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Abstract

Cassava (Manihot esculenta) is a major food staple for nearly 600 million people in Africa, Asia, and Latin
America. Major losses in yield result from biotic and abiotic stresses that include diseases such as Cassava
Mosaic Disease (CMD) and Cassava Bacterial Blight (CBB), drought, and acid soils. Additional losses also
occur from deterioration during the post-harvest storage of roots. To help cassava breeders overcome these
obstacles, the scientific community has turned to modern genomics approaches to identify key genetic
characteristics associated with resistance to these yield-limiting factors. One approach for developing a
genomics program requires the development of ESTs (expressed sequence tags). To date, nearly 23000
ESTs have been developed from various cassava tissues, and genotypes. Preliminary analysis indicates
existing EST resources contain at least 6000–7000 unigenes. Data presented in this report indicate that the
cassava ESTs will be a valuable resource for the study of genetic diversity, stress resistance, and growth and
development, not only in cassava, but also other members of the Euphorbiaceae family.

Abbreviations: BAC, bacterial amplified chromosome; bp, base pair; CAPS, cleaved amplicon polymor-
phisms; CBB, cassava bacterial blight; CMD, cassava mosaic disease; EST, expressed sequence tag; PCR,
polymerase chain reaction; QTLs, quantitative trait loci; RFLP, restriction fragment length polymorphism;
SAGE, serial analysis of gene expression; SNP, single nucleotide polymorphisms

Introduction

Cassava is one of the most important crops in the
tropical, inter-tropical, and sub-Saharan regions
of the world for human food, because nearly
600 million people eat cassava every day. World-
wide, cassava acreage is more than 16 million
hectares and annually produces root yields of
more than 170 million tons. The increasing
importance of cassava production as a staple to

the world food supply is evidenced by an increased
production of more than 75% during the last
30 years.

Losses in yields to cassava farmers are usually
attributed to biotic and abiotic stresses such as
diseases, drought, and acid soils, or from deterio-
ration during the post-harvest storage of roots. To
improve yields, cassava breeders are developing
programs that target improved resistance to these
factors. One approach is to improve yield by

Plant Molecular Biology 56: 527–539, 2004.
� 2004 Kluwer Academic Publishers. Printed in the Netherlands.

527



limiting the impact of diseases. A major disease of
cassava is Cassava Bacterial Blight (CBB) caused
by Xanthomonas axonopodis pv. manihotis
(Lozano, 1986). Other important diseases result
from a variety of viruses including Cassava
African Mosaic Virus, which causes Cassava
Mosaic Disease (CMD) (Akano et al., 2002). A
second target concerns starch production in the
root, which is a major source of calories for human
food and is a valuable source for the starch
industry and its derivatives (Munyikwa et al.,
1997). Other target goals include reducing losses
caused by post-harvest processing and by
environmental factors such as dehydration- and
cold-stress, and acid soils.

Unfortunately, conventional cassava improve-
ment is fraught with problems of breeding a long
growth cycle, highly heterozygous crop. To
increase the cost-effectiveness of achieving desired
goals, a number of resources and molecular tools
have been developed during the recent years to
enhance breeding. They include construction of
genetic maps using RFLP, isoenzymes, microsat-
ellite markers (Fregene et al., 1997; Mba et al.,
2001) that have already allowed the identification
of a variety of QTLs and a major gene (CMD2) for
CMD resistance (Jorge et al., 2000, 2001; Akano
et al., 2002; Okogbenin and Fregene, 2002). Such
markers are limited in their application to breed-
ing, and a more precise approach to gene mapping
using candidate genes is required. Unfortunately,
relatively few genes have been identified so far in
cassava. In order to isolate additional genes, BAC
libraries have been constructed, covering most of
the genome (Fregene et al., 2003). However, these
BAC libraries have neither been ordered nor
anchored on the genetic map. As a consequence,
there is an important need for additional
sequenced markers that would facilitate more
detailed genetic and physical mapping.

The era of genomics and bioinformatics has
increased our ability to identify markers, and
increased our knowledge of plant genome struc-
ture, organization, and gene function. The recent
explosion of genetic and genomic data for a wide
range of plant and animal species has led to a
proliferation of publicly available information
databases throughout the internet (http://
www.ncbi.nlm.nih.gov/dbEST, http://arabidop-
sis.org, http://rgp.dna.affrc.go.jp). Two complete
plant genomes are available for Arabidopsis and

