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Isolated microspores of Brassica napus are developmentally programmed to form gametes; however, microspores can be re-
programmed through stress treatments to undergo appropriate divisions and form embryos. We are interested in the iden-
tification and isolation of factors and genes associated with the induction and establishment of embryogenesis in isolated
microspores. Standard and normalized cDNA libraries, as well as subtractive cDNA libraries, were constructed from freshly
isolated microspores (0 h) and microspores cultured for 3, 5, or 7 d under embryogenesis-inducing conditions. Library com-
parison tools were used to identify shifts in metabolism across this time course. Detailed expressed sequence tag analyses of
3 and 5 d cultures indicate that most sequences are related to pollen-specific genes. However, semiquantitative and real-time
reverse transcription-polymerase chain reaction analyses at the initial stages of embryo induction also reveal expression of
embryogenesis-related genes such as BABYBOOM1, LEAFY COTYLEDON1 (LEC1), and LEC2 as early as 2 to 3 d of microspore
culture. Sequencing results suggest that embryogenesis is clearly established in a subset of the microspores by 7 d of culture
and that this time point is optimal for isolation of embryo-specific expressed sequence tags such as ABSCISIC ACID
INSENSITIVE3, ATS1, LEC1, LEC2, and FUSCA3. Following extensive polymerase chain reaction-based expression profiling, 16
genes were identified as unequivocal molecular markers for microspore embryogenesis in B. napus. These molecular marker
genes also show expression during zygotic embryogenesis, underscoring the common developmental pathways that function
in zygotic and gametic embryogenesis. The quantitative expression values of several of these molecular marker genes are
shown to be predictive of embryogenic potential in B. napus cultivars (e.g. ‘Topas’ DH4079, ‘Allons,’ ‘Westar,’ ‘Garrison’).

Embryogenesis in plants is unique in that it can be
induced in a wide variety of starting materials such as
immature embryos, microspores, and vegetative tissue
explants (Fehér et al., 2003; Mordhorst et al., 1997). Em-
bryos originating from somatic or gametic cells closely
simulate zygotic embryogenesis, displaying all stages
of embryo development (Zimmerman, 1993). This ca-
pacity in plants to form embryos from a diverse set of
tissues (totipotency) is integral to plant biotechnology

and these techniques and protocols have been incor-
porated into many breeding programs.

The androgenic response has been studied in many
plant species and various stimuli (e.g. heat, starvation,
osmotica, colchicine) have been shown to induce
isolated microspores to switch from a gametophytic
to an embryogenic (sporophytic) developmental pro-
gram. The various factors influencing embryogenic re-
sponse in cultured microspores have been extensively
reviewed (Sopory and Munshi, 1996; Wang et al., 2000;
Touraev et al., 2001; Maraschin et al., 2005). In gen-
eral, embryogenesis is a stress-induced phenomenon
(Touraev et al., 1997; Shariatpanahi et al., 2006). The first
mitotic division (pollen mitosis I) of the haploid mi-
crospore following meiosis of the pollen mother cell is
normally an asymmetric division. This results in a de-
veloping male gametophyte comprised of two unequal-
sized daughter cells (vegetative and generative cell).
In the Brassicaceae, the generative cell undergoes a
further pollen mitosis (pollen mitosis II) within the
anther, resulting in a tricellular pollen grain. Micro-
spores of Brassica napus isolated from across a relatively
wide developmental window surrounding the asym-
metric first mitotic division (pollen mitosis I) can be
induced to become embryos (Keller et al., 1987; Pechan
and Keller, 1988; Binarova et al., 1997). The standard
culture protocols involve a combination of heat stress
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and high osmotica and the whole process of embryo
formation from microspores to mature embryos can be
completed within 3 to 4 weeks (Ferrie, 2003). The ease
and efficiency of microspore embryogenesis in B.
napus has established this species as a model system
for studies of early events in microspore embryogen-
esis as well as embryo maturation (Zou et al., 1995;
Boutilier et al., 2002). Microspore-derived embryos
(MDEs) can be monitored easily in vitro and provide
a convenient platform for experiments involving
large-scale biochemical, molecular, and physiological
analyses (Boutilier et al., 2005). The short incubation
period for induction, the high frequency of embryo-
forming cells, and the availability of good negative cul-
ture controls are additional advantages of this system
(Custers et al., 1994). In addition, the close taxonomic
relationship between B. napus and Arabidopsis (Arabi-
dopsis thaliana), with 87% conservation on average in
both exon and protein coding sequences (Cavell et al.,
1998), allows full utilization of the extensive Arabi-
dopsis genomics resources for Brassica research (Hall
et al., 2002). At this time, there are no robust or re-
producible published protocols for microspore embryo-
genesis in Arabidopsis.

Microspores pass through several phases of com-
petence during microspore embryogenesis: induction,
determination, and in a similar manner to zygotic em-
bryogenesis, pattern formation (morphogenesis) and
maturation (Yeung, 1995). The initial properties of the
microspores, and the molecular and physiological events
occurring during the transition to embryogenesis, are
poorly understood. Cell tracking studies of wheat
(Triticum aestivum) microspores have provided some
evidence that all microspores may be equally compe-
tent to form embryos, despite initial differences in in-
ternal organization with respect to the vacuole, position
of the nucleus, and starch accumulation (Indrianto
et al., 2001). In B. napus, cytological studies indicate
that structural reorganization occurs in induced or de-
differentiating microspores (Zaki and Dickinson, 1991;
Zhao et al., 1996; Ilic-Grubor et al., 1998; Schulze and
Pauls, 1998; Simmonds and Keller, 1999; Schulze and
Pauls, 2002; Clement et al., 2005). This reorganization
involves formation of a preprophase band of cortical
microtubules, dislocation of the nucleus to a central
position, and subsequently, a symmetrical division dur-
ing the first mitosis (Telmer et al., 1995). The literature
suggests that the attainment of the appropriate phys-
iological state, either at the time of culture or in culture
during induction treatments, is the critical event for
determining whether microspores embark on the em-
bryogenic pathway. This strict requirement may be the
reason only a subset of cultured microspores actually
forms embryos.

The heat stress used to induce microspore embryo-
genesis also induces the accumulation of HSPs, in-
cluding HSP70 and HSP90 (Seguı́-Simarro et al., 2003).
Following heat stress, HSP70 was found in association
with ribonucleoprotein structures in the interchroma-
tin region and in the nucleolus, while HSP90 was found

predominantly in the interchromatin region (Seguı́-
Simarro et al., 2003). It has been suggested that this ad-
ditional HSP synthesis in the microspores may cause
failure of some specific protein synthesis required for
pollen differentiation, and thus permit sporophytic
development to occur (Telmer et al., 1995); however,
other researchers have concluded that HSP synthesis
is not required for microspore embryogenesis in B.
napus (Zhao et al., 2003). It also seems possible that the
applied heat stress may reprogram microspores through
an effect on the cell cycle. This is supported by the
presence of both a mitogen-activated protein kinase
and a proliferating cell nuclear antigen involved in cell
cycle progression in reprogrammed microspores of
Brassica, tobacco (Nicotiana tabacum), and pepper (Cap-
sicum annuum; Testillano et al., 2000).

Some genes expressed at the early stages of micro-
spore embryogenesis have been identified from cultures
of Brassica, tobacco, barley (Hordeum vulgare), wheat,
and maize (Zea mays). Differentially expressed genes
isolated from barley microspore cultures include non-
specific lipid transfer protein (ECLTP), glutathione
S-transferase (ECGST), an unknown protein (ECA1),
and 14-3-3 isoforms (Vrinten et al., 1999; Maraschin
et al., 2003). A Cys-labeled metallothionein protein ex-
pressed from 6 h after embryo induction was identi-
fied in wheat microspore cultures (Reynolds and
Crawford, 1996; Reynolds, 1997). Using mRNA differ-
ential display, a small secreted protein (CLE19) ex-
pressed at the globular to heart stage (10 d) of B. napus
MDEs was isolated (Fiers et al., 2004). The CLE19 gene
belongs to the CLAVATA3/ESR-like family of proteins
and may function in a signaling loop with a role in
promoting cell differentiation or organogenesis (Fiers
et al., 2004; Boutilier et al., 2005). Subtractive hybrid-
izations have been used successfully to isolate genes
from the early stages of microspore embryogenesis in
B. napus, for example, BABYBOOM1 (BBM1; Boutilier
et al., 2002), BURP domain-containing proteins (Hattori
et al., 1998), and BNM4 that encodes an ortholog of
AtKAT1 (Boutilier et al., 2005). Overexpression of BBM
induces somatic embryogenesis from the vegetative
tissues of young seedlings and occasionally from the
leaves of mature plants, indicating its role in promot-
ing cell division and morphogenesis (Boutilier et al.,
2002). Ectopic or spontaneous embryogenesis pheno-
types, similar to those observed with the overexpression
of BBM, have been reported for the overexpression of
the LEAFY COTYLEDON1 (LEC1), LEC2, and WU-
SCHEL (WUS) genes and for knockouts of PICKLE
(PKL) in Arabidopsis (Ogas et al., 1999; Lotan et al.,
1998; Stone et al., 2001; Zuo et al., 2002). Details of the
cascade of molecular events by which the overexpres-
sion of these genes (or knockout, in the case of PKL)
result in the formation of ectopic embryos are not
known, nor are their precise roles in the induction of
microspore embryogenesis.

Species that easily form somatic embryos such as
Arabidopsis, carrot (Daucus carota), white spruce (Picea
glauca), alfalfa (Medicago sativa), and soybean (Glycine
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max) have been used for the identification and
characterization of genes and proteins that are impor-
tant for the induction and maintenance of embryonic
development (Mordhorst et al., 1997; Perry et al., 1999;
Ikeda-Iwai et al., 2002; Yazawa et al., 2004; Mordhorst
et al., 2005; Quiroz-Figueroa et al., 2006; Raghavan,
2006). For example, the SOMATIC EMBRYOGENESIS
RECEPTOR KINASE (SERK) gene was isolated on the
basis of its expression in embryogenic cells of carrot
suspension cultures (Schmidt et al., 1997). Ectopic
overexpression of the Arabidopsis ortholog of SERK
(AtSERK1) resulted in improved rates of somatic em-
bryo production in Arabidopsis (Hecht et al., 2001).
The Poa pratensis ortholog of the SERK1 gene, PpSERK,
and a START domain-containing gene, APOSTART,
recently have been implicated in apomictic develop-
ment in P. pratensis based on expression analyses of
these genes in nucellar and megaspore mother cells of
apomictic and sexual varieties (Albertini et al., 2005).
As well, somatic embryo models have been useful for
studying cell differentiation processes in plants and
for increasing our understanding of the functional
aspects of genes already implicated in embryogenesis
(Mordhorst et al., 2005; Quiroz-Figueroa et al., 2006).

