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Abstract Four different cDNA libraries were constructed
from sunflower protoplasts growing under embryogenic
and non-embryogenic conditions: one standard library
from each condition and two subtractive libraries in
opposite sense. A total of 22,876 cDNA clones were
obtained and 4800 ESTs were sequenced, giving rise to
2479 high quality ESTs representing an unigene set of
1502 sequences. This set was compared with ESTs rep-
resented in public databases using the programs
BLASTN and BLASTX, and its members were classified
according to putative function using the catalog in the
Kyoto Encyclopedia of Genes and Genomes (KEGG).
Some 33% of sequences failed to align with existing
plant ESTs and therefore represent putative novel genes.
The libraries show a low level of redundancy and, on
average, 50% of the present ESTs have not been previ-
ously reported for sunflower. Several potentially inter-
esting genes were identified, based on their homology
with genes involved in animal zygotic division or plant
embryogenesis. We also identified two ESTs that show
significantly different levels of expression under
embryogenic and non-embryogenic conditions. The li-
braries described here represent an original and valuable
resource for the discovery of yet unknown genes puta-
tively involved in dicot embryogenesis and improving
our knowledge of the mechanisms involved in polarity
acquisition by plant embryos.
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Introduction

The structural establishment of the dicotyledonous (di-
cot) embryo occurs under the influence of genes that
control complex networks of molecular interactions.
Although several genes implicated in embryo develop-
ment have been identified in recent years (Jiirgens et al.
1997; Souter and Lindsey 2000; Chaudhury et al. 2001;
Jurgens 2001), the puzzle is still far from being fully
assembled. Arabidopsis thaliana mutants that display
abnormal embryo development have greatly facilitated
the identification of genes expressed in the developing
embryo (Torres-Ruiz and Jiirgens 1994; Busch et al.
1996; Hardtke and Berleth 1998; Chen et al. 2001).
However, although the morphological course of pattern
development in Arabidopsis is well known (West and
Harada 1993; Goldberg et al. 1994; Jiirgens 1995, 2001),
analysis of the early stages of embryogenesis at the
molecular level is difficult, because the zygote is tightly
surrounded by maternal tissues. In angiosperms,
embryogenesis begins with a double fertilization event:
pollen nuclei fertilize the egg cell and the central cell to
form the zygote and the endosperm, respectively. The
zygote then divides asymmetrically to give rise to a large
basal cell and a small apical cell. The basal cell forms the
suspensor, an embryonic structure that senesces during
early embryogenesis, leaving only the uppermost cell,
which becomes part of the embryonic root. The apical
cell develops into the embryo proper. Embryo develop-
ment proceeds along two main axes: apical-basal and
radial. Since the young embryo develops deep within the
maternal tissues, making it very difficult to investigate
using conventional methods (West and Harada 1993;
Goldberg et al. 1994; Jirgens 2001), alternative ap-
proaches, such as the study of somatic embryogenesis or
the use of Fucus (an alga) as a model (Zimmerman 1993;
Belanger and Quatrano 2000), have sometimes been
adopted.

In recent years, Helianthus annuus, a member of the
Compositae originating from North America but
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domesticated and easily bred in Europe, has been
proposed as a putative supplementary model to A. tha-
liana for the study of dicot embryogenesis, owing to the
synchronized, flowering of its inflorescences and the
large size of its embryos. Several tools have been
developed recently, making the study of this agricul-
turally interesting plant even easier. Genetic linkage
maps are now available for almost the entire sunflower
genome (Flores Berrios et al. 2000; Tang et al. 2002). In
addition, two BAC libraries have been described (Cab-
oche and Boucly 2000; Gentzbittel et al. 2002). Con-
comitantly, large-scale EST sequencing programs have
been carried out, giving rise to 47,000 entries in Gen-
bank. A collection of 2000 irradiated mutants is being
screened for plants showing abnormal embryo devel-
opment, by adopting the phenotypic screen described by
Meinke (1985). Dicot embryogenesis is remarkably
conserved in exalbuminous plants (plants without
endosperm in the seed) and only minor differences exist
between the development of A4. thaliana and sunflower
embryos. Moreover, in vitro somatic embryogenesis in
sunflower could be used as a model for studying the
mechanism of the first asymmetric zygotic division
(Alibert et al. 1994). In the sunflower system, an isolated
cell (a protoplast) can either develop into somatic tissue
or give rise to an embryoid structure depending on
culture conditions. When protoplasts are cultured in li-
quid medium they divide symmetrically and form a
callus (the non-embryogenic condition); in contrast,
when they are cultured embedded in agarose they divide
asymmetrically and evolve into an embryoid structure
(the embryogenic condition) (Chanabe et al. 1989). This
asymmetrical division has been proposed as a functional
model for the first asymmetrical division in the fertilized
zygote. This model also has several advantages, such as
the absence of maternal tissue, synchronization of the
cell divisions and the fact that it is much easier to collect
large amounts of embryogenic material than by embryos
(which must be obtained by dissection).