rice (The Arabidopsis Genome Initiative, 2000;
Goff et al., 2002; Delseny, 2003). The expressed
sequence tags (ESTs; which are partial sequences
[200–800 bp] of expressed genes randomly picked
from a cDNA library) databases are currently the
fastest growing and largest portion of these pub-
licly available DNA sequence databases (Cooke
et al., 1996; Ohlrogge and Benning, 2000). To
date, at least 20 gene indices for plants (both
dicot and monocot) that integrate data from
international EST sequencing, genome sequenc-
ing, and gene research projects are publicly
available (Quackenbush et al., 2001; www.tigr.
org/tdb/plant.shtml). These databases are impor-
tant for identifying expressed genes that are
further used for developing DNA microarrays
(Richmond and Somerville, 2000). The cDNA
microarray technology, first developed by Schena
et al., (1995), depends on the availability of ESTs.
This technology has been widely received
(Duggan et al., 1999) and used in plants to iden-
tify specific gene functions (Aharoni et al., 2000;
Gutierrez et al., 2002), evaluate transcript profiles
induced by various physiological or environmen-
tal conditions (Reymond et al., 2000; Van Hal
et al., 2000; Lee et al., 2002; Oztur et al., 2002;
Potokina et al., 2002; Zhu et al., 2003), and
evaluate transcript profiles between genetically
modified and control species (Van Hal et al.,
2000). Although these are just a few of the
excellent examples that have materialized from
genomics initiatives, continued genome sequenc-
ing projects for many important crops are still
underway and are expected to provide future
benefits. However, the traditional funding
communities have overlooked other important
plant families, having impacts on world
economies. In particular are members of the
genetically diverse plant family Euphorbiaceae
that includes, apart from cassava, other globally
important agricultural species such as: castor bean
(Ricinus communis), an important oil crop;
Rubber tree (Hevea brasiliensis), an important
source of rubber; Poinsettia (Poinsettia pulcherr-
ima), an important horticultural crop; leafy
spurge (Euphorbia esula) an important perennial
pest weed that affects range, recreational, and
right of way lands in North American plains and
prairies; and annual weeds such as hophornbeam
copperleaf (Acalypha ostryifolia), and endangered
species such as Akoka and telephus spurge.
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Although extensive studies have been carried
out on a few model species, little is still known
about basic physiological processes controlling
crop plant development and resistance to stress and
diseases. A significant understanding of the
conservation and diversity of genes between
members of the Euphorbiaceae family is also
lacking. Consequently, it is currently difficult to
design treatments or breeding programs to improve
genetic stocks of desirable species or develop
methods to control the growth of undesirable
species. Many of these problems could be solved by
the development of sequence databases and
genomic-based research strategies for members of
this family. Several groups have realized the success
of large-scale genome sequencing for developing
genomics resources and are starting to address the
task of generating ESTs from cassava and related
species, such as leafy spurge, in order to prepare
gene catalogues that will be important for future
development of DNA arrays and virtual
Northerns. Since transformation systems already
exist for cassava (Schöpke et al., 1996), the
development of an EST resource will eventually
allow one to isolate and manipulate key genes and
metabolic pathways when they are established, and
to introduce new genes when necessary. This review
presents resources that are being established and
will be available in the near future to the scientific
community. We also provide evidence to show the
importance of using these resources to understand
genetic diversity and conservation within gene
sequences and demonstrate potential advantages to
a family-based rather than species-based genomics
approach. We also provide data showing the
effectiveness of several high throughput
approaches to identify key genes involved in stress
responses using data generated from EST
sequencing. Finally, we will make the argument
that these successes should be built upon and could
be enhanced with additional sequencing efforts.
Most of these data are not yet published but the
aim of this article is to inform the scientific com-
munity of the progress being made, preliminary
results, and developing/planned resources.

Materials and methods

Several materials and strategies have been used
independently, and at different international

locations to generate the present day resources.
Libraries and ESTs from Euphorbia esula (leafy
spurge) were generated at the Biosciences Research
Laboratory in Fargo, North Dakota, USA.
Libraries targeted to CMD were made under col-
laborations between CIAT in Cali, Colombia, and
the Iwate Biotech Research Center (IBRC) in
Kitakami, Japan. Libraries and ESTs for analyz-
ing CBB and starch metabolism resulted from
collaborations between labs at CIAT and at the
University of Perpignan (France).

Plant material

Cassava plantlets, derived from meristem cultures
(genotypes TME 3, TME 117, and TMS 30572),
and for the development of future normalized
cDNA libraries, were initially obtained from the
International Institute of Tropical Agriculture
(IITA), Ibadan, Nigeria. TME 3 and TMS 30572
comprise different sources of genetic tolerance to
CMD. TME 117, a drought-tolerant variety, is
desired for its’ sweet taste and texture throughout
Africa, even after boiling, and comprises a rela-
tively low cyanide content. Individual plantlets
were transferred to 4 inch, square plastic pots
containing Sunshine Mix #1. Each transplanted
cassava plantlet was put inside a commercially
available zip lock baggy and sealed. The plantlets
were allowed to acclimate to growth chamber
conditions for 3–4 weeks prior to opening the zip
lock bags and allowing acclimation to continue
an additional 2–3 weeks. After acclimating to
growth chamber conditions, the plants were
transferred to larger plastic pots containing 1 part
Sunshine Mix #1 and 2 parts sandy loam. At this
stage, the plants were transferred to greenhouse
conditions. Plants grown in the greenhouse were
fertilized once weekly using Prolific 20-20-20
(N-P-K). Temperatures were maintained at
approximately 25 �C, 16/8 h day/night cycles with
daylight supplemented by 400 W high-pressure
sodium lamps in the greenhouse or with 60 W
cool white high output fluorescent lamps supple-
mented with 60 W incandescent bulbs in the
growth chambers. Light fluencies were approxi-
mately 350 lmoles m)2 s)1 in the greenhouse and
approximately 80 lmoles m)2 s)1 in the growth
chambers (LiCor-185 photometer, LiCor,
Lincoln, NE). Cassava plants used for the CBB
and starch cDNA libraries were derived from the
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CIAT cassava germplasm. They were grown in
greenhouse at 28/19 �C (day/night temperatures),
under a 12-h day light photoperiod and 80%
relative humidity. The cassava plants were grown
from mature stem cuttings in sterile soil. Leafy
spurge plant material used for growth induced,
adventitious root bud cDNA libraries was grown
as previously described (Anderson and Horvath,
2001).

