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Microspore-derived embryo (MDE) cultures are used as a model system to study plant cell totipotency and as an in vitro system to
study embryo development. We characterized and compared the transcriptome and proteome of rapeseed (Brassica napus) MDEs
from the few-celled stage to the globular/heart stage using two MDE culture systems: conventional cultures in which MDEs
initially develop as unorganized clusters that usually lack a suspensor, and a novel suspensor-bearing embryo culture system in
which the embryo proper originates from the distal cell of a suspensor-like structure and undergoes the same ordered cell
divisions as the zygotic embryo. Improved histodifferentiation of suspensor-bearing MDEs suggests a new role for the suspensor
in driving embryo cell identity and patterning. An MDE culture cDNA array and two-dimensional gel electrophoresis and protein
sequencing were used to compile global and specific expression profiles for the two types of MDE cultures. Analysis of the
identities of 220 candidate embryo markers, as well as the identities of 32 sequenced embryo up-regulated protein spots, indicate
general roles for protein synthesis, glycolysis, and ascorbate metabolism in the establishment of MDE development. A collection
of 135 robust markers for the transition to MDE development was identified, a number of which may be coregulated at the gene and
protein expression level. Comparison of the expression profiles of preglobular-stage conventional MDEs and suspensor-bearing
MDEs identified genes whose differential expression may reflect improved histodifferentiation of suspensor-bearing embryos.
This collection of early embryo-expressed genes and proteins serves as a starting point for future marker development and gene
function studies aimed at understanding the molecular regulation of cell totipotency and early embryo development in plants.

Microspore embryogenesis describes the process in
which the immature male gametophyte is induced to
form a haploid embryo in vitro. Microspore embryo
culture is a valuable tool for plant breeders because the
haploid embryos that are produced (microspore-derived
embryos [MDEs]) can be converted to homozygous
doubled haploids using chromosome-doubling agents.

The ability to obtain a homozygous population of
plants in a single generation not only significantly
reduces the time needed to develop inbred lines, but
also facilitates selection for recessive and polygenic
traits and speeds up the development of mapping pop-
ulations and molecular markers for marker-assisted
breeding (Forster and Thomas, 2005). Microspore em-
bryogenesis has been described for more than 250
plant species and efficient protocols are available for
about 20 of these (Maluszinsky et al., 2003). As with
other regeneration processes, many species still remain
recalcitrant for microspore embryogenesis and, even
within a successful species, there are usually recalci-
trant genotypes. There is, therefore, considerable in-
terest in identifying the molecular genetic factors that
define and control this process.

MDE culture is also receiving increasing attention
as a model system to study cell totipotency and for
studies on early embryo development (Boutilier et al.,
2005; Maraschin et al., 2005; Chan et al., 2006). The
appeal of this system is 2-fold. First, large numbers of
microspores are easily isolated and irreversibly induced
by simple and defined stress treatment to undergo
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embryogenesis at high frequency. Second, in contrast
to most in vitro organogenesis and somatic embryo-
genesis systems, hormones are usually not required to
induce MDE development. As a result, MDEs develop
directly from the microspores without an intervening
callus phase. This direct transition from microspore
to embryo development coupled with the efficiency of
embryo induction makes it possible to produce large
amounts of embryos from the few-celled stage onward
for physiological, cell biological, and molecular anal-
ysis (Yeung, 2002; Boutilier et al., 2005; Chan and
Pauls, 2007).

A large repository of data has been compiled con-
cerning the early cellular and morphological changes
that take place during the transition from male game-
tophyte to haploid embryo development in culture and
commonalities among different species have been
identified (for review, see Aionesei et al., 2005). The
molecular mechanism underlying the induction of
microspore embryogenesis is not known, although a
number of studies have provided insight into this de-
velopmental process through the identification of genes
and proteins that are differentially expressed during
the transition from the gametophytic to embryonic cell
state (Hosp et al., 2006). One of these differentially
expressed genes, BABY BOOM, marks and stimulates
early embryo formation (Boutilier et al., 2002).

Increasing use and availability of functional ge-
nomics tools have brought with it renewed interest in
unraveling the molecular pathways that underlie cell
totipotency. Identification of genes whose expression
marks or controls cell totipotency is of major interest to
the applied research community because such genes
could be used to overcome recalcitrance for regenera-
tion in crop species. Likewise, genes whose expression
reflects the normal progression of embryo develop-
ment can be used as markers to optimize critical points
in the tissue culture process.