This study is the first medium-scale sequencing pro-
ject aimed at gaining information on gene expression
profiles during the development of the sunflower em-
bryo. Specifically, we focused on the first asymmetric
division of the zygote, which appears to be crucial for
the correct establishment of pattern development in the
embryo. For example, gnom mutants of A. thaliana,
which are defective in establishing the asymmetry of the
first zygotic division, subsequently show aberrant apical-
basal patterning and a very severe mutant phenotype in
the adult plant (Mayer et al. 1993). The strategy of
cDNA library subtraction was chosen because it has
already been successful in identifying genes that are
preferentially or specifically expressed in small amounts
of cells or tissues (Robertson et al. 1994). We thus cre-
ated two Suppressive Subtractive Hybridization (SSH)
libraries enriched, respectively, in genes expressed under
embryogenic or non-embryogenic conditions. We also
created standard reference libraries from protoplasts cul-
tured in embryogenic and non-embryogenic conditions,

respectively. The classification of the ESTs into func-
tional groups is expected to give a general idea of the
different functions that are required under both types of
condition, and differential representation of transcripts
in the two reference libraries can be used to infer what
genes are differentially expressed. The main aims of this
study were to obtain an initial overview of the genes
expressed under embryogenic conditions, and to extend
our knowledge of asymmetrical division mechanisms by
combining the analysis of reference and subtractive li-
braries. We describe a novel set of cDNA resources that
are of interest for developmental genomics studies not
only in sunflower but also in other exalbuminous dicots.

Materials and methods

Plant materials

The sunflower Emil hybrid (Pioneer Hi bred Inc.) was used in this
study. Hypocotyl protoplasts were isolated and cultured according
to Chanabé et al. (1989, 1991). Protoplasts were cultured at a final
density of 10®/ml in either liquid medium or 0.5% low-melting-
point agarose (Sea Plaque; FMC Bioproducts). Protoplasts were
divided into five identical portions. One portion was sampled on
each day of culture.

cDNA library construction

RNA was isolated according to Chomczynski and Sacchi 1987. For
construction of the reference library from protoplasts cultured
under the non-embryogenic condition (HaDplR2) mRNAs were
isolated using the Messagemaker Reagent Assembly (Invitrogen)
according to the manufacturer’s instructions. The cDNA library
was generated using the Superscript Plasmid System for cDNA
Synthesis and Plasmid Cloning (Invitrogen) according to the
manufacturer’s instructions. This library was cloned in pSPORT?2.

The reference cDNA library from protoplasts kept under
embryogenic conditions (HaDpsR1) was generated from total
RNA using a Smart cDNA Library Construction kit (Clontech)
according to the manufacturer’s instructions. cDNAs were cloned
in the pTriplEx2 vector by in vivo excision. Reciprocal subtraction
libraries (HaSemS3, HaSemS4) were created using the PCR-Select
cDNA Subtraction kit (Clontech) according to the manufacturer’s
conditions. cDNAs were cloned in pCRII using the TA Cloning kit
(Invitrogen) according to the manufacturer’s instructions.