Tissue treatment

Cassava plants (2 reps) from each variety were
incubated at 25 �C (control) or 42 �C (heat shock)
in an environmental growth chamber for a period
of 4 h. Plants used for the heat shock study were
obtained from the greenhouse 6–8 weeks after
being transferred from the growth chamber to the
greenhouse as previously described. The upper
4–6 inches of the plant, including the stem and
meristem, were collected and immediately frozen
in liquid N2 and pulverized prior to storage at
)80 �C.

To study the effects of dehydration-stress on
cassava plant tissue, water was withheld from
mature plants (1 year after transferring to green-
house conditions) for a period of 6 days. Young
leaf and petiole, and mature leaf, were collected
from all three varieties of cassava, and individually
ground in liquid N2 prior to storage at )80 �C.
Cold-treated plant tissue was obtained by placing
the plants in an incubator set at 4–6 �C. After 30 h
of cold-treatment, young leaf and petiole, and
mature leaf were collected and processed as pre-
viously described. Control tissue was collected
from untreated greenhouse plants.

Extraction of RNA for Northern
and macroarray blotting

RNA was extracted from cassava plant material
using the pine tree extraction method of Chang
et al. (1993) using modifications described by
Anderson and Horvath (2001). Total RNA was
separated on a 1% denaturing agarose gel and
blotted onto a positively charged nylon membrane
(Hybond-N, Amersham Pharmacia Biotech) using
standard protocols (Sambrook et al., 1989).
Northern blot hybridizations were accomplished
using 32P radiolabeled DNA probes (Rediprime II
random prime labeling system; Amersham Phar-

macia Biotech) incubated in Rapid-hyb buffer
(Amersham Pharmacia Biotech) at 65 �C. RNA
blots were washed under high stringency
(0.1 · SSC, 0.1% SDS at 65 �C) and visualized on
a Packard Instant Imager with approximately 1 h
of exposure and by autoradiography. All experi-
ments were replicated with separate sets of treated
plants. Following visualization, filters were washed
once with boiling 0.1% (v/v) SDS solution and
allowed to cool to room temperature. Filters were
rinsed with 0.1% (v/v) SDS solution at room
temperature and removal of all radioactivity was
assured by visualization of the clean filter for 1 h
on the imager prior to re-probing with a new
cDNA probe.

For macroarray probing, RNA was extracted
as previously described above. Total RNA (30 lg)
was labeled with [32P]-dCTP using reverse trans-
criptase (SuperScript II, Invitrogene). With the
exception of using radiolabeled dCTP vs. dATP,
all labeling, hybridizations, and washes were done
using the protocol described by Uhde-Stone et al.
(2003). All arrays were visualized by autoradio-
graphy. Spot intensities (radioactivity) were
determined using a Packard Instant Imager.

cDNA library construction used for developing
Euphorbiaceae EST resources

cDNA libraries for cassava bacterial blight
and starch content
The cDNA libraries have been made using a
Stratagene kit. For starch biosynthesis studies, two
cDNA libraries were made, one from genotype
CM523-7 (a high dry matter content variety) and
another from genotype Mper183 (a low dry
matter content variety). Both libraries were made
from root material collected 6 months after
planting. For analyzing response to Xanthomonas
axonopodis (Xam), several cDNA libraries were
made from stems using genotypes MCol1522
(susceptible to Xam strain CI0151) and genotype
MBra685 (resistant to Xam strain CI0151). Leaf
and stem inoculations were done as previously
described (Restrepo et al., 2000). Additionally,
several subtracted cDNA libraries have also been
made with genotypes SG107-35 (highly resistant
to Xam strain CI0-46), MCol1522 and MBra685.
Tissue was collected 6, 12, 24, 48, 72 h and 7 days
after inoculation in order to enrich the EST data-
base with genes over-expressed in inoculated
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material. cDNA synthesized from RNA obtained
from either healthy or wounded stems were pooled
and used as ‘‘drivers’’. The cDNA from the inoc-
ulated tissues was used as ‘‘tester’’. An additional
subtractive library was made from leaf material
collected from genotype MBra 685. In addition, a
limited number of cDNA-AFLP fragments were
sequenced and included in the data set. All these
libraries are listed in Table 1.