MDEs, although single cell in origin, do not exhibit
the ordered cell divisions that occur during early zy-
gotic embryogenesis. Multicellular embryos of 40 to 60
cells are formed through random (unorganized) cell
divisions and only then develop into globular embryos
with a distinct protoderm through a hypothetical self-
organizing mechanism. Suspensor development, which
takes on many forms in various plant species, is also
absent in microspore embryos, although a short or
malformed rudimentary suspensor is occasionally ob-
served (Hause et al., 1994; Ilic-Grubor et al., 1998;
Straatman et al., 2000; Yeung, 2002). Interestingly, we
observed that when embryos with long uniseriate sus-
pensors are formed, the embryo proper usually reca-
pitulates the typical zygotic embryo pattern of cell
division and histodifferentiation. In this study, we
optimized our rapeseed (Brassica napus) MDE culture
conditions to obtain a high frequency of zygotic-like
embryos with long uniseriate suspensors. We then used
microarray analysis and two-dimensional (2-D) gel
electrophoresis/protein sequencing to examine the
global and specific changes that take place at both the

transcriptome and proteome level during the switch
from male gametophyte to embryo development in
conventional (suspensorless) MDE cultures and the
new suspensor-bearing MDE cultures. Our analysis
focused on the developmental events that take place
between the two- to four-celled stage and the globular/
heart stage of MDE development. Here, we identify
metabolic pathways that are active during early MDE
development, identify a collection of mRNA and pro-
tein markers that can be used at a practical level to
define and optimize MDE cultures, and identify genes
that are differentially expressed between suspensor-
bearing and conventional MDEs.

RESULTS

Development of Rapeseed MDE Cultures

Conventional MDEs Differ from Zygotic Embryos

Our transcriptome and proteome analyses focused
on the changes that occur as heat-stressed rapeseed
microspores are reprogrammed to embryo develop-
ment. We made use of two types of embryo cultures,
conventional MDE cultures and a new system referred
to as suspensor-bearing MDE cultures (Fig. 1). Con-
ventional MDE development is induced by exposing
microspores for 2 d or longer to heat stress at 32�C to
32.5�C. The embryos that develop after this heat-stress
treatment largely resemble zygotic embryos (Yeung
et al., 1996), with two major differences: (1) conven-
tional MDEs do not initially display the typical or-
dered cell divisions and tissue differentiation observed
during early zygotic embryo development (Tykarska
1976, 1979); and (2) conventional MDEs usually lack a
well-formed (i.e. long and uniseriate) suspensor. In
contrast to zygotic embryos, conventional MDEs first
undergo a series of random divisions to form an un-
organized cell mass. The protoderm layer of conven-
tional MDEs is only established at the globular stage
versus the eight-cell stage of zygotic embryos and is
followed by histodifferentiation of the procambium
and shoot meristem (Tykarska, 1976, 1979). A rudi-
mentary root meristem develops, but is not well-
defined, most likely due to the delay in polarity
establishment and the absence of a well-defined sus-
pensor (Yeung et al., 1996). Although suspensor devel-
opment is routinely observed in conventional MDE
cultures, it usually takes the form of short protuber-
ances that develop near the future radicle pole of the
embryo proper (Yeung et al., 1996; Ilic-Grubor et al.,
1998). The occurrence of normal-looking suspensors in
rapeseed MDE cultures has been reported sporadi-
cally in the literature (Pechan et al., 1991; Hause et al.,
1994; Ilic-Grubor et al., 1998; Straatman et al., 2000).
After critical evaluation of the culture conditions used in
these studies, we hypothesized that the formation of
suspensor-bearing embryos could be attributed to appli-
cation of a shorter or milder heat-stress treatment than is
usually applied. Furthermore, when long suspensors are
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formed, we noticed that the attached embryos proper
undergo the same distinct cell division pattern and
histodifferentiation as zygotic embryos (Fig. 1).