In each case except one, ligated cDNA was introduced into
Escherichia coli UltraMAX DHS5 ,_pr competent cells by electro-
poration using a Gene Pulser II (Bio-Rad); the exception was
HaDpsR1, which was cloned in E. coli BM25-8.

Expressed Sequence Tag (EST) sequencing and data analysis

Sequencing experiments were carried on 1632 cDNA clones from
HaDplR2, 1056 clones from HaSemS3, 1056 clones from HaSemS4
and 1056 clones from the HaDpsR1 library. Library sequencing
was performed using BigDye Terminator v2.0 and v3.0 (Applied
Biosystems) technology according to the manufacturer’s instruc-
tions, on an ABI PRISM 3700 (Appied Biosystems). Sequencing
was carried out from the 5 or the 3" end. Base calling and trimming
of low-quality sequences was done using Phred. Sequences that
were shorter than 100 bp (excluding from polyA tail) were not
analyzed further. Sequence analysis was carried out using cross_-
match for vector masking. Contigs were built using the Phrap
program. Database searches for E-values below 10> were used to
infer a potential function or identify a putative contamination.
Homology searches for function assignment were based on the



results obtained with the SwissProt comparison. For the contigs
and singletons for which no matches were found, TTEMBL com-
parisons were made. ESTs composed of regions that matched dif-
ferent proteins were classified as chimeric. Mitochondrial and
plastid sequences were identified using the BLASTN program on
Arabidopsis sequences.

Virtual Northern analysis

A 1 pl aliquot of a plasmid miniprep was amplified by PCR using
M13 forward and M13 reverse primers in reaction volumes of
25 ul. Amplifications were performed in a GeneAmp PCR system
9700 cycler (Perkin Elmer). PCR mixes contained 2.5 pl of 10x
reaction buffer (200 mM TRIS-HCI pH 8.4, 500 mM KCl),
2.5 mM MgCl,, 200 uM dNTPs, each primer at 0.2 uM, and 0.5 U
of Tag DNA Polymerase (Life Technologies). An initial 5-min
denaturation step was followed by 20 cycles of 30 s at 94°C, 30 s of
annealing at 52°C, and a 2-min elongation at 72°C. One microliter
of each PCR product was analyzed on by electrophoresis on a 1%
agarose gel, transferred to nylon filters and hybridized with ra-
diolabelled probes corresponding to SMART cDNAs from each
condition; these cDNAs were prepared by random priming.

Filters were pre-hybridized and hybridized at 65°C in 5xSSC,
0.1% SDS, 1% powdered milk and salmon sperm DNA (100 ng/
ml). Filters were washed twice for 30 min each at room tempera-
ture in 2xSSC, for 30 min at 60°C in 2xSSC/0.1% SDS and for
30 min at room temperature in 0.1xSSC. Two successive film
exposures of 16 h and 10 days were performed.

Results

When sunflower protoplasts are cultured in liquid
medium, they divide symmetrically, giving rise to loose
colonies which define the non-embryogenic condition.
When protoplasts are cultured embedded in agarose,
they divide asymmetrically and follow a developmental
pattern similar to that of the fertilized zygote, giving rise
to so-called embryoids which define the embryogenic
condition. In order to identify the genes expressed dur-
ing the asymmetrical division event, four different
cDNA libraries were constructed and an arbitrary
fraction of each library was sequenced. Culture time was
limited to 5 days in each case, because the first division
takes place during this period in liquid and in solid
media (Petitprez et al. 1995).

Protoplasts developing in non-embryogenic conditions:
the HaDplR2 library

HaDplR2 (Helianthus annuus Development of protop-
lasts in liquid medium, Reference library number2) is a
reference cDNA library constructed from mRNA iso-
lated from protoplasts cultured for between 1 and 5 days
under the non-embryogenic condition. The efficiency of
transformation was 1.2x10° transformants/ug of cDNA.
All of the selectable clones obtained from 31 ng of
cDNA were arrayed, resulting in 9984 arranged clones.
In all, 1632 cDNA clones were sequenced and 743 ESTs
have been submitted to the EMBL database (Accession
Nos. AJ412352-AJ412520, AJ412521-AJ412667, and
AJ437699-AJ437975).
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From the 1632 sequencing reactions, only 968 ESTs
were obtained. The average length of sequence of good
quality was 407 bp and the average EST length 398.9 bp
(Table 1). After quality trimming, 805 sequences re-
mained (two putative E. coli sequences were discarded).