Bacterial clones generated from these cDNA
libraries were randomly distributed in 96 well
microtiter plates prior to processing for plasmid
isolation and sequencing using a 5¢-specific primer.
Sequencing was accomplished using an ABI 3100
capillary sequencing machine. Raw data were
collected and processed to evaluate the quality of
the sequence (using Phred) and to eliminate vector
sequence. They were organized as multiFasta files
and were used to construct contigs of overlapping
sequences and singletons. These data will be
transferred to GenBank immediately after
submission of this manuscript.

cDNA libraries constructed for cassava
mosaic disease resistance
A cDNA library was constructed in pYES (Invi-
trogen Inc.) according to the manufacturer’s
instructions using mRNA from CMD resistant
progeny from the cassava genotype TME 3, the
source of CMD2. Two microliters of the cDNA
library were electroporated into 40 ll of E. coli
HB101 cells (Gibco BRL) and plated on LB agar
plates + ampicillin (100 lg ml)1). A total of 5000
colonies were picked and placed in 70 ll of LB
media + ampicillin (100 lg ml)1) in 384 well

plates. Plasmid isolation was done using the
MONTAGE 96-well plate system (Millipore Inc).
Primer designed from the 3¢ end of the multiple
cloning site of pYES (Invitrogen Inc.) and 5 ll of
plasmid miniprep were used for sequencing each
clone. Sequencing reactions were accomplished
using the ABI Prism� BigDye� Terminator Cycle
Sequencing Ready Reaction Kit (Applied Bio-
systems) on a 9600 Perkin Elmer Machine or an
MJ Research DNA engine. The sequence reactions
were cleaned using the multi screen 96-well plate
format (Millipore Inc.) and analyzed on a Shima-
dzu RISA 384 capillary sequencing machine.
Sequences obtained were manually cleaned from
vector sequences and combined into one single text
file using a program written in Perl, running on a
SunSparc Station (Sun Microsystems Inc.). A
program was written in Perl to perform batch
BLAST (Altschul et al., 1997) similarity searches
for sequence identification using the CIAT local
BLAST site (http://gene2/BLAST/inicio.htm).
Sequencing was done from the 3¢ end in order to
compare the EST sequences with a collection of
SAGE tags derived from the same material (Fre-
gene, unpublished data).

cDNA libraries constructed for leafy
spurge (Euphorbia esula)
Construction of a cDNA library using mRNA
isolated from the adventitious root buds (shoot
buds below the crown) of 3-day excised plants,
plasmid isolation, sequencing, and analysis of ESTs
was done as previously described (Anderson and
Horvath, 2001). EST sequences were submitted to
the GenBank EST database (dbEST; Boguski

Table 1. Characteristics of the libraries constructed from cassava for CBB, CMD, and starch characteristics, and from leafy spurge for
growth-induction in underground adventitious root buds.

Cultivar Phenotype/Condition Organ Designation

CM523-7 High matter dry content Roots Starch-CM

MPer183 Low matter dry content ’’ Starch-Mper

MCol1522 Sensible/Inoculated Stem MCol-48h

Sensible/Subtracted ’’ mc_ssh

MBra685 Tolerant/Non inoculated Stem MBra

Tolerant/Not subtracted ’’ mb_nosub

Tolerant/Subtracted Leaf mb_dsc

SG107-35 Resistant/Not subtracted Stem sg_nosub

Resistant/Subtracted ’’ sg_ssh

Resistant/Subtracted ’’ sg_dsc

TME 3 Resistance to CMD/Field exposure Leaf/stem YEST

LS001 Growth-induced Root buds LS3-dgi
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et al., 1993) where they were given GenBank
accession numbers and kept in a publicly available
archive. Contig sets and singletons in the leafy
spurge EST-database are available to the public at
the University of Minnesota, Center for
Computational Genomics and Bioinformatics
(http://web.ahc.umn.edu/biodata/euphorbia).

Results

Preliminary characterization of the EST resources

Characterization of ESTs obtained from cDNA
libraries targeted for CBB and Starch
Good quality ESTs (11954) were obtained with
an average length of 467 bp (Table 2). All were
derived from the 5¢ end of mRNA. They could be
grouped into 1875 contigs containing 9218 ESTs,
and singletons composed of 3825 ESTs. There-
fore, at this stage, a unigene set can be built
with 5700 sequences that include the 848 cassava
sequences already present in GenBank (NCBI). A
first observation is the relatively high redundancy
within unsubtracted libraries, indicating that
some of the analyzed tissues are highly special-
ized. For example, in root libraries, we have
respectively an average of 2.9 ESTs/contig for
high starch compared to 1.9 ESTs/contig for low
starch. There are also more singletons in the low
starch library.