Optimized Protocol for Production of Zygotic-Like MDEs

Based on the above observations, we optimized the
culture conditions to obtain a high frequency of MDEs
with long suspensors and zygotic embryo-like mor-
phology. The critical aspects of the new culture system
are a more accurate selection of the microspore start-
ing population using narrower increments in floral
bud size (Supplemental Table S1) and the use of a
shorter and more accurate heat-stress treatment (Fig.
2). Cytological analyses showed that cultures that

were most responsive in the development of normal-
looking suspensors were always very uniform with
respect to the stage of the starting microspore popu-
lation, consisting of at least 50% to 60% late unicellular
microspores and 30% to 40% early bicellular pollen. To
better understand the relation between formation of
MDEs with normal-looking suspensors and those with
aberrant suspensors, we carried out a more thorough
analysis of the duration of the 32�C heat-stress treat-
ment (Fig. 2). Microspores from highly responsive buds
were treated for various periods at 32�C and then
transferred to 25�C. After 16 d of culture, the quality of
suspensor formation was determined based on three
morphological classes: (1) embryos with long, normal-
looking suspensors ($30 mm uniseriate); (2) embryos

Figure 1. Developmental fate of isolated rapeseed microspores. The culture temperature controls the developmental fate of
isolated microspores (A). Conventional MDEs are obtained by continuous culture at 32�C (B–D). Suspensor-bearing MDEs are
obtained by culturing for 24 h at 32�C followed by transfer to 25�C (E–H). Developing pollen are obtained by continuous culture
at 18�C (I–K). The timeline at the bottom of the figure indicates the day of culture. Illustrated developmental stages are
representative of the samples analyzed in this study; however, the timing of their appearance varies depending on the individual
culture. The solid and dashed lines under each developmental pathway represent, respectively, the period of viable pollen
formation and the period of pollen collapse. A, Freshly isolated late unicellular microspore. B, Four-celled embryo after 2 d of
culture. C, Randomly divided multicellular embryo bursting out of the exine wall (white arrow) after 5 d of culture. Note the
absence of a defined protoderm layer. D, Globular to early heart-stage embryos formed after 10 d of culture. E, Two-celled
embryo at 4 to 5 d of culture. F, Uniseriate suspensor formed at day 6 to day 7 of culture. G, Longitudinal divisions in the distal tip
cell of the filament leading to a four-cell embryo proper after 8 d of culture. Two additional nuclei are present behind the two
nuclei in focus. The original microspore wall (white arrow) is visible at the opposite end of the cell file. H, Preglobular-stage
embryo after 9 to 10 d of culture showing differentiation of the protoderm (white arrow) and hypophysal cell (asterisk). I,
Bicellular pollen with a large vegetative nucleus and a smaller generative nucleus. J, Tricellular pollen with a large vegetative
nucleus and two smaller sperm nuclei. K, Collapsed pollen-like structures. The developmental stages of the samples used for
microarray analysis are as follows: 0d, starting microspore culture; 5p, 5-d pollen culture; 2e, 2-d conventional MDE culture; 5e,
5-d conventional MDE culture; 10e, 10-d conventional MDE culture; 8se, 8-d suspensor-bearing MDE culture; 10se, 10-d
suspensor-bearing MDE culture. Photographs A to J are digital images from 4#,6-diamidino-2-phenylindole-stained material
observed using a Zeiss Axioskop microscope or with an IM Zeiss microscope. Bars 5 10 mm for A, B, E, F, I, and J; 30 mm for C, D,
G, H, and K.
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with short, irregular-shaped suspensors (,30 mm
uniseriate); and (3) embryos without a suspensor. As
shown in Figure 2, a 32�C heat-stress treatment ap-
plied for 8 to 12 h led to production of a long suspensor
in more than two-thirds of the embryos (Fig. 2A).
Increasing the duration of 32�C heat stress from 8 h to
continuous treatment resulted in a gradual decrease in
the frequency of embryos with a long suspensor to
close to 0 and a parallel increase in embryos lacking
suspensors. The second class of embryos, those with
short appendant structures, either uniseriate or swol-
len and irregular, were found in all treatments, but the
frequencies of such embryos were significantly higher
when the microspores were treated at 32�C for 24 or
48 h as compared to shorter or longer heat-stress treat-
ments (Fig. 2A). Although the modified heat-stress
treatment positively affected the production of em-

bryos with long, normal-looking suspensors, it had a
negative effect on the total number of embryos formed
(Fig. 2B).

Comparison of Conventional and Suspensor-Bearing
MDE Cultures

The major developmental events that take place in the
conventional and suspensor-bearing MDE cultures that
were used in our transcriptome and proteome analyses
are summarized in Figure 1. Conventional MDE cul-
tures were induced from freshly isolated microspores
(Fig. 1A) by continuous 32�C heat-stress treatment.
MDE development begins with swelling of the micro-
spore, followed by symmetric division of the vegetative
nucleus. Approximately 15% to 25% of the microspores
undergo embryonic divisions within the first 2 d of
culture (Fig. 1B). By the fifth day of culture, randomly
oriented cell divisions in a subset of these few-celled
embryos generate preglobular-stage embryo clusters
that can be seen breaking out of the microspore exine
wall (Fig. 1C). Globular- to heart-stage embryos are
usually present after 10 d of culture (Fig. 1D).