Gene expression profiling holds promise for dissect-
ing the regulatory mechanisms underlying important
biological processes. ESTs have been used extensively
for new gene discovery and for elucidating phyloge-
netic relationships, but sequence data also are instruc-
tive for interpreting transcriptome activity in plants
(Ewing et al., 1999; Ogihara et al., 2003; Ronning et al.,
2003; Zhang et al., 2004; Ben et al., 2005; Yang et al.,
2006). We have undertaken a medium-scale EST se-
quencing project of cDNA libraries constructed from
RNA extracted from Brassica microspores or MDEs at
various stages of development. These cDNA libraries
include standard, normalized, and subtracted cDNA

libraries. ESTs were sequenced from four different time
points during the early stages of microspore embryo-
genesis (19,254 ESTs in total) and these have been
analyzed for changes in the transcriptome that mark
the transition from gametic to embryonic development.
Changes in the transcriptome during induction of mi-
crospore embryogenesis in B. napus ‘Topas’ embryo-
genic line DH4079 are described, and genes that can be
used as molecular markers for gametic embryogenesis
are identified. Semiquantitative reverse transcription
(RT)-PCR and real-time RT-PCR are used to display
the full expression profiles of genes of interest. Lastly,
differences in expression of these genes in microspore
cultures varying in embryogenic potential are described
to demonstrate the predictive nature of these gene ex-
pression changes.

RESULTS

Morphological Changes during
Microspore Embryogenesis

Flower buds with microspores at the late uninu-
cleate or early binucleate stages were harvested for
microspore culture (Ferrie and Keller, 1995). The de-
velopmental stages (time points) of microspore em-
bryogenesis examined during this study are 0 h (late
uninucleate to early binucleate microspores at the time
of culture), 3 d (induced microspores after the 32�C
heat stress treatment), 5 d (dividing microspores), and
7 d (embryogenic microspores) (Fig. 1). As shown in
Figure 1A (light micrographs), the 0 h microspore has
a prominent nucleus and the cytoplasm is restricted to
the periphery. After the heat stress treatment for
embryo induction (3 d at 32�C), the responding mi-
crospores have enlarged to more than double their
original size and undergone a first symmetric mitotic

Figure 1. Induction of microspore em-
bryogenesis in B. napus ‘Topas’ DH4079.
Microspores are shown at isolation
(0 h), after heat stress at 32�C (3 d),
and at 5 and 7 d following transfer to
24�C. A, Light micrographs. B, DAPI
staining. C, Scanning electron micro-
graphs. D, 7 d preglobular MDEs. E, 7 d
zygotic embryo. Bars 5 10 mm.
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division (Fig. 1B; 4#,6-diamino-phenylindole [DAPI]
staining). Thereafter, the induced microspores continue
to undergo random cell divisions and the 5 d cultured
microspores appear as cell clusters, still partially en-
closed within an exine that has become stretched or
ruptured due to the increased size of the embryogenic
structure (Fig. 1C). There is considerable morpholog-
ical variability between the induced structures at this
stage. Further cell divisions are accompanied by com-
plete rupturing of the exine although some remnants
can remain with the developing embryo. Pronounced
swelling, or enlargement, of the microspore is a pro-
minent feature of the 3 d induced microspores, while
cell and nuclear divisions are predominant in 5 and 7 d
induced microspores with only marginal increases in
size occurring during this period (Fig. 1). Preglobular
and globular embryo-like structures are observed in
the 7 d cultures and these are similar to 7 d preglobular
B. napus zygotic embryos in both size and numbers of
cells in the embryo proper (Fig. 1, D and E). Suspen-
sors are seen occasionally (Fig. 1D), but not on all
MDEs developed under these culture conditions.

Transcript Profiling during Microspore Embryogenesis

Three different types of cDNA libraries were con-
structed (standard, normalized, and subtracted cDNA
libraries) and sequenced to provide ESTcoverage across
the four stages (0 h, 3, 5, and 7 d) of microspore em-
bryogenesis. Subtractive cDNA libraries were made
from 3 d enlarged and 5 d dividing microspores with
suitable drivers to minimize interference from tran-
scripts representing the noninduced microspores that
form pollen in vitro (Table I). The cDNA libraries repre-

senting the initial collection (0 h), heat-stress induction
(3 d), early division (5 d), and established embryogen-
esis (7 d) were evaluated for diversity and complexity
of their transcripts (Table I). The sequence complexity
of the subtractive cDNA libraries were the lowest
among all the libraries constructed, with the exception
of the 0 h subtracted cDNA library where the limited
number of ESTs sequenced (,500) may have contrib-
uted to a higher complexity (72%). The 3 d standard
library showed low complexity (48.3%), while the 7 d
standard and 7 d normalized libraries were among the
most diverse with 66.3% and 63.3% complexity, re-
spectively (Table I). Thus, the diversity of transcripts
declined upon application of the heat stress (from
60.3% to 48.3% at 0 h and 3 d, respectively), but in-
creased with the establishment of embryogenesis in
the 7 d cell clusters (63% and 66%). No overlap was
observed between the EST sequences derived from the
3 d and 0 h (forward and reverse, respectively) sub-
tracted libraries, thus validating the efficiency of these
subtractions.

The 19,254 ESTs derived from all nine libraries were
combined into a single group and assembled into con-
tigs to make a pool of 7,447 unique sequences (uni-
genes; Table II). The unigenes are comprised of 2,431
contigs (genes represented by more than one EST) and
5,016 singletons. The percentage contribution of ESTs
from each developmental stage to the global unigene
pool (7,447 sequences) was calculated (Table II). The 7
d libraries account for 48% of the global unigenes in
contrast to the 5 and 3 d libraries representing 31.2%
and 17.3% of the global unigene sequences, respec-
tively. Although a larger number of ESTs were se-
quenced from the 7 d (6,316 ESTs) libraries than from

Table I. cDNA libraries, EST sequencing, and evaluation of sequence complexity

Total number of ESTs clustered from all nine libraries 5 19,254.

Developmental Stage cDNA Library
No. of

Sequences

Clustering Results No. of

Unigenes

Complexity

of Librarya
Contigs Singletons

%

0 h microspores 18 to 22 mm Normalized 3,800 547 1,743 2,290 60.3
0 h microspores 18 to 22 mm Subtractive: tester, 0 h microspores;

driver, 3 d induced microspores
(.35 mm)

472 77 263 340 72.0

3 d induced microspores .35 mm Standard 2,338 252 876 1,128 48.3
3 d induced microspores .35 mm Subtractive: tester, 3 d induced

microspores; driver, 0 h microspores
(18–22 mm)

877 143 147 290 33.1

5 d dividing microspores .41 mm Standard 873 111 356 467 53.5
5 d dividing microspores .41 mm Normalized 3,292 365 1,378 1,743 53.0
5 d dividing microspores .41 mm Subtractive: tester, 5 d microspores;

complex driver, 1:1 ratio of 0 h
microspores and 5 d microspores
(cultured at 18�C under
noninductive conditions)

1,286 192 357 549 42.7

7 d embryogenic microspores .50 mm Standard 2,667 316 1,451 1,767 66.3
7 d embryogenic microspores .50 mm Normalized 3,649 471 1,839 2,310 63.3

aComplexity of the library (%) is calculated by dividing the number of unigenes for each library by the total number of ESTs analyzed for each
library.
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either the 5 d (5,451 ESTs) or 3 d (3,215 ESTs) libraries,
the differences in contributions to the global unigene
pool suggest a much higher redundancy of transcripts
in the 3 and 5 d cDNA libraries than in the 7 d libraries
(Table II). Further analysis of the 2,431 unigene contigs
reveals a shift in transcript profiles as the microspores
embark upon the embryogenic pathway (Fig. 2, A and
B; Supplemental Tables S1 and S2). There are uniquely
expressed unigene contigs at each of the developmental
stages (0 h, 3, 5, and 7 d; Fig. 2A; Supplemental Table
S2), but also a very large decrease in total number of
contigs being expressed at 3 d as compared to 0 h (Fig.
2A; Supplemental Table S2). The number of contigs
being expressed increases successively from 3 d through
to 5 and 7 d.

As shown in Figure 2A, only 18% of the unigene
contigs present at 0 h are represented at 3 d (197 genes;
Supplemental Table S1), although 33.2% and 61.5% of
the 0 h contigs are present later in the 5 and 7 d li-
braries, respectively. The Munich Information Center
for Protein Sequences (MIPS) categorization of the
unigene contigs from each of the four developmental
stages reveals a larger representation of transcripts
involved in protein synthesis and function in the 0 h
libraries (uninucleate and binucleate stage micro-
spores) than in either the 3 or 5 d libraries (Fig. 2B;
Supplemental Fig. S1). Transcripts related to protein
biosynthesis, for example 40S and 60S ribosomal pro-
teins RPL28C, RPS17A, RPS8A, RPS15C, RLL18ab,
RPL26A, RPP1B, RPL17B, translation initiation factor
EIF-5A and elongation factors EF-1a, eEF1Ba2, and
EF-1b are down-regulated in 3 and 5 d induced
microspores (Fig. 2, A and B; Supplemental Table
S2). ESTs for some of these accumulate again in 7 d
microspore-derived embryogenic cell clusters, for ex-
ample RPS26C, EF1a, RPL3A, and RPL8A (Fig. 2, A
and B; Supplemental Table S2). As well, in 3 d heat-
stressed microspores there are increased numbers of
ESTs for metabolism-related genes, particularly cell
wall and membrane-associated transcripts, and genes
related to control of cellular organization, cellular com-
munication, and signal transduction as compared to
0 h microspores (Fig. 2B; Supplemental Fig. S1).