A total of 118 contigs, made up of 335 ESTs, were
generated using the Phrap program: 89 contigs result
from the assembly of two sequences each, the remainder
comprise less than ten sequences each, with the excep-
tion of the major contig, which is composed of 57 se-
quences. According to the Phrap analysis, contigs and
singletons define 588 different sequences (Table 2).

In order to attribute a putative function to the
products encoded by the genes represented by the ESTs,
public databases were searched at E-values below 107>
Function assignment was performed based on results of
comparisons with SwissProt, or with TTEMBL when no
homologies were found with the former. The BLASTX
program allowed us to attribute a putative function to
56% of contigs and singletons. According to the results
of the BLAST analysis, sequences were classified into
eighteen groups based on the KEGG catalog (Fig. 1).
The major group was related to translation functions
(11.4%). Some 34.6% of ESTs showed no match to any
known protein, and these sequences may represent novel
genes. This value may be an overestimate, as 38% of
these ESTs were obtained from the 3’-end and many of
those that do not find a homologous sequence in a
protein database might be derived from 3’-UTRs.

Protoplasts developing under embryogenic conditions:
the HaDpsR1 library

HaDpsR1 (H. annuus Development of protoplasts in
solid medium, Reference library numberl) is a cDNA
reference library constructed with mRNA from pro-
toplasts cultured for between 1 and 5 days under the
embryogenic condition. The primary cDNA library,
constructed in pTriplEX2, had a titre of 10'! pfu, indi-
cating adequate representation of the original mRNA
pool. Of the 5404 cDNA clones arrayed, 1056 were se-
quenced. In all, 741 EST sequences remained after

Table 1 Characterization of sunflower ESTs

Parameter Library

HaDplR2 HaSemS4 HaDpsR1 HaSemS3

Sequenced ESTs 968 665 756 780
No insert 83 25 0 52
Short insert sequence 78 348 13 84
Putative chimera 0 0 2 0
E. coli sequences 2 3 0 0
ESTs used for analysis 805 289 741 644
Initiating AUG present 57 30 95 57
Average good-quality 407 bp 449 bp 430 bp 384 bp
sequence length
Average EST length  399bp 294 bp 310bp 294 bp
Mitochondria 1 16 87 2
Chloroplast 1 0 29 3
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Table 2 Summary of the results

of Phrap assembly Parameter Library All libraries
HaDplIR2 HaSemS4 HaDpsR1 HaSemS3
Singletons 470 190 362 351 1169
Contigs 118 31 82 63 333
Average number of 2.8 29 4.6 4.7 39
sequences per contig
Average contig length 474 369 668 404 453
Total non-overlapping 588 221 444 414 1502
sequences
0.0 0.1 0.2 0.2
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Fig. 1 Graphical representation of EST frequencies in each of the
four libraries, based on the functional classification in the Kyoto
Encyclopedia of Genes and Genomes (KEGG)

quality trimming and were submitted to the EMBL
database (Accession Nos. AJ541055-AJ541795). The
average length of good-quality sequence was 430 bp,
and the average EST length was 310 bp (Table 1). Phrap
assembled 379 sequences into 82 contigs, the major one
containing 127 sequences. A total of 55 contigs are each
composed by only two sequences. A total of 444 unique
sequences were obtained from the sequenced ESTs
according to Phrap results (Table 2).

BLASTX searches in public databases permitted us
to attribute a putative function to 43% of the sequences.
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As in the case of HaDplR2, the results of sequence
homology searches were used to classify putative pro-
teins encoded by contigs and singletons with respect to
eighteen different functional groups (Fig. 1). The most
important groups are related to stress (11.1%) and
protein synthesis (9.4%). Some 31.8% of sequences do
not match any of the proteins in databases.