A second characterization consists in compar-
ing cassava ESTs with other sequences in publicly
available databases. So far, about 50% of the
singletons and contigs have significant homology
with Arabidopsis of which half correspond to
Arabidopsis hypothetic proteins. This data sug-
gests that these hypothetic proteins are likely to be
real proteins. About 18% of the ESTs have no
homology to any known genes in available data-
bases and may represent new plant genes specific
of the Euphorbiaceae family. Classification of
these ESTs into functional categories is underway.

Characterization of ESTs obtained from cassava
cDNA libraries targeted for CMD
The 3¢ end sequencing of about 5000 cDNA clones
generated a total of 4000 ESTs (average length of
481 bp). The ESTs could be organized into 1505
unigenes (500 contigs, containing 2995 ESTs, and
1005 singletons). Homology with known genes and
proteins deposited in public databases were
obtained using the local BLAST (Altschul et al.,
1997) at CIAT. The identity of about 800 unigene
sequences could be ascertained with a good con-
fidence level. Redundancy found in sequences of
known functions was about 30%. The ESTs were
used for SAGE tag annotation. The annotation of
the ESTs have been described elsewhere (Fregene
et al., 2003). The most abundant tags were easily
annotated, for example, identity of the 10 genes
that make up 5% of all expressed transcripts were

Table 2. Statistics of the EST collection for CBB and starch characterization.

Library No. of sequences generated No. of sequences analyzed Number of TCa Number of singletonb

Starch CM 5376 3608 642 555

Starch Mper 4992 3391 607 1127

MCol-48h 2304 1721 184 1178

mc_ssh 384 258 45 142

Mbra 2688 1560 158 1049

mb_nosub 384 258 22 124

mb_dsc 768 438 54 41

sg_nosub 288 128 6 95

sg_ssh 384 210 24 128

sg_dsc 768 382 29 17

Aflp 241 27 179

Genbank 848 98 534

Totalc 1875 3825

aNumber of contig was calculated as the contigs present in each library independent of other libraries.
bNumber of singleton was calculated as the singleton present in each library independent of other libraries.
cThe total was calculated as the number of singletons or contigs from all the libraries.
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found by ESTs, but annotation of less abundant
tags is not as efficient. This suggests that the PCR
method of tag annotation is a more powerful route
to annotating SAGE tags compared to ESTs from
regular cDNA libraries (Fregene et al., 2003). On
the other hand, ESTs from a normalized cDNA
library may be a more efficient means of tag
annotation compared to non-normalized libraries.
The EST data will be submitted to GenBank.

Characterization of ESTs obtained from a
leafy spurge cDNA library targeted for dormancy
in adventitious root buds
The average length generated from sequencing
runs on 1983 isolated plasmids was 469 bases.
From the 1983 sequencing reactions analyzed,
quality reads were obtained for 1814 ESTs. Anal-
ysis of the ESTs indicated the presence of 246
contigs composed of 2 or more overlapping se-
quences. In all, 642 ESTs (35%) were present in
the 246 contigs with the remaining 1172 repre-
senting singletons. This data suggests a redun-
dancy ratio of �25%. Approximately 28% of the
ESTs are classified as either unknowns or hypo-
thetical proteins. Other classifications representing
significant numbers within the EST-database
include ribosomal proteins, elongation factors,

protein kinases, cell cycle proteins, heat shock
proteins, aquaporins, and DNA-binding proteins
(Anderson and Horvath, 2001).

Comparison of selected orthologous genes
within cassava and leafy spurge databases
From the small number of accessions in GenBank
for cassava and leafy spurge, a select number of
orthologous genes (Table 3) were analyzed for
similarity and the data suggested a good proba-
bility for cross-hybridization on heterologous
systems. Recent experiments using Arabidopsis
cDNA microarrays have indicated that substantial
cross-hybridization between species could provide
relevant expression data (Horvath et al., 2003).
Consequently, efforts were undertaken to use leafy
spurge ESTs to produce both macro- and micro-
arrays, and as direct probes for Northern blot
analysis of cassava RNA. Preliminary analysis
from experiments done using a first round of leafy
spurge microarrays, developed at the Fargo Lab,
indicated that approximately 15–25% of the leafy
spurge clones hybridise well to labeled target DNA
from cassava leaf tissue (Anderson and Horvath,
personal communication). Substantially higher
levels of hybridization were detected when cassava
RNA from dehydration-stressed leaf tissue was

Table 3. Comparison of sequence identities between homologues of cassava and leafy spurge.

Gene Product Spurge accession Cassava accession (%) identity Consensus length

Dna J AF239932 BI325097 78.9 152

Dna J AF239932 BI325100 69.9 216

Histone H1 AF222804 BI325218 55.4 725

Histone H3 AF239930 BI325152 53.4 696

Histone H3 AF239930 BI325185 81.9 155

Histone H3 AF239930 BI325226 79.5 215

Histone H3 AF239930 BI239930 82.5 388

Histone H4 BI946403 BI325254 68.2 320

Histone H4 BI946403 BI325167 62.4 225

Histone H4 BI946403 BI325241 65.2 157

Lhcb AF220527 BI325250 77.8 234

Lhcb AF220527 BI325141 77.2 433

Lhcb AF220527 BI325235 79.9 402

Lhcb AF220527 BI325188 56.7 236

Polyubiquitin AW944681 BI325109 60.5 208

Polyubiquitin BG345192 BI325109 68.9 148

Polyubiquitin BI975267 BI325109 71.4 139

RuBisCo BI993507 BI325191 69.3 386

RuBisCo BI975169 BI325191 67.6 283

14-3-3 AF222805 BI325181 69.1 137

Average 70 293
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used to probe macroarrays developed from the
leafy spurge EST database (Figure 1). At least
35% of the leafy spurge clones showed greater
than 2 · above background hybridization with the

dehydration-stressed cassava target sample
(Figure 1).