In addition to the contigs (see above), we also ex-
amined the expression of all unigenes (singletons plus

contigs) during early embryogenesis and have illustrated
these expression patterns using Venn diagrams (Fig. 3).
There is a massive change in extant transcripts during the
3 d heat-stress treatment. Only 8.8% of the unigenes
(singletons plus contigs) from the 0 h microspores are still
expressed in the 3 d heat-stressed microspores (Fig. 3A).
During embryogenesis the number of 0 h genes repre-
sented in the 5 and 7 d libraries increases to 14.8% and
27.5%, respectively (Fig. 3B). Only 68 genes are repre-
sented at all four time points. The data also suggest that
the 5 d stage is the transition to the embryogenic state
and 30% of the 5 d unigenes are common to those in the
7 d embryogenic microspores (Fig. 3B).

Identification of Differentially Expressed Genes

The 2,431 unigene contigs from the cDNA libraries
were analyzed for differentially expressed genes using
the Stekel and Falciani R test that is available online in
IDEG6 software (http://telethon.bio.unipd.it/bioinfo/
IDEG6_form/; Stekel et al., 2000; Romualdi et al., 2003).
From this analysis, 467 of the 2,431 unigene contigs
(see above) were found to be differentially expressed
(significant threshold R , 0.05) across the four stages
of embryo development (0 h, 3, 5, and 7 d; Fig. 4; Sup-
plemental Table S3). The differentially expressed genes
were analyzed by K-means clustering (http://rana.
lbl.gov/EisenSoftware.htm; Eisen et al., 1998) yielding
seven clusters (Fig. 4).

K-means clustering identified distinct clusters of
genes that are either down-regulated from 0 h or 3 d
through to 7 d (Fig. 4, A and B), down-regulated by heat
stress but then reestablished in 7 d tissues (Fig. 4C),
or up-regulated at 3 d and/or 5 d and then down-
regulated at 7 d (Fig. 4, D–F). Seventy percent of the
unigenes in Cluster C (Fig. 4C), down-regulated by
heat stress, are related to protein-synthesizing capacity.
Noticeably, a large number of the genes up-regulated
at the 3 and/or 5 d stages are pollen related. It seems
that pollen-specific pathways are predominant during
the 3 d stage of development and that some of these
transcripts are expressed until at least 5 d (Table III;
Supplemental Table S3). Validation of the up-regulation
of genes from Cluster G (Fig. 4G) that showed increas-
ing expression during embryo development was done

Table II. Transcriptome complexity at four stages of microspore embryogenesis

Total number of unigenes across nine cDNA libraries 5 7,447 (from 19,254 ESTs; 2,431 contigs, 5,016 singletons). Complexity 5 38.67%.

Developmental Stage
No. of

Sequences (ESTs)a
No. of

Contigs

No. of

Singletons

No. of

Unigenes
Unigenesb Contribution to

Total Unigene Poolc

% %

0 h microspores (18–22 mm) 4,272No, Sb 1,094 1,358 2,452 57.4 32.9
3 d induced microspores (.35 mm) 3,215St, Sb 751 544 1,295 40.0 17.3
5 d dividing microspores (.41 mm) 5,451St, No, Sb 1,202 1,121 2,323 42.6 31.2
7 d embryogenic microspores (.50 mm) 6,316St, No 1,567 2,003 3,570 56.5 48.0

aEST collection for each developmental stage includes sequences from cDNA libraries made through different methods. cDNA libraries: standard
(St), normalized (No), subtracted (Sb). bCalculated by dividing the number of unigenes at each developmental stage by the total number of EST
sequences collected for each stage. cCalculated by dividing the number of unigenes for each developmental stage by the global unigene number
(7,447).
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by semiquantitative RT-PCR. BnUP1 (for UNKNOWN
PROTEIN1), BnUP2, and BnCYP78A5 were later con-
firmed to be specific markers for gametic embryogenesis
and are highly expressed in the induced microspores
(see also below). The full gene list for all clusters of
differentially regulated genes is included in the Sup-
plemental Data (Supplemental Table S3).

The most prevalent genes expressed at each of the
four developmental stages of microspore embryogenesis

are listed in Table III. There are several notable trends.
One of the most highly expressed differentially ex-
pressed genes, Bnm1 (also called invertase/pectin
methylesterase inhibitor), is represented by 85 ESTs
in the 3 d cDNA libraries from induced microspores,
with gradually reduced expression at 5 d (66 ESTs) and
7 d (27 ESTs; Table III). A large number of transcripts
for genes considered to be involved in pectin mobili-
zation for pollen cell wall synthesis (polygalacturonase,

Figure 2. A, Frequency distribution of 2,431 unigene contigs across four developmental stages of microspore embryo
development. The number of contigs represented by ESTs in cDNA libraries from each of the four stages of development (0 h, 3,
5, 7 d) is indicated above each bar. 0 h (white bars), 3 (hatched bars) and 5 d (dotted bars) indicate the number of contigs first
appearing in the 0 h, 3 or 5 d cDNA libraries, respectively, and which persist through one or more subsequent developmental
stages. Contigs detected at only one of the developmental stages also are shown: unique at 0 h (hatched bars), unique at 3 d
(black bars), unique at 5 d (large dotted bars), and unique at 7 d (gray bars). B, MIPS classification of unigene contigs (http://
bbc.botany.utoronto.ca/ntools/cgi-bin/ntools_classification_superviewer.cgi). Genes related to protein synthesis are down-
regulated during the induction of microspore embryogenesis, while those related to metabolism, cellular organization, and
signaling are up-regulated. Arrow with a line: initial down-regulation; arrow alone: initial up-regulation.
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pectinesterase, pectate lyase; Lee and Lee, 2003) are
abundant in the cDNA libraries made from 3 and 5 d
induced microspore cultures (Table III). Transcripts for
arabinogalactan proteins (AGPs) are numerous in cDNA
libraries made from 5 d dividing microspores and 7 d
MDEs, and a large number of ESTs for lipid transfer
proteins (LPT1, LTP3, LTP5) are present in the cDNA
libraries from 7 d MDEs (Table III). The largest contig
of ESTs from 7 d MDEs represents a BURP-domain
protein (Table III), confirming previous reports that the
gene for this BURP-domain protein is differentially
expressed during microspore embryogenesis (Hattori
et al., 1998; Boutilier et al., 2002; Boutilier et al., 2005);
however, our semiquantitative RT-PCR also indicates
some expression of this gene in 0 h microspores and in
noninduced microspore cultures kept at 18�C (Fig. 5).
Large EST clusters for the cytochrome P450 gene,
BnCYP78A, are found in cDNA libraries from both 5
d dividing and 7 d MDEs (Table III). These data de-
monstrate that the digital northerns developed using
inputs from various statistical programs represent a
reliable method for identifying differentially expressed
genes from EST datasets.

Our microspore cultures are heterogeneous, partic-
ularly at 3 and 5 d where it has not been possible to
physically separate the embryogenic microspores from
the enlarged oval-shaped microspores developing as
pollen (see also Hause and Hahn, 1998; Pauls et al.,
2006). Hause and Hahn (1998) have described six dif-
ferent microspore-derived cell types in induced cul-
tures, only one of which corresponds to embryogenic
microspores. Our sieving protocol for 3 d cultures
removes the smaller noninduced microspores, while
the sieves used at 5 and 7 d select the larger structures
from the cultures. The cDNA libraries made from 3
and 5 d induced cultures contain a large number of
pollen-specific transcripts (Table III; Supplemental Ta-
bles S2 and S3). The lack of extensive gene expression
overlap between the 0 h and 3 d microspore-derived

tissues shows that these pollen-like ESTs are not rep-
resentative of long-lived transcripts from the original
microspore, nor are they due to ongoing transcription
that is characteristic of the 0 h tissue (Fig. 3). Only 197
genes are expressed in both the 0 h and 3 d tissues, and
these common genes are not the pollen-specific genes
of note (Fig. 3; Supplemental Tables S1 and S2).

We sought to differentiate between two possibilities:
either (1) pollen- and embryogenesis-specific transcrip-
tion occur concurrently within the same dividing
embryogenic structure, or (2) the transcript profiles
reflect the presence of at least two distinct microspore-
derived populations within the analyzed sample that
were not fully separable by size fractionation on mesh
screens (i.e. in vitro pollen and embryogenic micro-
spores; see ‘‘Materials and Methods’’). Semiquantita-
tive RT-PCR identifies the pollen-specific expression of
protein kinases BnPK3 and BnPK21 as well as BnLEA1
in in vitro pollen (Supplemental Fig. S2, lane a). These
genes also are expressed in 5 d induced (embryogenic)
tissue that has been size selected on mesh screens
(standard collection protocol), and in which the em-
bryo-specific genes, LEC1 and LEC2, also are ex-
pressed (Supplemental Fig. S2, lane b). However,
expression of PK3, BnLEA1, and PK21, in addition to
the expected expression of LEC1 and LEC2, are still
persistent in 5 d embryogenic microspores that had
been individually hand selected under a microscope
(Supplemental Fig. S2, lane c). Accordingly, it is not
possible to separate these gene expression profiles,
suggesting that both pollen and embryo-specific de-
velopmental programs operate concurrently within
the same tissue mass in 5 d samples. It is interesting to
note that PK21 expression is drastically reduced in
hand-selected embryogenic 5 d tissue relative to its
expression in a pure pollen population, suggesting
that expression of this gene is more characteristic of
pollen development than some of the other kinases
(Supplemental Fig. S2).