Enrichment for ESTs from protoplasts cultured under
embryogenic conditions: the HaSemS3 library

HaSemS3 (H. annuus Somatic embryogenesis, Subtrac-
tive library number3) is a subtractive cDNA library
enriched in transcripts expressed in protoplasts cultured
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under embryogenic conditions. This library is composed
of 3072 cDNA clones obtained by plating all of a sec-
ondary round of PCR amplification. A total of 1056
clones were sequenced, and 644 EST sequences remained
after quality trimming and were submitted to the EMBL
database (Accession Nos.: AJ539583-AJ540226). Aver-
age good-quality sequence length is 384 bp and the
average EST is 294 bp long (Table 1).

The Phrap program assembled 293 sequences into 63
contigs: the major contig was composed of 33 sequences,
and 57 other contigs are made up of ten sequences or
less. According to the Phrap results, 414 unique
sequences were obtained (Table 2).

Similarity searches using BLASTX comparisons al-
lowed attribution of a putative function to 63% of
contigs and singletons. Different ESTs were classified
into 18 different groups based on BLASTX similarities.
The largest group consisted of genes predicted to have a
function in defense or stress responses (28%) (Fig. 1).
Some 29.1% of sequences do not match any known
protein.

Enrichment for ESTs from protoplasts cultured under
non-embryogenic conditions: the HaSemS4 library

The HaSemS4 (H. annuus Somatic embryogenesis,
Subtractive library number4) library is the complemen-
tary library to HaSemS3, as it is enriched in transcripts
that are preferentially expressed in protoplasts cultured
under non-embryogenic condition. This library is made
up of 4416 cDNA clones, of which 1056 were sequenced.
Average good quality sequence length was 449 bp and
the average EST length was 294 bp. In all, 292 ESTs
were deposited in the EMBL database (Accession Nos.:
AJ542101-AJ542392). After quality trimming only 289
sequences remained (putative E. coli sequences were
discarded, see Table 1). This low rate is explained by the
short length of ESTs after vector and quality trimming,
many of them being removed from the analysis because
they were less than 100 bp in length (excluding the
polyA tail). The Phrap program assembled 99 sequences
into 31 contigs: the largest of which was composed by 13
sequences. According to the Phrap results, 221 unique
sequences were obtained (Table 2). Based on BLASTX
comparisons, 64% of the unique sequences showed a
significant match with one or more entries in TTEMBL
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or SwissProt databases, but a putative function could be
attributed to only 52% of the sequences. Contigs and
singletons were classified into 18 groups based on their
predicted function; the largest groups consisted of genes
predicted to encode proteins associated with gene
expression and protein synthesis (i.e. transcription and
translation; 10%) or to participate in primary metabo-
lism (i.e. carbohydrate, energy, lipid and fatty acid, and
amino acid metabolism; 15%) (Fig. 1). Some 36.3% of
ESTs do not show homology to any protein in data-
bases.

Assessment of the efficiency of subtraction by virtual
Northern analysis

In order to assess subtraction efficiency in both sub-
tractive libraries, virtual Northern blot analysis were
carried out. A total of 192 PCR-amplified cDNA inserts
from each library were resolved in duplicate on high-
density gels, and immobilized on nylon membranes by
Southern blotting. Duplicate filters were hybridized with
double-stranded cDNAs obtained using the SMART
technology after reverse transcription of mRNA from
protoplasts cultured under both conditions. SMART
technology was necessary since the cell culture condi-
tions do not allow us to obtain sufficient mRNA for
conventional probe preparation. The same number of
cells, the same quantity of RNA and identical proce-
dures for SMART amplification procedure, labeling and
autoradiography were used for the comparison of
HaSemS3 and HaSemS4 libraries. Filters were subjected
to two successive exposures for film autoradiography,
the first exposure for overnight and the second exposure
for 10 days (Fig. 2).

Table 3 summarizes the results. For HaSemS3,
10.4% of clones showed an ON/OFF expression pattern
and 24% displayed differential expression under the two
conditions after overnight exposure; these clones thus
represent abundant transcripts. Some 50% of the clones
showed no signal. After a 10-day exposure, 25% exhibit
no signal at all, indicating that this library is enriched in
rare transcripts.