To determine if cross species hybridization
could provide meaningful expression data, several
genes identified as showing greater than 55%
similarity (Table 3), or showing hybridization to
micro- or macro-arrays during preliminary
screenings, were used directly to probe Northern
blots of corresponding cassava RNA. The results
confirmed the differential expression of several
genes in cassava leaf tissue exposed either to heat-,
dehydration-, or cold-stress (see Figures 2 and 3).
TME 117 (a drought-tolerant cassava variety)
showed the least differential gene expression
during heat-shock treatments compared to TMS
30572 and TME 3 (Figure 2). Interestingly,
down regulation of Histone H3 (a marker for the
S-phase of cell division) and 14-3-3 (involved in
stress-related signal-transduction) during heat
shock was observed in TMS 30572 and TME 3.
The apparent stability of gene expression in TME

Figure 1. Leafy spurge DNA macroarray developed from an

EST-database and probed with target cDNA developed from

total RNA isolated from young leaf tissue of cassava (genotype

TME 117). PCR-amplified cDNA corresponding to each EST

in the leafy spurge database were spotted onto Hybond-N

nylon filters from 384 well plates using a 384 well replicator.

Hybridizations and washes were done as described by

Uhde Stone et al. (2003). Figure shown represents replicate 1

data obtained during the probing of two replicate blots. Both

replicate blots showed identical patterns of hybridization.

Figure 2. RNA blot of cassava leaf tissue probed with labeled

cDNAs from leafy spurge. Each lane contains 20 lg of total

RNA extracted from cassava leaf tissue either incubated at

25 �C ()) or 42 �C (+) for 4 h. Leafy spurge clones Lhcb

(accession #AF220527), 14-3-3 (accession #BE095293), DnaJ

(accession #AW840603), Histone H3 (accession #AF239930),

and Tumor protein (accession #BI993560) were used to develop

radioactive probes used for each hybridization. Replicate blots

showed similar patterns of hybridization.
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117 during heat-shock may be a reflection of its
resistance to dehydration-stress. However, the
down-regulation of Lhcb in cold-treated TME 117
does indicate that this cassava variety is sensitive
to other environmental stressors (Figure 3).

Future prospects

Sequencing of approximately 25000 Euphor-
biaceae ESTs has been accomplished from various
tissues, genotypes, and species. A thorough com-
parison of the EST resources developed at the
different international laboratories, indicated in
this report, has not yet been accomplished and will
need to be done before a true set of ‘‘Euphorbia-
ceae-specific’’ unigenes can be confirmed. How-
ever, estimates based on our preliminary analysis
indicate that �6000–7000 unigenes have been
identified for cassava and leafy spurge.

Consequently, sufficient resources are available
to begin large-scale expression profiling for these
genes that should identify genes responsive to
specific stresses or developmental processes

important to controlling the growth and produc-
tivity of these agronomically important species.
The availability of an EST resource for Euphor-
biaceae opens up a number of research avenues
concerning not only cassava but also several plants
from the same family. About 750 ESTs are already
available for castor bean seeds (Van de Loo et al.,
1995) and 910 for Hevea (Ko and Han, unpub-
lished, dbEST). The ability to detect single-copy
orthologous genes within families, and the recent
concept that conserved orthologous sets (COS) of
genes can be used as COS markers for comparative
mapping studies between highly divergent plant
genomes, has advanced the study of comparative
genomics in higher plants (Paterson et al., 1996;
Fulton et al., 2002; Salse et al., 2002; Dominguez
et al., 2003; Gebhardt et al., 2003). Since genomics
projects have been initiated for several of the
Euphorbiaceae species, such as cassava and leafy
spurge (discussed in this report), and rubber tree
(Ko and Han, unpublished), the potential for
unlocking genetic diversity within important
Euphorbiaceae family members exists.

Gene identification and discovery
A first perspective is to analyze, in more detail, the
available sequences currently in our databases that
have been raised in order to identify genes
involved in response to pathogen-associated
diseases (CBB, CMD), starch metabolism,
dehydration stress, and dormancy. Therefore, in
the present data set, we have the potential to
identify a large proportion of the known plant
genes related in response to pathogens, genes for
enzymes involved in starch biosynthesis, modifi-
cation and degradation, as well as dehydration
tolerance, and genes regulating dormancy status.
Eventually, we expect to find new variants for
these genes, with perhaps new specificities. Al-
though the genetic diversity among genotypes may
make identifying key trait specific gene expression
difficult, the developing tools and databases
described here will serve as critical resources for
more detailed studies with inbreed or transgenic
lines.