Identification of Molecular Markers for

Microspore Embryogenesis

The previous analysis of EST abundance has re-
vealed many genes that are differentially expressed
during embryogenesis; however, to assemble a robust
set of molecular marker genes suitable for rapid PCR
surveys of recalcitrant tissues we have employed a set
of very strict criteria for selecting these genes. ESTs
showing significant homology to embryogenesis-related
genes, transcription factors or kinases, or representing
large clusters/contigs in the cDNA libraries were pro-
filed by semiquantitative RT-PCR to determine their
utility as molecular markers for microspore embryo-
genesis. Twenty-four tissues were used for expression
profiling. These included eight stages of MDE devel-
opment (0 h, 3, 5, 7, 9, 14, 21, and 28 d), 3 and 5 d
microspores cultured under noninductive conditions
(18�C; negative control cultures), 3 d microspores of a
poorly embryogenic genotype ‘Garrison,’ eight time

Figure 3. Venn diagrams showing numbers of distinct and common
unigenes (singletons plus contigs, see Table II) in each of the four stages
of development (0 h, 3, 5, and 7 d). A, 0 h microspores and 3 d induced
microspores. B, 0 h microspores, 5 d dividing microspores, and 7 d
embryogenic microspores. Total numbers of unigenes for each devel-
opmental stage is shown in parentheses.
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points for developing seeds (0 h, 3, 5, 7, 9, 14, 21, and
28 d), as well as young inflorescences (with unopened
flowers), leaf, stem, and root. For a gene to be useful as
a PCR marker for embryogenesis we expected very
limited expression in freshly harvested microspores,
poor or no expression in the negative control cultures
(3 and 5 d at 18�C), and 3 d ‘Garrison,’ and enhanced
or specific expression in developing MDEs and zygotic
embryos.

In this gene expression survey, where over a hun-
dred genes were examined in detail, many Brassica
genes with strong homologies to known Arabidopsis
embryogenesis-related genes (E-value , e-30) showed
expression in both freshly collected microspores (Fig.
5; lane 1) and pollen negative control cultures (Fig. 5;
lanes 10, 11), in addition to embryogenic microspores

(Fig. 5; lanes 2–9): for example, BnHYD1 (for HYDRA1),
BnSMT1 (for STEROL METHYL TRANSFERASE1),
and BnBURP (Fig. 5). Genes such as these, although
showing enhanced expression during embryogenesis,
are not absolute markers for microspore embryogen-
esis. Some genes in our EST collection, though lacking
expression in the freshly collected microspores,
showed expression during pollen development (Fig.
5; lanes 10, 11) in addition to the induction and/or
development stages of microspore embryogenesis
(Fig. 5; lanes 2–5 and/or 6–9): for example, BnPK3,
BnLEA1, BnPK12, BnmNAP4, BnNapB, and BnAGL15
(Fig. 5). These genes are also considered poor markers
for embryogenesis per se.

Some of the other genes examined, including a C2
domain-containing protein (similar to At1g48590; e-121),

Figure 4. K-means clustering of the 467 differentially expressed genes (unigene contigs) identified by IDEG6 software (http://
telethon.bio.unipd.it/bioinfo/IDEG6_form/). A sample of genes, including some of the molecular marker genes described later in
Figure 6, are listed under each cluster. Numbers of differentially expressed genes in each of the clusters are indicated in parentheses.
Full data can be found in Supplemental Table S3.
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calcium-dependent protein kinase (similar to At2g31500;
e-113), protein kinases (similar to At3g02810; e-124,
At2g24370; 2e-48), and BnUP5 and BnUP8 (unknown
proteins, no annotation), showed expression in devel-
oping pollen, induction stage microspores (1–5 d), and
early zygotic embryos (and young inflorescences), but
not in any other tissue (Supplemental Fig. S3). Although
these are deemed not useful as markers for embryo-
genesis due to pollen expression, their expression pat-
terns suggest an overlap in gene expression programs
between the pollen and developing embryo. These genes
may represent transcripts specific to postmeiotic repro-
ductive development in flowering plants.

From this survey 16 molecular marker genes were
identified with expression profiles that are informative
and predictive for embryogenesis in microspore cul-
tures. These genes are classified as embryo specific (five
genes; BnFUS3 [for FUSCA3], BnLEC2, BnLEC1, BnUP1,
BnUP2), embryo expressed (six genes; BnNAPIN,
BnBBM1, BnFAD1, BnWOX9, BnABI3 [for ABSCISIC

ACID INSENSITIVE3], BnATS1), and sporophyte ex-
pressed (five genes; BnLRR1, BnCP1, BnCYP78A,
BnWOX2, BnCYP81F; Fig. 6; Table IV). The embryo-
specific genes are transcribed only in MDEs during the
induction or development stages and in developing
zygotic seeds (Fig. 6). The embryo-expressed genes are
similar to the embryo-specific group, except that some
of these also show expression in one of the other tis-
sues included in this study; for example, BnBBM1 and
BnFAD1 showed strong root expression (Fig. 6). The
sporophyte-specific genes are expressed in developing
embryos and also in other sporophytic tissues, but
nonetheless reliably mark the transition in micro-
spores from the gametophytic (pollen) developmental
pathway to the sporophytic (embryogenic) pathway
(Fig. 6). None of these marker genes are expressed in
microspores at the time of culture or in the developing
pollen in the negative control cultures (Fig. 6; lanes 1,
10, and 11). For each of these genes the closest Arabi-
dopsis homolog is listed in Table IV, with E-value. One

Table III. The most prevalent unigene contigs (based on numbers of ESTs) at each of the four stages of microspore embryo development
(0 h, 3, 5, and 7 d)

Annotation of the unigene contigs is based on The Arabidopsis Information Resource BLASTN against the Arabidopsis Genome Initiative transcripts
(2introns, 1UTRs; DNA) dataset. The unigene contigs listed in bold have a large number of ESTs in more than one developmental stage in the dataset
presented below.

0 h Unigene

Contigs

No. of

ESTs

3 d Unigene

Contigs

No. of

ESTs

5 d Unigene

Contigs

No. of

ESTs

7 d Unigene

Contigs

No. of

ESTs

Peptidase C1A papain
family protein

26 Invertase/pectin
methylesterase
inhibitor (Bnm1)

85 AGP like 89 BURP domain-containing
protein

81

Auxin-induced related 25 Polygalacturonase,
putative/pectinase

53 Pectinesterase family
protein

67 Lipid transfer protein 3 52

Peroxiredoxin type 2 23 Pectinesterase family
protein

49 Invertase/pectin
methylesterase
inhibitor (Bnm1)

66 AGP 49

60S ribosomal protein
L28 (RPL28C)

23 Not annotated 38 Pectinesterase family
protein

64 40S ribosomal protein
S27 (ARS27A)

48

Not annotated 16 Expressed protein 37 Multicopper oxidase type
I family protein

53 Expressed protein 47

40S ribosomal protein
S17 (RPS17A)

16 Glyoxal oxidase related 35 Polygalacturonase,
putative/pectinase

42 Nonspecific lipid transfer
protein 5

37

40S ribosomal protein
S8 (RPS8A)

14 Glycoside hydrolase
family 28 protein

33 Glyoxal oxidase related 39 AGP like 35

StockjSALK_077831 14 Not annotated 30 Exopolygalacturonase
(PGA3)

38 Not annotated 32

40S ribosomal protein
S15 (RPS15C)

13 Hypothetical protein 30 Cytochrome P450
family protein (CYP78A)

38 Cytochrome P450
family protein (CYP78A)

31

60S ribosomal protein
L18A (RPL18aB)

12 Not annotated 30 Multicopper oxidase type
I family protein

36 Not annotated 31

60S ribosomal protein
L19 (RPL19A)

11 Plant defensin-fusion
protein

29 Pollen Ole e 1 allergen
and extensin family
protein

34 Invertase/pectin
methylesterase
inhibitor (Bnm1)

27

Acidic ribosomal protein
P1 (RPP1B)

11 Late embryogenesis
abundant protein

25 Anther-specific protein agp1 30 Expressed protein 26

Ribosomal protein
L17 (RPL17B)

11 Not annotated 25 Pectate lyase 28 Expressed protein 23

Histone H3.2 11 Exopolygalacturonase
(PGA3)

24 Pectinesterase 27 Late embryogenesis
abundant protein

22

StockjSALK_108787 10 Expressed protein 24 AGP 27 Nonspecific lipid transfer
protein 1

21
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of these genes was first detected in a 3 d cDNA library,
two were first detected in 5 d libraries, and 13 of the
marker genes were first detected in 7 d libraries, in-
dicating the clear commitment toward the sporophytic
pathway of development in the 7 d embryogenic micro-
spores (Table IV).

The expression patterns of AtLEC1, AtLEC2, AtFUS3,
AtABI3, AtATS1, AtWOX2, and AtWOX9 have already
been described during seed development in Arabi-
dopsis (Parcy et al., 1994; Lotan et al., 1998; Luerßen
et al., 1998; Nuccio and Thomas 1999; Stone et al., 2001;
Haecker et al., 2004). The identified Brassica orthologs
have close identities with the Arabidopsis genes at the
protein level: BnLEC1 (77% identity, 82% similarity,
partial sequence only), BnLEC2 (68% identity, 79%
similarity, partial sequence only), BnFUS3 (72% iden-
tity, 82% similarity, partial sequence only), BnABI3
(76% identity, 83% similarity, partial sequence only),
BnWOX2 (74% identity, 83% similarity, full coding
sequence), and BnWOX9 (95% identity, 97% similarity,
partial sequence only). The Brassica genes listed in
Table IV also are the best hits from a reverse BLASTN
(Altschul et al., 1997) search of the aforementioned
Arabidopsis sequences against the NRC Plant Biotech-

nology Institute (NRC-PBI) Brassica seed development
EST database that is now approaching 300,000 se-
quences (http://bioinfo.pbi.nrc.ca/brassicagenomics/).