Suspensor-bearing MDEs were induced by cultur-
ing microspores for 1 d at 32�C, followed by transfer
to 25�C. Suspensor-bearing MDEs do not originate
by random division of the microspore, but rather by
formation of a suspensor-like filament, followed by
embryo-proper development from the distal cell. The
first cell divisions take place at around the fourth day
of culture (Fig. 1E) with a nose-like suspensor emerg-
ing from the swollen microspore around the seventh
day of culture (Fig. 1F). The suspensor develops as a
single file of cells, elongating by transverse divisions,
with one end connected to the microspore. Around the
eighth day of culture, the distal cell of the three- to
eight-celled suspensor undergoes transverse divisions
to form the embryo proper (Fig. 1G). Thereafter, cell
division and histodifferentiation of the embryo proper
follow the same regular pattern as in zygotic embryos,
and preglobular-stage embryos with a defined proto-
derm and hypophysis can be seen after 10 d of culture
(Fig. 1H). Cell division in the suspensor generally
ceases once the embryo reaches the late-globular stage.
Suspensor-bearing MDE cultures develop more slowly
than conventional cultures, with the result that two- to
four-celled embryos are found at around day 2 in con-
ventional cultures and at day 8 in suspensor-bearing
cultures (compare Fig. 1, B and G), whereas preglobular
embryos are found at around day 5 in conventional
cultures and day 10 in suspensor-bearing cultures
(compare Fig. 1, C and H).

The heat-stress treatment used to induce conven-
tional and suspensor-bearing MDE development is not
sufficient to block gametophyte development in all of
the donor microspores. As a result, both pollen and
embryo developmental pathways initially occur side
by side in the same cultures. The large amount of
developing pollen in MDE cultures can confound
attempts to identify early embryo-expressed genes

Figure 2. Effect of different periods of heat-stress treatment on suspen-
sor formation in rapeseed microspore culture. A, The frequencies of
embryos with long, normal-looking suspensors $30 mm (dark gray
bars), embryos with short suspensor-like structures (irregular-shaped
appendant structures or uniseriate structures ,30 mm; light gray bars),
or embryos without a suspensor (white bars), B, Total embryo yield. All
cultures were started with a density of 40,000 microspores per milliliter.
After the heat-stress treatment, cultures were kept at 25�C. For the
determination of total embryo yield (B), embryos larger than 0.4 mm
were counted after 16 d of culture when the largest embryos had
already reached 3 mm. Data are the means of five replicate experi-
ments, each with three 6-cm petri dishes per treatment and 3 mL of
original microspore suspension per dish. Bar 5 6SE.
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and proteins; therefore, we used control pollen cul-
tures to discriminate between embryo and pollen
expression profiles in MDE cultures. Cultures with
up to 90% viable tricellular pollen can be obtained by
culturing isolated microspores at 18�C instead of 32�C
(Fig. 1, I and J, gametophytic pathway; Custers et al.,
1994). These pollen grains collapse a few days after
reaching the tricellular stage (Fig. 1K). The develop-
mental time course for pollen development and the
subsequent collapse of mature pollen grains is tem-
perature dependent and therefore differs between
pollen cultures, conventional MDE cultures, and sus-
pensor-bearing MDE cultures analyzed in this study
(Fig. 1).

Transcriptome Analysis of MDE Cultures

Microarray Enriched for MDE Culture cDNAs

Microarray analysis was used to characterize the
changes in gene expression that take place during
the transition from gametophytic to conventional and
suspensor-bearing MDE development and during
subsequent outgrowth of the embryos. A custom mi-
croarray containing cDNA elements originating pre-
dominantly from MDE cultures was used for these
analyses. The suspensor-bearing MDE culture proto-
col was not optimized at the time of microarray con-
struction; therefore, only probes from conventional
MDE cultures were spotted on the array. Complemen-
tary DNA libraries from three key time points in
rapeseed MDE culture were used for gene isolation.
These time points correspond to the swollen unicellu-
lar microspore stage (24 h), the 20- to 40-celled embryo
stage (4 d), and the globular- to heart-shaped embryo
stage (10 d). We also applied suppression subtraction
hybridization (SSH; Diatchenko et al., 1996) to the 20-
to 40-celled embryo stage and the globular- to heart-
shaped embryo stage samples to normalize mRNA
levels and to enrich for genes that are up- or down-
regulated at each of these time points relative to other
culture samples or plant tissues (see ‘‘Materials and
Methods’’). In total, 1,920 probes were spotted on the
array, of which 88% correspond to cDNAs isolated
from MDE cultures (Supplemental Table S2). Contig
analysis showed that 73% of MDE culture probes are
represented only once on the array (data not shown).
The sequences and identities of the arrayed probes are
available as Supplemental Table S2.

