA clones
similar to cell wall proteins. 6N5F is more similar to glycine-rich cell
wall proteins, whereas 1CAB3A is more similar to proline-rich cell wall
proteins.
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binding activity in a wide variety of animal and plant species
(42, 43). The LIM-domain is a specialized form of zinc finger
that has been implicated in protein–protein interactions and
signal transduction in animal systems (44, 45), although few
representatives of this protein family have been characterized
extensively in plants. These cDNAs were chosen for Northern
analysis to test the hypothesis that regulatory proteins obtained
from specialized tissue might show tissue-specific patterns of
transcript accumulation. The 5N3D clone (homeodomain-
related) detected transcripts in all RNA samples, whereas the
5C7A (homeodomain-related) and 6C12H (LIM-related)
clones showed a less uniform pattern of transcript accumula-
tion. The patterns of message abundance are different for all
10 clones tested, and in many cases the highest levels of
message are not in the tissue from which the clone was
originally isolated.

CONCLUSIONS

The use of a cDNA library of a specific tissue, immature pine
xylem, has proven to be an excellent source of genes to study
wood formation in conifers. The large number of cDNAs
found in the pine xylem dataset that encode putative cell wall
structural proteins will provide an opportunity to study dif-
ferent classes of cell wall proteins in a single tissue of a single
species. The biosynthetic and hydrolytic enzymes that are

up-regulated during xylem formation are all potential com-
mercial targets, and promoter analyses of the relevant genes
may identify useful xylem-specific promoters to reveal the
signal transduction cascade that leads to xylem formation (28).
We conclude that cDNA sequencing in pine is a useful
approach to identifying pine homologues of known genes, as
well as discovering novel genes not previously described in
other organisms. Many sequences can be identified as ESTs
but would have been difficult to obtain by hybridization with
heterologous probes or homologous probes prepared by PCR
using degenerate primers.
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