Seven markers for microspore embryogenesis are
transcription factors (Table IV; LEC1, LEC2, FUS3,
ABI3, BBM1, WOX2, WOX9). BnWOX2 and BnWOX9
(Table IV) are Wus-like homeobox proteins involved in
the specification of tissue domains during early em-
bryogenesis (Haecker et al., 2004). BnATS1 is closely
related to Arabidopsis ATS1, a gene first identified by
differential display by Nuccio and Thomas (1999) and
shown to accumulate during embryogenesis (Table IV).
The function of AtATS1 is unknown, although the
protein does present an EF-hand motif (Ca binding;
Nuccio and Thomas, 1999). Our study also establishes
BnCYP78A as an early marker for MDE development in
B. napus (Fig. 6; Table IV). BnCP1 encodes a Cys
protease that is strongly similar to the B. napus Cys
protease COT44 that is expressed at low levels during
embryogenesis and in cotyledons during postgermi-
native growth (Harada et al., 1988; Dietrich et al.,
1989). BnFAD1 is closely related to delta 9 desaturase
(Table IV) and its Arabidopsis ortholog is strongly
expressed in carpels, young seeds, siliques, and pedicels
(electronic Fluorescent Protein Browser; http://bbc.
botany.utoronto.ca/). The BnLRR1 (Table IV) encodes
a Leu-rich repeat protein that is probably involved in a
signaling cascade, but there is very little other func-
tional information on the Brassica gene or it closest
Arabidopsis ortholog (At5g21090). The other P450
gene that has emerged as a marker is BnCYP81F (Table
IV). Its closest homolog is AtCYP81F2; to our knowl-
edge, no functions have been published yet for the
CYP81F P450 subfamily in the Brassicaceae.

Several unannotated genes were found to be good
markers for embryogenesis. The BnUP1 (unknown pro-
tein 1) and BnUP2 genes have no close homologies to
any genes in the National Center for Biotechnology
Information (NCBI) database (Table IV). The TargetP
software (Emanuelsson et al., 2000) for subcellular lo-
calization predicts that the BnUP2 protein resides in,
or is translocated through the secretory pathway. The
BnUP1 and BnUP2 transcripts were sequenced as con-
tigs from the libraries made from 5 and 7 d embryo-
genic microspores. The specific functions of the UP1
and UP2 proteins during embryogenesis are still un-
known but there are ongoing studies to uncover lo-
calization and function.

Quantitative Expression Profiles of Selected Molecular

Markers Using Real-Time RT-PCR

Quantification and expression patterns for six of
the molecular marker genes were determined using
real-time RT-PCR: BnLEC1, BnLEC2, BnBBM1, BnUP1,
BnWOX2, and BnWOX9 (Fig. 7). Expression values for
these genes at all stages of microspore and zygotic
embryogenesis and in vegetative tissues (developmen-
tal stages as in Fig. 6) are presented relative to the ex-
pression values in 0 h microspores. All of the marker

Figure 5. Expression profiles for embryo- or induction-related genes
that are not clear markers for embryogenesis, as determined by semi-
quantitative RT-PCR. Genes such as these are expressed in microspores
(lane 1; at the time of collection) and/or during embryo induction (lanes
2–5), but also are expressed in pollen (lanes 10, 11), and therefore are
not markers for the transition to embryogenesis per se. The closest
Arabidopsis homolog to each Brassica gene is described in cases where
the Brassica gene has not been well characterized: BnPK3 (At2g24370);
BnLEA1 (At4g13230); BnPK12 (At3g18810); BnmNAP4 (BNU04945);
BnNapB (X14492); BnAGL15 (DQ418546); BnHYD1 (At1g20050);
BnSMT1 (At5g13710); BnBURP (AF049028); BnSERK1 (At1g71830).
Lanes 1 to 9, Stages of MDE (0 h, 1, 2, 3, 5, 7, 14, 21, and 28 d). Lanes
10 and 11, Noninduced microspores/pollen (3 and 5 d at 18�C). Lane
12, 3 d induced microspores of ‘Garrison’ (poorly embryogenic cultivar).
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genes are first detected from 1 to 3 d of culture (Fig. 7).
That is, they are all expressed by the time of comple-
tion of the inducing heat stress treatment. With the ex-
ception of BnLEC1, the expression values for the other
five genes are severalfold higher in developing MDEs
than in zygotic seeds (Fig. 7). This may partially reflect
a dilution of the desired RNA pool (zygotic embryos)
by RNA contributions from the seed coat and endo-
sperm of the immature seeds that were used for this
analysis. Quantitative expression values for each of the
six molecular marker genes peaked at around 7 d in
embryogenic microspores of B. napus ‘Topas’ DH4079.
Of the genes tested, BnUP1 shows the highest relative
expression change and may serve as the best marker
across a variety of expression platforms (e.g. micro-
array, northern blot) that traditionally have a lower
sensitivity than PCR-based technologies.

Correlations between Gene Expression and Embryogenic

Potential in B. napus Cultivars

Although B. napus is a model system for microspore
embryogenesis, not all genotypes respond equally well
to inducing culture conditions. We initiated this study
with the embryogenic line ‘Topas’ DH4079 since it is
highly responsive and greater than 10% of cultured
microspores form embryos (Ferrie, 2003). Other geno-
types of B. napus, for example ‘Allons,’ ‘Westar,’ and
‘Garrison,’ are less embryogenic and in a sample ex-
periment 0.025%, 0.013%, and 0.004%, respectively, of
cultured microspores formed embryos using the stan-
dard B. napus protocol (see ‘‘Materials and Methods’’).

The expression levels of the molecular markers genes
BnLEC1, BnLEC2, BnBBM1, and BnUP1 were ana-
lyzed in cultured microspores of ‘Topas’ DH4079 and
‘Allons,’ ‘Westar,’ and ‘Garrison’ at 3 d (after heat-stress
treatment) and 7 d, and found to be strongly correlated
with embryogenic potential (Fig. 8). BnLEC2 expres-
sion is more than 50-fold higher in 3 d cultures of
‘Topas’ DH4079 than in the poorly embryogenic cul-
tivars (Fig. 8). The other three marker genes, BnLEC1,
BnBBM1, and BnUP1, did not show such clear differ-
ences in 3 d cultures, but at 7 d showed much higher
expression in ‘Topas’ DH4079 compared to ‘Westar,’
‘Allons,’ or ‘Garrison’ (Fig. 8). Consequently, BnLEC2
can be used effectively as a marker for very early stage
cultures while BnLEC1, BBM1, and BnUP1 can be used
most effectively to distinguish nonembryogenic from
embryogenic cultures at 7 d. Of these latter genes,
BnUP1 shows the greatest fold increase in expression,
both by comparison to the 0 h concentrations and by
comparison to amounts in the poorly embryogenic
cultivars (Figs. 7 and 8). Its expression is embryo
specific (see previous section) and therefore it most
clearly and easily distinguishes between embryogenic
and nonembryogenic cultures at 7 d (Fig. 8).

DISCUSSION

One of the first physical manifestations of the in-
duction of embryogenesis in isolated microspores of
B. napus is the pronounced enlargement of the mi-
crospore (Fig. 1; Maraschin et al., 2005). Induction in-
volves attainment of a state of embryogenic competence,

Figure 6. Molecular markers for microspore
embryogenesis in B. napus ‘Topas’ DH4079, as
determined by semiquantitative RT-PCR. Embryo-
specific markers (ES), embryo-expressed markers
(EX), sporophyte-specific markers (SP). Lanes 1 to
9, Stages of MDE development (0 h, 1, 2, 3, 5, 7,
14, 21, and 28 d). Lanes 10 and 11, Noninduced
microspores/pollen (3 and 5 d at 18�C). Lane 12,
3 d induced microspores of ‘Garrison’ (poorly
embryogenic). Lanes 13 to 20, Postanthesis seed
(0 h, 3, 5, 7, 9, 14, 21, and 28 d). Lane 21, Young
inflorescence. Lane 22, Leaf. Lane 23, Stem. Lane
24, Root.
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requiring both cellular dedifferentiation and repres-
sion of the gametophytic developmental pathway. This
phase culminates in reorientation of the plane of the
first division from an asymmetric to a symmetric divi-
sion, signaling the switch from gametogenesis to em-
bryogenesis (Pauls et al., 2006). Hause et al. (1994)
have shown that these early nuclear divisions (see also
Fig. 1B; DAPI stain) are accompanied by cytokinesis
resulting in a small-celled multicellular mass still en-
closed within the exine. Our cultures generally show a
low incidence of suspensor formation. Earlier studies
have shown that suspensor formation, occurring as it
does sporadically, is not essential for embryogenesis
(Fig. 1; Hause et al., 1994).

In B. napus, only the microspores collected at the late-
uninucleate to early binucleate stages of development

can be induced to become embryogenic with a mild
heat stress (Ferrie and Keller, 1995); however, a more
severe heat stress can induce embryogenesis in late-
binucleate microspores (Binarova et al., 1997). Tran-
script profiles for uninucleate or binucleate microspores
have been examined in Arabidopsis and reported to
be quite similar; in addition, these profiles are quite
distinct from tricellular and mature pollen (Honys
and Twell, 2004, Boavida et al., 2005). In fact, the mi-
crospore transcriptome has been described as more
similar to cell suspensions than to mature pollen
(Honys and Twell, 2004). Maturing pollen has a smaller
and more unique transcriptome than vegetative tis-
sues, and a significant number of pollen-specific
transcripts have been identified (Honys and Twell,
2003; Pina et al., 2005). Uninucleate and binucleate

Table IV. Molecular markers for microspore embryogenesis in B. napus

Gene Name Accession No.a BLAST Description Source of EST Arabidopsis Best Matchb E-Valuec

Embryo specific
BnFUS3 DY012343 Transcription factor Standard 7 d, 2 ESTs At3g26790 2e-48
BnLEC2 DY021430 Transcription factor B3

family protein. LEAFY
COTYLEDON2

Standard 7 d, 1 EST;
normalized 7 d, 2 EST

At1g28300 5e-71

BnLEC1 DY023102 CCAAT-box binding
transcription factor.
LEAFY COTYLEDON1

Standard 7 d, 3 ESTs;
normalized 7 d, 2 ESTs

At1g21970 2e-75

BnUP1 DY018256 Unknown protein Standard 7 d, 6 ESTs;
normalized 7 d, 6 ESTs

No match 7e-12

BnUP2 DY022815 Unknown protein Standard 7 d, 6 ESTs;
normalized 7 d, 12 ESTs;
normalized 5 d, 1 EST

No match 2e-06

Embryo expressed
BnNAPIN DY011967 Napin precursor (gNa),

Brassica
Standard 7 d, 1 EST At4g27170 2e-70

BnBBM1 DY021802 AP2/EREBP transcription
factor. BABYBOOM1
(B. napus)

Normalized 7 d, 1 EST At5g17430 2e-80

BnFAD1 DY013003 Putative delta 9 desaturase Standard 7 d, 2 EST;
normalized 7 d, 1 EST