Similarly, 25% of the clones from the HaSemS4 li-
brary showed an ON/OFF pattern and 49% were dif-
ferentially expressed based on the signal patterns after
overnight exposure. Since 12% of clones gave no signal
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Table 3 Summary of the results

of virtual Northern analyses on Library

Signal profile

192 clones from each (exposure time)

subtractive librar ON/OFF Differential Equal No signal
Y pattern expression expression
HaSemS3 (overnight) 20 (10.4%) 46 (23.9%) 15 (7.8%) 111 (57.8%)
HaSemS4 (overnight) 49 (25.5%) 93 (48.4%) 15 (7.8%) 35 (18.2%)

HaSemS3 (10 days)
HaSemS4 (10 days)

14 (7.3%)
41 (21.3%)

69 (35.9%)
108 (56.2%)

50 (26.0%)
21 (10.9%)

59 (30.7%)
22 (11.4%)

after overnight exposure, but only 7.3% failed to detect
transcripts after 10 days, we conclude that this library is
less enriched in rare transcripts than is HaSemS3.

Discussion

The main aim of the present work was to obtain an
initial overview of the genes expressed in protoplasts
under embryogenic and non-embryogenic conditions,
with the latter serving as a model for the first asym-
metrical division of the fertilized zygote. Assuming that
10% of genes are expressed under each condition, one
would expect approximately 3000 different transcripts.
Combining the analysis of 1000 clones from a reference
library and 1000 clones from a subtractive library would
thus allow us to access the most highly expressed (from
the reference library) and some less expressed genes
(from the subtractive libraries).

The genetic program expressed under non-embryogenic
conditions

Many regulatory processes occur post-transcriptionally.
However clues to which types of functions are of most
importance in any particular tissue or condition can be
inferred from the general distribution of ESTs among
different functional groups, as shown in Fig. 1. Having
constructed a reference library, we hypothesized that the
number of ESTs corresponding to a particular contig
should reflect the abundance of the corresponding
transcript in the tissue analyzed. The reliability of this
information is proportional to the number of ESTs
present in the contig. The analysis of a subtracted library
complements this information, because it gives access to
less expressed genes. From the results obtained with the
Phrap assembly program for the reference library (Ta-
ble 2), we deduce that HaDplR2 is a library character-
ized by low redundancy, because there are on average
2.8 ESTs per contig and only one transcript is highly
represented.

Comparison of the HaDplR2 and HaSemS4 libraries
showed that protoplasts cultured under non-embryo-
genic conditions mainly expressed genes encoding pro-
teins related to protein synthesis (10.5% and 9%,
respectively) and primary metabolism (6.6% and 5.5%,
respectively, for amino acid metabolism and 6.9%
for energy metabolism in HaSemS4) (Fig. 1). This is

consistent with the expected cellular functions of pro-
toplasts growing in liquid medium; such cells divide to
form colonies, and may thus be assumed to have a
simple vegetative activity. The most abundant group of
ESTs was found to code for products that are involved
in translation of mRNAs.

Table 4 summarizes for each library the number of
sequences that display homology with sequences in dif-
ferent databases. For the HaDplR2 and HaSemS4 li-
braries, more than 50% of ESTs (56.3% and 52.9% for
HaDplR2 and HaSemS4, respectively) showed no
homology with previously described sunflower ESTs,
making these cDNA resources quite UNIQUE among
the 47,000 published sunflower ESTs. Interestingly, in
both libraries more than 25% of the sequences were not
homologous to any plant ESTs or proteins; thus, these
represent putatively sunflower-specific sequences or se-
quences expressed in physiological situations or tissues
that were less extensively sampled in other plant EST
programs.