A second effort is to identify the sequences that
show no homology or similarity with other plant
or animal genes. These ‘‘unknowns’’ might repre-
sent new genes, although many of them might
simply correspond to divergent coding sequences
of already known genes or to their relatively spe-

Figure 3. RNA blot of cassava leaf tissue probed with labeled

cDNAs from leafy spurge. Young and mature leaf tissue was

obtained from cassava genotype TME 117 and treatments are

indicated as: N, normal leaf tissue; D, 7-day dehydra-

tion stressed; C, 30 h cold-stressed. Leafy spurge clones Lhcb

(accession #AF220527), 14-3-3 (accession #BE095293), DnaJ

(accession #AW840603), Histone H3 (accession #AF239930),

and Tumor protein (accession #BI993560) were used to develop

radioactive probes used for each hybridization. Replicate blots

showed similar patterns of hybridization.
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cific 5¢ or 3¢ untranslated sequences. Because
Cassava belongs to a poorly studied yet important
family, the chance of identifying genes specific for
this crop or this family is reasonably high. So far,
the resources are based on the limited number of
ESTs that have been sequenced from a small
number of tissues and biological situations. Obvi-
ously, resources in the order of 6–7000 unique
genes is small with respect to the expected number
of genes which has been estimated at �26000, or
fewer, in Arabidopsis (The Arabidopsis Genome
Initiative, 2000) and �32000–50000 in rice (Goff
et al., 2002; Delseny, 2003). More ESTs need to be
prepared from various developmental stages in
order to successfully identify a full unigene set that
can be used for additional studies. This will require
using different strategies: sequencing the 3¢ ends of
the available clones, subtraction of the present
libraries to isolate rare clones, and preparing new
libraries from different organs and tissues in dif-
ferent biological conditions. Currently, the main
efforts are being directed at increasing the number
of ESTs, and this should be considered as one of
the goals of the Cassava Global Genome Project.
As part of this goal, efforts are currently underway
in collaborations between IITA and the
USDA Agricultural Research Service to develop
two normalized cDNA libraries for cassava
genotype TME 117 (a drought-tolerant variety)
that will be used to produce an additional 5000–
8000 unigene set. When all these data are avail-
able, bioinformatics resources will be needed for
processing them to identify as many functions as
possible and to contig the different sequences from
all of the existing EST resources. In particular,
sequencing the 3¢ ends of available clones should
improve the analysis of these contigs and dis-
criminate sequences that have been artificially
contiged with each other.

Finally, another resource that has still to be
developed is the creation of a full-length cDNA
collection. So far no real effort has been made to
raise such high quality libraries. Experience in
Arabidopsis and rice demonstrated these resources
are strategic both for genomic annotation and
functional characterization of the genes by ectopic
expression (Seki et al., 2002).

Gene expression and profiling
An important application of EST programmes is
global gene expression analysis using DNA chips

(microarrays). The first generation of DNA chips
for cassava and leafy spurge (Euphorbiaceae) are
representing only part of the genome and they are
made directly by spotting amplified clones corre-
sponding to each EST. Such a DNA chip is pres-
ently being made at CIAT from one of the unigene
sets described in this paper and will be further
complemented with additional resources that have
to be merged into a single unigene set when new
resources are available. Nevertheless, this first
generation of ‘‘Euphorbiaceae-specific’’ chips will
be extremely useful for classifying unknown genes
into functional categories. The first set of experi-
ments will analyze transcript responses to patho-
gens, dissect starch metabolism pathways, and
pathways acting in drought-tolerance, and other
important biotic- and abiotic-stresses. Data pre-
sented in this report (Figures 1–3) already shows
the potential for using these Euphorbiaceae-specific
micro-arrays/macro-arrays to screen for differen-
tially expressed genes within varieties of cassava.

Development of oligonucleotide chips will be
initiated when more information about gene
sequence is available in order to decrease cross
hybridization interferences due to members of
multigene families. This problem can be antici-
pated from the allopolyploid nature of Cassava
(Olsen and Schaal, 1999).

Mapping and comparative genomics
As mentioned in the introduction, and this issue, a
genetic map of Cassava has been developed as well
as several BAC libraries. The EST resource should
be invaluable to increase the density of gene
markers on the genetic map and to contribute to
the ordering of the BAC clones into a physical
map and anchoring it on the genetic map.