At1g06360 2e-84

BnWOX9 DY023056 WUS-related homeobox 9 Standard 5 d, 1 EST;
normalized 7 d, 1 EST

At2g33880 1e-63

BnABI3 DY012041 ABA-insensitive protein 3 Standard 7 d, 1 EST At3g24650 2e-60
BnATS1 DY022066 Embryo-specific protein 1

(ATS1)
Standard 7 d, 1 EST;

normalized 7 d, 2 ESTs
At4g26740 6e-138

Sporophyte specific
BnLRR1 DY012467 Leu-rich repeat protein Standard 3 d, 1 EST;

subtractive 5 d, 2 ESTs;
normalized 5 d, 3 ESTs;
standard 7 d, 1 EST;
normalized 7 d, 1 EST

At5g21090 1e-96

BnCP1 DY017482 Cys proteinase homolog.
Similar to COT44
(B. napus)

Standard 7 d, 1 EST;
normalized 7 d, 1 EST

At4g36880 1e-106

BnCYP78A DY022203 Cytochrome P450 family
protein

Subtractive 5 d, 38 ESTs;
standard 7 d, 6 ESTs;
normalized 7 d, 25 ESTs

At1g13710 3e-133

BnWOX2 DY017872 WUS-related homeobox 2 Normalized 7 d, 1 EST At5g59340 1e-97
BnCYP81F DY015952 Cytochrome P450 family

protein
Standard 7 d, 1 EST At5g57220 2e-71

aAll ESTs have been submitted to NCBI. bBest match to Arabidopsis sequences. cE-value for Arabidopsis best match after BLASTX of B.
napus sequences against NCBI protein database.
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microspores may represent proliferating structures
that have not yet fully differentiated (Honys and Twell,
2004). We suggest that this may be one of the reasons
that uninucleate microspores and binucleate pollen are
more amenable to the developmental switch toward
the sporophytic pathway than are the older gameto-
phytic tissues.

Differentially Expressed Genes

Our EST survey does not address the issue of em-
bryo essential genes (see http://www.seedgenes.org),

nor does it attempt to delimit the sequence of events
necessary for embryogenesis to occur. These latter events
occur during the first 3 d of heat-stress treatment and
we have not approached a detailed analysis of that
time period yet. This EST analysis describes patterns of
gene expression in the uninucleate microspore (0 h)
after the inductive heat stress (3 d) and through to the
establishment of globular embryos (5 and 7 d). One of
the most striking changes in EST profiles occurs dur-
ing the heat stress (from 0 h to 3 d). The 3 d cDNA
libraries indicate a profound loss of transcripts for
genes associated with protein synthesis (40S and 60S

Figure 7. Expression of BnLEC1, BnBBM1, BnLEC2, BnUP1, BnWOX2, and BnWOX9 genes in embryogenic, reproductive, and
vegetative tissues of B. napus. Expression was determined by real-time RT-PCR with calculations according to the 22DDCT method
(Livak and Schmittgen, 2001). Relative expression is based on comparisons to transcript levels in 0 h microspores with 18S rRNA
as the internal control for normalization. This tissue collection series was the same as described previously for the
semiquantitative RT-PCR analyses of Figure 6. Lane 25, No template control. Mi, Microspore at the time of culture; Non-Ind,
noninduced microspores/pollen or ‘Garrison’; In, inflorescence; Lf, leaf; St, stem; Rt, root.
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ribosomal proteins, initiation and elongation factors;
Figs. 2B and 4C) and reduced transcript complexity as
compared to all other stages (Figs. 2A and 3). It is in-
teresting to speculate that these transcriptional changes
signal the period of dedifferentiation preceding em-
bryogenesis. Earlier studies have shown that the trans-
lational machinery can be modified by thermal stress
or during seed development in cereals (Gallie et al.,
1998). Heat-stressed seedlings of B. napus have been
shown to have decreased levels of translation elonga-
tion factors (Dhaubhadel et al., 2002). It also has been
shown that genes related to protein synthesis are re-
duced in mature pollen as compared to sporophytic
tissues (Honys and Twell, 2003). It would be interest-
ing to know whether the decreases in number of tran-
scripts for processes related to protein biosynthesis are
a response to heat stress, or reflect important changes
in the developmental programs of the microspores.
Others have shown that cellular dedifferentiation ac-
companying androgenesis is characterized by reduc-
tions in numbers of ribosomes, decreases in number
and size of starch granules and lipid bodies, and de-
velopment of organelle-free regions within the cyto-
plasm (Maraschin et al., 2005).

One of the surprising features of our EST survey
was that very few transcripts for heat shock proteins

(HSPs) are found in the early cDNA libraries (3 and 5 d;
Supplemental Table S2). Previous studies employing
immunocytochemistry have shown that there are in-
creases in HSPs, as well as relocalization, associated
with heat-stress induction of microspore embryogen-
esis in B. napus (Telmer et al., 1995; Seguı́-Simarro et al.,
2003). Proteomic analyses of the same tissue collec-
tions as we have described here would be useful for
defining this apparent contradiction between immu-
nodetection methods and transcript profiles.

There are a large number of transcripts for so-called
pollen-specific genes (e.g. pectinesterase, exopolyga-
lacturonase, Bnm1, BP4) in cDNA libraries from 3 d
enlarged and 5 d dividing microspores (Table III; Fig.
4; Albani et al., 1990; Treacy et al., 1997; Lee and Lee,
2003). These transcripts may be due exclusively to the
presence of pollen-like structures within the cultures,
or additionally originate from embryogenic micro-
spores that concurrently express both embryo-specific
and pollen-specific genes prior to the commitment to
embryogenesis. Future examination of gene expression
patterns through in situ hybridization techniques will
resolve this issue. One of the highly expressed genes
from 3, 5, and 7 d cultures is Bnm1 (Table III), first
described by Treacy et al. (1997) in bicellular and tri-
cellular pollen of B. napus. They showed that Bnm1 was

Figure 8. RelativeexpressionofBnLEC1,
BnBBM1, BnLEC2, and BnUP1 in micro-
spore cultures of B. napus (‘Topas’
DH4079, ‘Allons,’ ‘Westar,’ ‘Garrison’)
that vary in microspore embryogenesis
capability. Gene expression was ana-
lyzed by real-time RT-PCR, as in Figure
7. The data are normalized against 18S
rRNA. ‘Topas,’ black bars; ‘Allons,’ gray
bars; ‘Westar,’ white bars; ‘Garrison,’
hatched bars. In a sample experi-
ment, 10.46%, 0.025%, 0.013%, and
0.004% of cultured microspores of
‘Topas’ DH4079, ‘Allons,’ ‘Westar,’ and
‘Garrison,’ respectively, formed embryos.
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expressed in developing pollen in vitro and during the
early induction stages of microspore embryogenesis,
although not from the globular stages onwards (Treacy
et al., 1997). Bnm1 is restricted to the Brassicaceae fam-
ily as a single gene or small multigene family (Treacy
et al., 1997) and its function is still unknown (Lee and
Lee, 2003).

ESTs for AGPs were numerous in 5 and 7 d cDNA
libraries. AGPs are extensively glycosylated Hyp-rich
proteoglycans constituting a large multigene family with
low sequence homology among its members (Showalter,
2001) and are expressed throughout the plant, either at
the plasma membrane or as soluble components of the
extracellular matrix (Showalter, 2001; Acosta-Garcia
and Vielle-Calzada, 2004). Although the specific bio-
logical functions for most AGPs are still not known,
there is considerable evidence that some AGPs are
involved in the regulation of somatic embryogenesis
(Chapman et al., 2000 and refs. therein) and more spe-
cifically, microspore embryogenesis (Letarte et al., 2006;
Tang et al., 2006). The AGPs identified here for B. napus
clearly are associated with the transition to embryo
formation (Table III), although localization and precise
function are still not known.

Lipid transfer proteins are characterized as small,
basic, and abundant proteins in plants and transcripts
for several types are numerous in the 7 d cDNA li-
braries (Table III). These proteins are capable of trans-
ferring phospholipids between membranes in vitro
and are involved in a variety of biological processes,
including embryogenesis, defense reactions, adapta-
tions to stress, and cutin formation (Kader, 1996; Wang
et al., 2005). The closest Arabidopsis homologs to
the BnLTPs described here are assigned to separate
subfamilies (AtLTP1/At2g38540, AtLPT3/At5g59320,
AtLTP5/At3g51600; Arondel et al., 2000). Lipid trans-
fer proteins are expressed in both somatic and zygotic
embryos of carrot (Sterk et al., 1991), in the protoderm
of globular embryos of Arabidopsis (Vroemen et al.,
1996), and also in embryogenic cultures of Norway
spruce (Picea abies; Sabala et al., 2000). Some LTPs,
including AtLTP3, are known to be induced by abscisic
acid (ABA; Hughes et al., 1992; Arondel et al., 2000)
and may be involved in cuticle formation in develop-
ing embryos (Sterk et al., 1991). In Arabidopsis, non-
specific lipid transfer protein 1 (AtLPT1) is specifically
expressed in the L1 epidermal layer, localized to the
cell wall, and binds calmodulin in a Ca21-indepen-
dent manner (Wang et al., 2005).