The custom cDNA microarray was hybridized to
targets derived from two independent microspore
cultures. The developmental time points that were
analyzed are shown in Figure 1. For each of the two
cultures, one sample was harvested immediately (0d;
Fig. 1A); one sample was cultured to promote pollen
development (5p; Fig. 1J), and five samples were
cultured to induce embryo development. Of the five
samples cultured for embryo development, three
samples were induced for conventional MDE devel-
opment (two- to four-celled stage [Fig. 1], preglobular

stage [Fig. 1C], and globular to heart stage [Fig. 1D]),
and two samples were induced for suspensor-bearing
MDE development (two- to four-celled embryo-
proper stage [Fig. 1G] and preglobular embryo-proper
stage [Fig. 1H]). The percentage of embryo and viable
pollen present in each culture at the successive sam-
pling time points is shown in Table I. Each of the
amplified targets was hybridized using a common
reference strategy (‘‘Materials and Methods’’). Array
hybridizations with amplified leaf and flower bud tar-
gets were performed to obtain an indication of the
relative expression levels of the probes in non-embryo
samples.

Principal Component Analysis

Principal component analysis (PCA) was used to
analyze gene expression profiles obtained after micro-
array hybridization of amplified pollen and MDE cul-
ture samples. PCA helps to interpret overall patterns
in gene expression by dimension reduction. A plot of
the samples on the first two principal components,
together explaining 82% of the observed variability, is
shown in Figure 3A. Corresponding distribution of the
individual genes is shown in the inset. Information on
the composition of the culture samples in terms of the
relative contribution of pollen and embryo-like struc-
tures, as shown in Table I, is added in the plot. The first
principal component (PC1), which explains 70% of the
variance, can be interpreted as describing the transi-
tion in the cultures from a pollen-dominated gene
expression state to an embryo-dominated gene expres-
sion state. The 2-d conventional embryo culture sam-
ples (2e), which contain both embryogenic cells and a
high proportion of viable pollen, are clustered toward
one side of the axis together with the 5-d pollen culture
samples, whereas the conventional (10e) and suspensor-
bearing embryo or culture samples that do not contain

Table I. Composition of rapeseed MDE cultures used for
the transcriptome analysis

Values are expressed as percentages of structures showing pollen or
embryo development at the time of harvest relative to the number of
microspores present at the start of culture. The 10-d embryo cultures
were sieved through nylon filters to obtain pure populations of em-
bryos. Note that the total embryo yield generally decreases as the MDE
cultures age. 0d, Freshly isolated microspores; 5p, 5-d pollen culture;
2e, 2-d conventional MDE culture; 5e, 5-d conventional MDE culture;
10e, 10-d conventional MDE culture; 8se, 8-d suspensor-bearing MDE
culture; 10se, 10-d suspensor-bearing MDE culture.

Culture
Culture 1 Culture 2

% Embryo % Pollen % Embryo % Pollen

0d – – – –
5p 0 75 0 75
2e 14 27 12 40
5e 17 5 11 13
10e 7 0 5 0
8se 17 0 12 0
10se 14 0 14 0
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viable pollen (8se and 10se) are clustered at the other
end of the axis (Table I; Fig. 3). Microarray analysis of
Arabidopsis (Arabidopsis thaliana) pollen gene expres-
sion profiles show that mature pollen grains contain
proportionately more abundant mRNAs than do spo-
rophytic tissues (Honys and Twell, 2003). The relative
contribution of embryo-expressed genes to the entire
mRNA pool in 2-d conventional embryo cultures
might therefore be diluted by abundant pollen
mRNAs, giving these cultures an overall pollen-like
identity despite the presence of a large amount of
developing embryos.