ESTs can be used either as RFLP or CAPS
markers on the mapping populations. It can be
expected that several thousand ESTs can be
mapped in the coming 2 or 3 years. Meanwhile
they can be located on BAC clones even more
rapidly because there is no need for polymorphism
and because this can be done using high
throughput PCR strategies. We can anticipate that
a number of known genes of interest will be
mapped first but it is also important to randomly
map a large number of sequences. Particularly
important is the mapping of members of multigene
families because cassava is an allotetraploid
genome.
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Another important question is when and how
many rounds of polyploidization have occurred
(Wolfe, 2001; Simillion et al., 2002; Blanc et al.,
2003; Bowers et al., 2003). It will be interesting to
compare the available map with that of the pre-
sumed cassava ancestors. The EST resource
should be a fantastic tool to examine evolutionary
relationships within the Euphorbiaceae family.
For example, preliminary experiments have shown
that DNA arrays constructed from the small set of
leafy spurge ESTs, described in this report, have
consistently shown between 15 and 35% hybrid-
ization 2 · above background with target DNA
from cassava leaf tissue (Figure 1, and Anderson
et al., 2001). Additionally, as already mentioned,
some ESTs already exist for Ricinus and Hevea,
and they can also be compared with those of
Cassava. Similarly, there is already a detailed
genetic map of rubber tree (Lespinasse et al., 2002)
and many ESTs from cassava cross-hybridize with
Hevea DNA and can be used for further mapping
purposes. Such an approach should help in
establishing syntenic regions between the different
genomes and in facilitating positional cloning of
genes of interest in these species. Thus, additional
high throughput gene discovery and sequencing
projects directed toward specific problems in
Euphorbiaceae members should provide the
groundwork for unlocking genetic diversity within
this family. Of equal importance, it should en-
hance our ability to control the growth and pro-
ductivity of various members of this plant family
and increase the possibility for map-based cloning.

Genetic and allelic diversity
Contigs available for existing ESTs already
revealed a high degree of genetic diversity between
cassava genotypes. This is not unexpected because
of the allotetraploid nature of Cassava and
because the domestication of this crop has not
been as intense as that of maize or rice. Generating
additional cassava ESTs from the same cultivars
already analyzed, and from others, should give
some indication about the distribution and diver-
gence of orthologous genes and their allelic
diversity. Such knowledge should provide new
tools for mapping and breeding based on the SNP
diversity that already exists.

As a conclusion, we hope that developing these
EST resources and its derivatives will contribute to
a more rapid improvement of cassava breeding,

increase cassava production, unlock the genetic
diversity within the Euphorbiaceae family, and
assist in our quest to regulate growth and devel-
opment in undesirable species. Most of the ESTs
presented in this review are already in the process
of being transferred to public databases so that
they are available for the public community.
Obviously, this resource still needs to be amplified,
but it already makes a significant contribution to
basic knowledge in Euphorbiaceae family mem-
bers such as cassava and leafy spurge. Developing
it is a strategic point of the Cassava Global
Genome Project.
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Schöpke, C., Taylor, N., Carcamo, R., N’Da,K.K.,Marmey, P.,
Henshaw, G.G., Beachy, R.N. and Fauquet, C.M. 1996.
Regeneration of transgenic cassava plants (Manihot esculenta
Crantz) from microbombarded embryogenic suspension cul-
tures. Nat. Biotechnol. 14: 731–735.

Seki, M., Narusaka, M., Kamiya, A., Ishida, J., Satou, M.,
Sakurai, T., Nakajima, M., Enju, A., Akiyama, K., Oono,
Y., Muramatsu, M., Hayashizaki, Y., Kawai, J., Carninci,
P., Itoh, M., Ishii, Y., Arakawa, T., Shibata, K., Shinag-
awa, A. and Shinozaki, K. 2002. Functional annotation of
a full-length Arabidopsis cDNA collection. Science 296:
141–145.

Simillion, C., Vandepoele, K., VanMontagu, M.C., Zabeau, M.
and Van de Peer, Y. 2002. The hidden duplication past of
Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 15:
13627–13632.

The Arabidopsis Genome Initiative. 2000. Analysis of the
genome sequence of the flowering plant Arabidopsis thaliana.
Nature 408: 796–815.

Uhde-Stone, C., Zinn, K.E., Ramirez-Yanez, M., Li, A.,
Vance, C.P. and Allan, D.L. 2003. Nylon filter arrays
reveal differential gene expression in proteoid roots of white
lupin in response to phosphorus deficiency. Plant Physiol.
131: 1064–1079.

Van de Loo, F.J., Turner, S. and Somerville, C. 1995. Expressed
sequence tags from developing castor seed. Plant Physiol.
108: 1141–1150.

Van Hal, N.L.W., Vorst, O., van Houwelingen, A.M.M.L.,
Kok, E.J., Peijnenburg, A., Aharoni, A., van Tunen, A.J.
and Keijer, J. 2000. The application of microarrays in gene
expression analysis. J. Biotech. 78: 271–280.

Wolfe, K.H. 2001. Yesterday’s polyploids and the mystery of
diploidization. Nature Rev. Genet. 2: 333–341.

Zhu, T., Budworth, P., Chen, W., Provart, N., Chang, H.S.,
Guimil, S., Su, W., Ester, B., Zou, G.Z. and Wang, X. 2003.
Transcriptional control of nutrient partitioning during rice
grain filling. Plant Biotechnol. J. 1: 59–70.

539