ESTs for BnCYP78A are numerous in cDNA libraries
from 5 d dividing and 7 d embryogenic microspores
(Table III). The function(s) of CYP78A cytochrome P450
monooxygenases are still not known; however, P450
enzymes generally are involved in the synthesis or deg-
radation of small hydrophobic molecules that may
be structural components within the cell, secondary prod-
ucts, or mobile signaling units. Numerous CYP78A-
like genes from several species have been cloned, and
almost invariably these genes show floral or meristem-
specific expression (Larkin, 1994; Nadeau et al., 1996;

Ito and Meyerowitz, 2000). The B. napus gene isolated
in our study shows closest homology to the Arabidop-
sis CYP78A5 gene (At1g13710; Table IV). AtCYP78A5
is expressed in both floral and vegetative meristems
of Arabidopsis, marking the boundary between the
central and peripheral zones of the meristem (Zondlo
and Irish, 1999). Aberrant phenotypes resulting from
overexpression of AtCYP78A5 in several Arabidopsis
mutant lines suggest it is regulated downstream of
SHOOT MERISTEMLESS, ZWILLE, and ARGONAUTE.
It is especially interesting that the domain of expres-
sion of CYP78A5 is expanded in ago mutants and ex-
tends over the entire meristem of late torpedo stage
zygotic embryos and into the basal regions of the coty-
ledons (Zondlo and Irish, 1999). CYP78A5 expres-
sion also is enhanced in the altered meristem program1
mutant that has an increased capacity for somatic
embryogenesis in culture over wild type, and that
coincidentally also has an enlarged meristem (Helliwell
et al., 2001). RT-PCR establishes BnCYP78A as an early
marker for MDE development in B. napus (Fig. 6; Table
IV) and its enhanced expression at 5 and 7 d may be
indicative of the establishment of meristematic zones
within the embryo; alternatively, the elevated expres-
sion of this gene may indicate a lack of synchrony in
gene expression patterns (see above) during in vitro
embryo induction.

Molecular Markers for Microspore Embryogenesis

The 16 genes that were identified as markers for em-
bryonic development in microspore cultures of B. napus
belong to several distinct functional categories and can
be used to study various biochemical and physiological
processes occurring during plant embryogenesis and
development. Expression profiles of the closest Arabi-
dopsis homologs of these molecular markers, using the
Arabidopsis electronic Fluorescent Protein Browser
(http://bbc.botany.utoronto.ca/) and Genevestigator
Gene Atlas (Zimmermann et al., 2004) on the The
Arabidopsis Information Resource database (http://
www.arabidopsis.org), are similar in developing seed,
vegetative tissues, and inflorescences to what we have
established for B. napus. Our study provides additional
data on the expression profiles of these genes during
microspore embryo induction, embryo development,
and in microspores and in vitro pollen in B. napus.

Seven of the molecular marker genes are transcrip-
tion factors (BnLEC1, BnLEC2, BnFUS3, BnABI3,
BnBBM, BnWOX2, BnWOX9; Fig. 6; Table IV) and
these are already well characterized in Arabidopsis.
LEC1 encodes a HAP3 subunit of the CCAAT-box
binding transcription factor and is required for the
specification of cotyledon identity and the completion
of embryo maturation (Lotan et al., 1998). In addition,
overexpression of LEC1 is sufficient for induction of
embryogenic programs in vegetative cells (Lotan et al.,
1998). LEC2, ABI3, and FUS3 are B3 domain-containing
transcription factors (Stone et al., 2001; Finkelstein
et al., 2002). LEC2 is required for the maintenance of

Malik et al.

148 Plant Physiol. Vol. 144, 2007



suspensor morphology, specification of cotyledon
identity, progression through the maturation phase,
and suppression of premature germination (Stone et al.,
2001; Braybrook et al., 2006). Like LEC1, ectopic over-
expression of LEC2 establishes a cellular environment
sufficient for embryogenesis to occur in vegetative
cells (Stone et al., 2001; Gaj et al., 2005). ABI3 and FUS3
were first identified through an involvement in ABA-
signaling networks (Koornneef et al., 1998; Finkelstein
et al., 2002), but more recently have been implicated in
early embryogenesis in addition to seed development
and maturation (Gaj et al., 2005; Kikuchi et al., 2006). A
fifth marker, BBM, encodes an AP2/ERF transcription
factor and in Arabidopsis is expressed in the embryo
and root (Boutilier et al., 2002). Ectopic overexpression
of BBM has been shown to be sufficient to induce
spontaneous somatic embryogenesis in Arabidopsis,
B. napus, and tobacco seedlings (Boutilier et al., 2002;
Srinivasan et al., 2007).

LEC1, LEC2, ABI3, and FUS3 have been shown
recently to be major interacting and redundant regu-
lators of embryogenesis and seed development. The
functional interactions between these factors have been
analyzed through observations of phenotypes in mul-
tiple mutant combinations of these four genes (To
et al., 2006). In summary, it is predicted that LEC2 acts
to up-regulate ABI3 and FUS3, while in addition ABI3
and FUS3 positively regulate each other through a
feedback loop, thus ensuring sustained and uniform
expression through the embryo. FUS3 initiation (but
not ABI3 initiation) is dependent on LEC2 (To et al.,
2006). ABI3 initiation is dependent on some other
unknown factor (factor X; To et al., 2006). In addition,
LEC1 has been shown to up-regulate the expression of
ABI3 and FUS3 (Kagaya et al., 2005, To et al., 2007).

Our data clearly establish that ABI3 is transcription-
ally active during early microspore embryogenesis (Fig.
6; Table IV). Previously, ABA has been implicated in
the induction of somatic embryogenesis in carrot and
Nicotiana plumbaginifolia (Senger et al., 2001; Kikuchi
et al., 2006), and ABI3 expression has been documen-
ted in both embryogenic cells and early somatic em-
bryos of carrot (Ikeda-Iwai et al., 2002). Also, it has
been demonstrated that the ABA response cis-element,
common element in many genes responsive to ABA,
and hitherto thought to represent a direct involvement
of ABA in signal transduction, also confers a respon-
siveness to Ca21 alone (Kaplan et al., 2006). Calcium
release and alkalinization of the microspore are re-
ported to occur during heat-stress induction in B.
napus (Pauls et al., 2006). Further, ABI3 is postulated to
have additional functions unrelated to ABA signaling
and these deserve some further attention (Brady et al.,
2003). We have initiated a phytohormone analysis of
tissues from these early stages of embryogenesis to
ascertain some of the changes in hormone concentra-
tions associated with induction and commitment to
embryogenesis (see Chiwocha et al., 2003).

Proper expression of the WOX proteins in Arabi-
dopsis is indicative of cell fate decisions. In Arabidopsis,

WOX2 is first found in the egg cell and early zygote,
but later is restricted to the apical domain of the 16-cell
embryo and the early globular stage (Haecker et al.,
2004). WOX9 expression was first detected in the basal
daughter cell of the zygote, but by the eight-cell stage
was restricted to the hypophysis, later expanding into
the central zone and the protodermal layer of the cen-
tral zone (Haecker et al., 2004). Evidence for early
transcription of BnWOX2 and BnWOX9 during micro-
spore embryogenesis (Fig. 6; Table IV) suggests that
the gene expression programs necessary for the estab-
lishment of polarity domains in the developing em-
bryo have been initiated; nonetheless, at this time there
is no direct evidence for the de facto establishment of
polarity in the preglobular stage MDEs.

Expression of the BnmNAP subfamily of napin genes
has been correlated previously with the induction phase
of microspore embryogenesis in B. napus (Boutilier et al.,
1994). ClustalW alignment of the BnNAPIN isolated
from this study with the previously reported BnmNAP
subfamily of napin genes shows only about 84% simi-
larity at the nucleotide level (Boutilier et al., 1994). We
determined expression profiles for BnmNAP4 (Boutilier
et al., 1994) and another napin (87% sequence similar-
ity to BnmNAP4). These two napins are expressed at a
low level in developing pollen in noninductive cul-
tures, in addition to enhanced expression in induced
microspores (i.e. BnmNAP4; Fig. 5). It appears that
many members of the napin gene family are expressed
in induced microspore cultures; a subset of these na-
pins are expressed only in embryogenic microspores
and developing embryos (i.e. BnNAPIN; Fig. 6).

Signal transduction events are important during
growth and development and may be particularly im-
portant during somatic or gametic embryogenesis when
developmental pathways are reprogrammed in response
to applied stimuli. There are various classes of kinases
involved in signal transduction pathways. With respect
to embryogenesis, the SERK-like kinase genes, first re-
ported from carrot, have a role in acquisition of em-
bryogenic competence and SERK expression has been
shown to be characteristic of embryogenic cell cultures
and somatic embryos (Schmidt et al., 1997). SERK-like
genes have been cloned from many plant species: for
example, Arabidopsis, maize, Medicago trunculata, sun-
flower (Helianthus annuus), rice (Oryza sativa), and P.
pratensis (Baudino et al., 2001; Nolan et al., 2003;
Thomas et al., 2004; Hu et al., 2005). No Brassica ESTs
with any significant homology to established SERK
genes were found in the NRC-PBI Brassica seed devel-
opment EST database (approximately 300,000 ESTs) or
in any external database. BnSERK1 (partial sequence)
was cloned using primers to conserved sequences iden-
tified in AtSERK1 (Fig. 5). Similarities to AtSERK1
were 89% at the nucleotide level and 97% for protein
sequence. Expression was analyzed using semiquanti-
tative RT-PCR and this profile indicated that BnSERK1
was expressed in many tissues in B. napus and thus
could not be used as a rigorous marker for microspore
embryogenesis (Fig. 5).
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There are profound changes in gene expression dur-
ing the induction of microspore embryogenesis in mi-
crospore cultures of B. napus (Figs. 2A and 3). Some
specific gene expression and transcript changes as-
sociated with microspore embryo induction have
been described previously (Namasivayam and Hanke,
2006; Chan and Pauls, 2007; Tsuwamoto et al., 2007).
Our EST analysis provided us with gene expression
profiles, gene sequence information to distinguish re-
lated but distinct ESTs, and gene sequence information
for the design of gene-specific PCR primers. The in
silico bioinformatics analyses of EST profiles identified
467 differentially expressed genes (Fig. 4; Supplemen-
tal Table S3), many of which have not been reported
previously. Some of these may have important func-
tions during embryogenesis. This medium-scale EST
sequencing project has been a particularly effective
way of revealing expression profiles for individual
genes during microspore embryo development.

The 7 d embryogenic microspores appear to be com-
pletely committed to the embryonic pathway and this
is the ideal time point/stage of development to study
embryogenesis-related genes and events. The 5 d
cultures/embryos are still at a transition stage. Many
embryo-specific genes are highly expressed, but these
cultures also show high numbers of pollen-type genes.
The 3 d cultures represent a mixed population and
techniques to physically separate distinct cell/tissue
types (see Pauls et al., 2006) or increase the uniformity
of the cultures would be useful for developing a more
detailed analysis of gene expression. We have initiated
new studies with transgenic material expressing
promoter-GFP fusions as a means of improving the
separation and collection of particular cell types based
on specific gene expression profiles.