Identification of Differentially Expressed Probes

Cluster analysis of the microarray expression data
was used to identify groups of similarly expressed
genes in different culture samples. As shown in Figure
4, two main gene expression clusters were identified: a
large cluster comprising genes primarily up-regulated
in the 5-d pollen and 2-d conventional embryo culture
samples, and a smaller cluster comprising genes up-
regulated in the remaining conventional and suspensor-
bearing embryo samples. A large number of known late
pollen-expressed genes (Twell, 2002) are up-regulated
in the 5-d pollen and conventional 2-d embryo culture
samples, suggesting, as observed in the PCA plots,
that the mRNA pool in the 2-d conventional MDE
culture is dominated by abundant pollen transcripts.
We refer to the larger gene expression cluster as pollen
up-regulated and to the smaller gene expression clus-
ter as embryo up-regulated. We made use of the
ANOVA test statistic (F value) and LSD values (‘‘Ma-
terials and Methods’’) to identify the pollen and em-
bryo up-regulated probes in these two clusters. The
dominance of pollen-expressed genes in 2-d conven-
tional embryo cultures confounds microarray-based
attempts to identify embryogenesis-associated tran-
scripts in this sample; therefore, the data for this time
point, although presented, was omitted from this
analysis. We identified 220 probes that are significantly
up-regulated during one or more of the embryo cul-
tures as compared to 5-d pollen cultures and 363
probes that are significantly up-regulated in 5-d pollen
cultures as compared to all of the embryo cultures
(Supplemental Table S3). Expression profiles of four
selected embryo up-regulated probes and one pollen
up-regulated probe were validated by quantitative
reverse transcription (RT)-PCR (Supplemental Fig. S1;
Supplemental Table S4).

Analysis of the identities of the pollen and embryo
up-regulated probes and their accompanying expres-
sion patterns in freshly isolated microspores, pollen,
and embryo cultures provides insight into the devel-
opmental processes that take place as microspores
develop into either pollen grains or haploid embryos
(Supplemental Fig. S2; Supplemental Table S3). The
progression from microspores to tricellular pollen grains
is accompanied by a dramatic increase in the expres-
sion of cell wall-loosening enzymes needed for pollen

Figure 3. PCA of gene and protein expression profiles detected in
rapeseed pollen and MDE cultures. PCA plots of gene (A) and protein
(B) expression profiles are shown. For both plots, the replicated culture
samples/pools are indicated. For the PCA plot of the gene expression
profiles, culture 1 and culture 2 are indicated as 1 and 2, respectively.
For each plot, the corresponding distribution of genes or proteins is
shown in the inset. The composition of the analyzed samples in terms of
the percentage of gametophytic and embryogenic structures was
incorporated into the plot of the gene expression profiles (vectors).
0d, Starting microspore culture; 5p, 5-d pollen culture; 2e, 2-d con-
ventional MDE culture; 5e, 5-d conventional MDE culture; 10e, 10-d
conventional MDE culture; 8se, 8-d suspensor-bearing MDE culture;
10se, 10-d suspensor-bearing MDE culture.
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germination. There is also a switch from expression of
genes for glyocolysis-based carbohydrate metabolism
in microspores to genes that play key roles in the
glyoxylate cycle and gluconeogenesis in pollen (Sup-
plemental Fig. S2; Supplemental Table S3). The corre-
sponding enzymes are likely to be involved in the
mobilization of lipid reserves by glyoxysomes to pro-
duce sugars to sustain pollen growth (Zhang et al.,
1994). There is also a sharp decrease in the expression
of probes for components of protein synthesis machin-
ery (Supplemental Fig. S2; Supplemental Table S3). In
contrast, expression of probes coding for glycolytic
enzymes is maintained or increased during the switch
from microspore to embryo development (Supplemen-
tal Table S3), whereas the majority of probes encoding
components of the protein synthesis machinery are
expressed at the same level during the transition from
microspore to haploid embryo development (Supple-
mental Table S3).

Robust Markers for MDE Induction

Conventional MDE cultures are used in practical
settings to generate a large amount of haploid embryos
for breeding purposes. Robust expression markers
associated with the switch from microspore to embryo
development in conventional MDE culture should not
only discriminate between the development pathways
associated with freshly isolated microspores and em-
bryos, but also discriminate the pathways associated
with pollen grains that develop simultaneously in
the same culture. To identify these markers, we used
the calculated F- and LSD values to search for probes
showing significant up-regulated expression in two- to
four-celled suspensor-bearing embryos (Fig. 1G, 8se)
as compared to both freshly isolated microspores and
pollen grains. The equivalent two- to four-celled con-
ventional MDE samples (Fig. 1B, 2e) could not be
analyzed due to the presence of abundant pollen-
expressed mRNAs. Using this approach, we identified
135 robust expression markers for the commitment to
haploid embryogenesis (Supplemental Table S3), a
selection of which is shown in Figure 5 and described
below.