The genetic program expressed under embryogenic
conditions

Comparison of HaDpsR1 and HaSemS3 showed that
stress-related genes are highly represented in both li-
braries (Fig. 1). This result was expected in light of the
conditions encountered by protoplasts during culture in
solid medium: the cells are exposed to the heat shock
associated with embedding in agarose and are probably
highly stressed. Beside the stress-related group, the most
abundant transcripts (estimated on the basis of EST
frequencies) were found in the translation-related group.
However, in the HaDpsR1 library, the translation-re-
lated group is slightly smaller than the stress-related
group, whereas stress-related proteins are three times
more abundant than translation related proteins in the
HaSemS3 library. Thus, the relative increase in stress-
related transcripts in HaSemS3 may be a consequence of
a less-efficient normalization step. The abundance of
genes of unknown function, with one highly represented
transcript (127 ESTs in the contig), expressed under
embryogenic conditions may reflect the presence of some
interesting but yet unstudied genes having a key function
in protoplasts cultured under this condition.

The results in Table 4 show that a large percentage of
previously unknown sunflower sequences is in both li-
braries (44.6% for HaDpsR1 and 35.1% for HaSemS3).
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Table 4 Summary of the
distribution of novel sunflower
ESTs

Category

Library

HaDplR2 HaSemS4 HaDpsR1 HaSemS3

No homology with previously
described sunflower ESTs
No homology among
dicot ESTs or protein

456 (56.3%) 153 (52.9%) 329 (44.6%) 226 (35.1%)

258 (32.0%) 73 (25.2%) 110 (14.9%) 105 (16.3%)

Table S Top hits with R>6

Cluster Description R*  HaDplR2 HaDpsR1
counts counts

350 408 ribosomal protein S9 6.22 2 15

346 rRNA promoter binding 7.39 0 10
protein

348 Inhibitor against trypsin ~ 7.39 0 10

353 ORF107A 739 0 10

354 Hypothetical 6.2-kDa 177 0 24
protein

358 Hypothetical 14.3-kDa 81.3 1 117
protein

4See text for details

However, these figures are lower than those for the li-
braries representing cells cultured in non-embryogenic
conditions. Some 15% of ESTs from HaDpsR1 and
25% from HaSemS3 correspond to transcripts with no
homology to other known proteins or transcripts from
dicots (Table 4, category 8).

Comparison between embryogenic
and non-embryogenic libraries

The method proposed by Stekel et al. (2000) for com-
paring gene expression profiles from multiple cDNA Ili-
braries was used to assess the degree of difference in
expression between ESTs from HaDplR2 and HaD-
psR1. Six contigs with an R statistic > 6 were identified;
the R statistic estimates the extent to which the differ-
ence in gene expression corresponds to the heterogeneity
of the libraries. The top hits are shown in Table 5, with a
brief description of the protein and the counts of the
gene in each library. The list contains a ribosomal pro-
tein that is differentially expressed under the two con-
ditions studied here. This result is consistent with
previously reported data which suggested that ribosomal
genes appear to be differentially regulated between dif-
ferent tissue types (Karsi et al. 2002). We also identified
an rDNA promoter binding protein which may control
ribosomal protein expression. Another differentially ex-
pressed gene codes for a trypsin inhibitor, a class of
protein known to be expressed in stressed tissues. As
protoplasts that are maintained under embryogenic
conditions are highly stressed, its expression under these
conditions is expected. Among the contigs that show a
significant level of differential expression, several present
homology with hypothetical proteins of unknown
function. Some of these genes may respond to stress

or differences in culture conditions, while others
may encode very important proteins involved in the
establishment of asymmetric division. The latter are
currently under investigation.

Subtractive libraries are highly enriched in differentially
expressed transcripts

The comparison of subtractive libraries should help to
identify genes involved in the acquisition of polarity in
the early embryo. HaSemS4 is the complementary li-
brary of HaSemS3, so one could expect a low level of
EST redundancy of between the libraries. Subtraction
efficiency is usually estimated by Virtual Northern
hybridization using marker genes known to be differ-
entially expressed. This experiment could not be per-
formed in our case because there is as yet no clear
marker gene for the studied conditions. A PHRAP
assembly was performed using ESTs from all libraries;
only 27 contigs made up of ESTs from both subtractive
libraries were identified, indicating that subtraction
efficiency was quite high. Another important issue is the
low rate of ESTs from constitutively expressed genes
such as EF1a, which was found twice in HaDpsR1 and
five times in HaDpIR2.