Sixteen unequivocal molecular marker genes for
embryogenesis were identified after extensive testing
of candidate genes (Fig. 6; Table IV). The number of
genes satisfying these very strict criteria was limited
due to the preponderance of PCR-detectable expres-
sion for many of the likely candidates in freshly col-
lected microspores or in microspores cultured at 18�C
(noninducing conditions; Fig. 5; additional data not
shown). Further candidate genes suitable for discrim-
inating between pollen cultures and embryogenic cul-
tures will most certainly be revealed in future studies.
The genes we describe here can be used to differentiate
between highly embryogenic and poorly embryogenic
cultures at early stages of development and will have
practical utility in shaping tissue culture protocols for
improving embryogenesis in recalcitrant species and
cultivars of the Brassicaceae.

MATERIALS AND METHODS

Plant Material

Plants of Brassica napus line ‘Topas’ DH4079 (a highly embryogenic

selection from ‘Topas’) and ‘Garrison,’ ‘Westar,’ and ‘Allons’ were grown in

15-cm pots in a growth cabinet with a 16/8 h day/night photoperiod, light

intensity of 400 mmol m22s21 and day/night temperatures of 20�C/15�C.

Following flower bud formation and in preparation for microspore culture,

the day/night temperatures were lowered to 10�C/5�C. Microspore collec-

tions and cultures were initiated as described by Ferrie and Keller (1995).

Embryogenesis was induced in microspores isolated at the late-uninucleate to

early binucleate stage (Ferrie and Keller, 1995) using a defined media

containing 13% Suc and heat stress at 32�C for 3 d, followed by incubation

at 24�C. The characteristic enlargement of microspores that occurs during

induction has been correlated with acquisition of embryogenic potential in

many species (Hoekstra et al., 1992; Touraev et al., 1996a, 1996b). Conse-

quently, the 3, 5, and 7 d induced microspores were size selected on mesh

screens to collect the microspores and/or cell clusters most advanced in

embryogenic development and to discard the smaller physiologically unre-

sponsive microspores. The enlarged induced microspores present after heat

stress (3 d) were separated from nonenlarged microspores by filtration through

nylon mesh screens (Sefar; pore size 35 mm), and the retentate used for RNA

isolation. Similarly, the 5 and 7 d cultures were fractionated on 41 and 50 mm

nylon mesh screens, respectively. These collections represent the largest cells,

or cell clusters, at each of these time points. Additional purification of the size-

selected 5 d induced MDEs was done visually using microcapillaries with a

Leica MZ16 A stereomicroscope. Collections of 14, 21, and 28 d MDEs were

also size selected by sieving through appropriately sized nylon mesh screens.

For negative (noninduced) control cultures, microspores were placed at 18�C

to promote in vitro pollen maturation.

Light microscopy (Nomarski) images were captured on a Leica DMR micro-

scope. DAPI staining of the induced microspores was according to Shivanna

and Rangaswamy (1992). For scanning electron microscopic examination of

microspores and MDEs these were fixed in 1.0% glutaraldehyde in 0.05 M

phosphate buffer (pH 7.0) containing 13% Suc for 1 h on ice. These structures

then were transferred to 3% glutaraldehyde (same buffer as above) for a

minimum of 3 h and postfixed in 1% osmium tetroxide (same buffer as above,

but no Suc). Samples were dehydrated on ice through a graded acetone series

(Polowick et al., 1990). After critical-point drying, the microspores/embryos

were mounted and sputter coated with gold. Specimens were examined

under a Philips 505 scanning electron microscope at an accelerating voltage

of 30 kV.

cDNA Library Construction

For RNA isolation, tissue collections were pooled from at least three repli-

cate sets of microspore cultures for each of the four developmental stages of

interest (0 h, 3 d, 5 d, 7 d). Total RNA was isolated according to Wang and

Vodkin (1994), with minor modifications. Messenger RNA was isolated using

the PolyATract mRNA isolation systems (Promega) according to the manu-

facturer’s instructions. Standard cDNA libraries were developed using the

SMART cDNA library construction kit (CLONTECH) and cloned into the

pDNR-LIB vector. For normalized libraries, cDNA was synthesized using

Stratagene’s cDNA synthesis kit, cloned into pBluescript II SK1, and then

cDNA populations normalized according to the Soares protocol (Bonaldo

et al., 1996). Subtractive cDNA libraries were generated using the CLONTECH

PCR-Select cDNA subtraction kit (CLONTECH). Southern-blot analyses using

digoxigenin-labeled (Roche Diagnostics) actin and the reverse-subtracted

cDNA as probes against the four cDNA fractions from the subtraction were

used to illustrate the effectiveness of the subtraction. Cloning into the pGEM-T

Easy vector (Promega) was done after the efficiency of the cDNA subtraction

had been determined to be satisfactory (according to the manufacturer’s

instructions, see above). The average insert sizes for the standard, normalized,

and subtractive libraries are 900 bp, 1.14 kb, and 500 bp, respectively.

EST Sequencing and Clustering Analysis

Plasmid DNA was prepared for sequencing using the TempliPhi DNA

amplification kit (Amersham Biosciences; Reagin et al., 2003). Sequencing was

performed on the AB 3730 xl DNA analyzer (Applied Biosystems) at the DNA

Sequencing Facility of the NRC-PBI (Saskatoon, SK). Base calling and trim-

ming of low-quality sequences were done using the software packages

PHRED (http://www.phrap.org/index.html; Ewing et al., 1998) and LUCY

(http://www.tigr.org/software/sequencing.shtml), respectively. The Cross-

match software was used to mask the cloning vector (http://www.genome.

washington.edu/UWGC/analysistools/Swat.compare withm) and StackPACK

v2.2 was used for EST clustering and contig assembly (http://genomics.

msu.edu/stackpack/). ESTs with a high degree of similarity (94%) to other
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ESTs were grouped as clusters and assembled into contigs, while the others

without significant similarity were assigned as singletons. The StackPACK

software assigned systematically distinguishable identifiers (IDs) during each

step of clustering but kept the original EST IDs for singleton IDs. Area-

proportional Venn diagrams were constructed with software developed by

Stirling Chow (University of Victoria; http://www.cs.uvic.ca/;schow/

DrawVenn/instructions.html; Chow and Rodgers, 2005).

In Silico Analysis of Gene Expression

To determine the total number of unigenes contributed by all nine cDNA

libraries the 19,254 ESTs were clustered using the TGICL software available

from The Institute for Genomic Research (http://www.tigr.org/software/

other.shtml; Pertea et al., 2002). A comparative analysis of the 7 d standard and

7 d normalized libraries indicated that the normalization protocol was in-

effective when up to 5,000 ESTs were picked and sequenced from each library.

The 7 d standard and 7 d normalized libraries showed similar numbers of

contigs (and gene identities), singletons, and complexity (Table I). Therefore,

standard and normalized libraries were considered to provide equivalent

information on EST frequencies and these were pooled for each developmen-

tal stage. To analyze gene expression computationally, the 2,431 unigene

contigs (genes represented by more than one EST) from the 0 h, 3, 5, and 7 d

libraries were subjected to R statistics for the identification of differentially

expressed genes using the Web tool IDEG6 (http://telethon.bio.unipd.it/

bioinfo/IDEG6/; Romualdi et al., 2003). The 467 differentially expressed

genes were subjected to K-means clustering using Cluster version 2.11

(http://rana.lbl.gov/EisenSoftware.htm; Eisen et al., 1998).

Expression Analyses by Semiquantitative RT-PCR

Total RNA representing each tissue, developmental stage, and cultivar were

isolated using the RNeasy Midi kit (Qiagen), including on-column DNAse

digestion. For semiquantitative RT-PCR, 3 mg of total RNA was used for first-

strand cDNA synthesis with oligo (dT)16 primers (DNA Sequencing Lab,

NRC-PBI) and SUPERSCRIPT II reverse transcriptase (Invitrogen) according

to the manufacturer’s protocol. Gene-specific primer pairs were designed

using Primer 3 software (http://gene.pbi.nrc.ca/cgi-bin/primer/primer3_

www.cgi) and available EST sequence information so that amplified products

were 350 to 550 bp in length. PCR reactions were one cycle at 95�C for 5 min

and 35 cycles at 95�C for 30 s, 55�C for 30 s, and 72�C for 45 s using 0.6 mL of

template cDNA from the first-strand cDNA synthesis reaction.

Expression Analyses by Real-Time RT-PCR

Total RNA (150 ng) from each tissue, developmental stage, or cultivar was

used for one-step real-time RT-PCR analyses using the QuantiTect SYBR

Green RT-PCR kit (Qiagen) and gene-specific primers. Primer pairs were

designed using the Primer Quest software (Integrated DNA Technologies) to

give PCR products from 100 to 400 bp. Real-time RT-PCR was performed on

Mx3000P real-time PCR system (Stratagene). Relative expression was calcu-

lated using the 22DDCT method (Livak and Schmittgen, 2001) with 18S rRNA as

the internal control gene. The cycling parameters were one cycle at 50�C for

60 min (RT reaction), one cycle at 95�C for 15 min, then 35 cycles of 95�C for

30 s, 58�C for 1 min, and 72�C for 45 s. Primer sequences for selected genes are

shown in Supplemental Table S4.

Sequence data for all ESTs used in this analysis have been deposited into

GenBank, and these can be accessed using the cDNA library names.

Supplemental Data

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

Supplemental Figure S1. Gene Ontology classification of EST contigs

represented in cDNA libraries from 0 h, 3, 5, or 7 d microspore cultures.

Supplemental Figure S2. Pollen- and embryo-specific genes are expressed

concurrently in 5 d dividing microspores.

Supplemental Figure S3. RT-PCR for genes that are expressed in repro-

ductive tissues (postmeiotic expression).

Supplemental Table S1. Summary of gene expression data from which

Figure 2 is derived.

Supplemental Table S2. All EST contigs and annotation: all libraries, all

stages, unique genes.

Supplemental Table S3. Differentially expressed genes (contigs only).

Supplemental Table S4. PCR primers for RT-PCR and real-time RT-PCR.
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