The vast majority of these markers encodes proteins
of unknown function or corresponds to functionally
annotated proteins for which neither an expression
profile nor a function during embryogenesis have been
assigned. Twelve of these probes encode the BNM2
BURP domain protein, which was previously identi-
fied in two independent screens for embryo markers in
MDE cultures (Boutilier et al., 2002; Tsuwamoto et al.,
2006). BURP domain proteins are an abundant class
of secreted proteins of unknown function that are
defined by their modular structure and conserved
C-terminal BURP domain (Hattori et al., 1998). The
BNM2 BURP domain gene, although expressed in 0-d
cultures and 5-d pollen cultures, is expressed at a 100
times higher level in two- to four-celled embryos (Fig.
5; Supplemental Table S4).

Figure 4. Hierarchical cluster analysis of the expression profiles of
rapeseed probes expressed in freshly isolated microspores, pollen
cultures, or MDE cultures. The columns represent the samples and the
rows the individual probes. Probes that are up- or down-regulated
compared to the common reference are indicated in red and green,
respectively. The intensity of the colors increases with increasing
expression differences, as shown in the bar at the bottom. The pollen
and embryo up-regulated clusters are indicated with arrows. Only
probes for which an expression ratio for both culture samples could be
calculated were included in the analysis (1,059 probes). 0d, Starting
microspore culture; 5p, 5-d pollen culture; 2e, 2-d conventional MDE
culture; 5e, 5-d conventional MDE culture; 10e, 10-d conventional
MDE culture; 8se, 8-d suspensor-bearing MDE culture; 10se, 10-d
suspensor-bearing MDE culture. LF, Mature leaves; FB, flower buds
(3–4 mm).
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We analyzed the temporal and spatial expression
pattern of BNM2 in independent MDE cultures, as well
as a range of seed and nonseed samples. RNA gel-blot
analysis of BNM2 expression confirmed our microarray
and RT-PCR data (Fig. 6) and further showed that
BNM2 is temporally regulated in a similar manner
during MDE and seed development, with expression
peaking around the midcotyledon stage of embryo
development (Fig. 6, A and B). Messenger RNA in situ
hybridizations on rapeseed MDEs and seeds showed
that spatial expression of BNM2 is also conserved in
MDEs and zygotic embryos; BNM2 is initially ex-
pressed throughout the preglobular embryo and be-
comes confined to the epidermal and ground tissues as
the embryo differentiates (Fig. 6, D, E, and G). BNM2 is
not an embryo-specific gene because it is expressed in
flower buds (Fig. 6C) and in the integument and endo-
sperm of developing seeds (Fig. 6, F and G).

Probes encoding proteins involved in transcriptional
regulation and signaling were also identified as robust
markers for the transition to haploid embryo develop-
ment (Supplemental Table S3; Fig. 5). Among the tran-
scriptional regulators is the MADS-box transcription
factor AGL53, which is also expressed in somatic em-
bryo cultures (Lehti-Shiu et al., 2005). Two probes
encoding a PHYTOSULFOKINE protein and an arabi-
nogalactan protein, AGP15, are noteworthy due to the
role of such proteins in promoting cell proliferation and
in vitro embryogenesis (Yang et al., 2000; Matthys-
Rochon, 2005; Letarte et al., 2006).

We identified a number of glutathione S-transferases
(GSTs) that are up-regulated in embryos as compared to
pollen and freshly isolated microspores (Supplemental
Table S3; Fig. 5). GSTs have been identified as embryo
markers in barley (Hordeum vulgare) MDE cultures
(Vrinten et al., 1999; Maraschin et al., 2006), as well as
in soybean (Glycine max; Thibaud Nissen et al., 2003)
and chicory (Cichorium intybus) somatic embryo cul-
tures (Galland et al., 2001). The three unique GSTs
identified here belong to the plant-specific tau class of
GSTs (Wagner et al., 2002).