The Virtual Northern blots carried out on the sub-
tractive libraries showed that both libraries are enriched
in differentially expressed genes, as they present a high
percentage of transcripts with a differential expression
pattern (see Table 3). Data from PHRAP assembly
showed that 87% of contigs and singletons from HaS-
emS3 are differentially expressed between the two con-
ditions versus 84% from HaDpsR1; i.e., HaSemS3
exhibits a slightly higher proportion of differentially
expressed genes. However, HaSemS4 comprises 83%
differentially expressed transcripts versus 88% of contigs
and singletons in HaDplR2. The number of differen-
tially expressed genes in HaDplR2 may be an overesti-
mate; PHRAP might be unable to assemble ESTs
obtained from the 5'- and the 3’- ends of the same gene.

Stress related transcripts are highly represented in
HaSemS3 (28% versus 6.2%) while in HaSemS4 the
proportion of ESTS related to primary metabolism is
higher (15% versus 6%, Fig. 1). One notable difference
between the libraries is the percentage of sequences
having a putative function. In HaSemS4, this percentage
is lower than in HaSemS3 (52% versus 63.5%). This
difference could be a result of the generally lower quality
of the HaSemS4 sequences.
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We have already identified some key genes based on
their homology with animal and plant genes involved in
asymmetrical zygote division. For example, mago nashi -
like sequences (Accession Nos. AJ541081, AJ541776 and
AJ540176) were found in the libraries constructed from
protoplasts cultured under embryogenic conditions
(HaDpsR1 and HaSemS3) with E value below 1077°.
The mago nashi gene was first described in Drosophila
melanogaster, where it plays a role in axis formation
during oogenesis (Boswell et al. 1991). A mago nashi
ortholog has also been described in C. elegans, which
functionally complements the D. melanogaster mutant.
The MAGO NASHI protein is highly conserved among
species and homologs have been described in yeast and
other fungi as well as in plants. The involvement of this
protein in polarity acquisition in sunflower protoplasts is
under investigation. Interestingly, several putative
RNA-binding proteins, considered to be putative part-
ners of the mago nashi product, are also present in every
library. A sunflower homolog of the Drosophila gene
Argonaute-1(Accession No. AJ542157, E=10""") was
also identified. Argonaute-1 is implicated in post-tran-
scriptional gene silencing and plays an essential role in
neural growth in Drosophila (Williams and Rubin 2002).
The plant homolog agol has been reported to act in the
establishment of bilateral embryo symmetry in A. tha-
liana (Lynn et al. 1999; Carmell et al. 2002). Intriguingly,
the homology to agol was found in HaSemS4. Members
of the family of SHAGGY-like kinases, which are in-
volved in different processes of flower development and
brassinosteroid signaling (Jonak and Hirt 2002), were
also identified in HaDplR2 and HaSemS3.

The data presented here provide the first overview of
genes expressed in sunflower protoplasts cultured under
embryogenic and non-embryogenic conditions, and our
analysis of the cDNA libraries represents progress to-
wards a better understanding of the genetic basis of
symmetrical and asymmetrical cell divisions in this crop
plant. A total of 4800 ESTs were sequenced. After
quality trimming, these ESTs were found to represent a
unigene set composed by 1502 sequences. This analysis
allowed us to identify 821 previously uncharacterized
sunflower sequences, and significant differences in
expression of transcripts between embryogenic and non-
embryogenic conditions were deduced from EST fre-
quencies. We also identified sunflower homologs of key
genes involved in animal and plant embryo develop-
ment. The characterization of the genes implicated in
embryo polarity establishment will be completed by
functional genomic approaches using these libraries to
construct cDNA microarrays. The libraries represent a
valuable resource for discovering genes potentially in-
volved in induction or determination of embryo polarity
in dicot plants, and could also be useful for resource for
developmental genomic studies on exalbuminous dicots.
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