We also identified 23 lipid transfer proteins (LTPs)/
LTP-like proteins corresponding to six different groups
among the robust MDE markers (Supplemental Table
S3; Fig. 5). LTP/LTP-like proteins are small, basic,
abundant proteins with an eight-Cys residue region
that is also found in a larger group of structurally
related proteins (Jose-Estanyol et al., 2004). LTPs are
versatile markers for embryogenic cell formation be-
cause they have been identified in both somatic embryo
and MDE cultures (Sterk et al., 1991; Vrinten et al.,
1999).

Comparison of Suspensor-Bearing and Conventional
MDE Gene Expression Profiles

The structural pattern of conventional and suspen-
sor-bearing embryos differs significantly. To determine
whether these differences are reflected at the gene
expression level, we identified genes among the set of

Figure 5. Robust markers for MDE de-
velopment. The number listed beside
each marker corresponds to the as-
signed probe number. The expression
profile of a representative probe is pre-
sented when a marker is represented
by multiple probes (number of multiple
probes indicated in parentheses). The
expression ratio (log2 scale) of each
probe or probe set relative to the com-
mon reference is indicated. Color cod-
ing of the expression ratios is as in
Supplemental Figure S4. S, Probes that
are expressed at significantly higher
levels in preglobular suspensor-bearing
MDEs as compared to preglobular con-
ventional MDEs. 0d, Starting micro-
spore culture; 5p, 5-d pollen culture;
2e, 2-d conventional MDE culture; 5e,
5-d conventional MDE culture; 10e,
10-d conventional MDE culture; 8se,
8-d suspensor-bearing MDE culture;
10se, 10-d suspensor-bearing MDE
culture; LF, mature leaves; FB, flower
buds (3–4 mm).
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embryo up-regulated probes that are differentially
expressed between preglobular-stage suspensor-bear-
ing and conventional embryos (5 d and 8se samples).
Using the calculated F values and LSD values as crite-
ria, 43 of the 220 embryo up-regulated probes were
found to be differentially expressed between the two
types of embryos (Supplemental Table S3; Fig. 5). The
majority of the differentially expressed probes were
also identified as robust markers for MDE develop-
ment. Only two of these probes, encoding a Leu-rich
protein kinase and an AAA-like ATPase, are expressed
at a higher level in conventional embryos (Supple-
mental Table S3). Many of the genes identified have
tissue-specific expression patterns in other organisms.
For example, LTP proteins are generally expressed in
the L1 layer of the plant, whereas the Arabidopsis
CYTOCHROME P450 CYP78A5 is expressed on the
flanks of the embryonic meristem (Zondlo and Irish,
1999). The differential expression of these genes may
therefore mark the underlying differences in histodif-
ferentiation between suspensor- and non-suspensor-
bearing embryos of the same developmental age.

Proteome Analysis

We used the same developmental time points stud-
ied in the microarray analysis to compile proteome
maps of rapeseed MDE cultures. A larger amount of
starting material was needed for proteome analysis
using 2-D gel electrophoresis as compared to micro-
array analysis; therefore, biological replicates were
made for each of the developmental time points by
pooling samples derived from multiple independent
cultures. The composition of these cultures, in terms of
the percentage embryo development as measured at
the end of the culture period, is shown in Table II.
Protein extracts from each of these cultures were run on
2-D gels and analyzed with PDQuest software. Table II
shows the number of spots detected per gel, which
varies between, on average, 528 spots in the 0-d starting
culture gels to 1,160 spots in the 10-d suspensor embryo

Figure 6. BNM2 BURP domain expression analysis. A, RNA gel-blot
analysis of BNM2 gene expression in rapeseed pollen and MDE
cultures. Total RNA was isolated from microspores at the start of
culture (0); from embryo cultures after 4 d in culture at 32�C (E); from
nonembryogenic heat-stressed microspore cultures (NE) obtained by
culturing microspores for 1 d at 25�C, followed by 3 d at 32�C; from
pollen cultures after 4 d at 25�C (P); and from purified MDEs at the

globular (G), heart (H), torpedo (T), 21-d cotyledon (C1), 28-d cotyle-
don (C2), and 28-d cotyledon stage (C3). B, RNA gel-blot analysis of
BNM2 transcripts in developing seeds. RNA samples were isolated
from whole seeds collected at specific days after pollination (DAP).
These developmental time points correspond approximately to the
globular (7 DAP), heart/torpedo (14 DAP), early cotyledon (21 DAP),
midcotyledon (28 DAP), and mid-to-late cotyledon (35 and 42 DAP)
stages of development. C, RNA gel-blot analysis of BNM2 transcripts in
nonseed tissues. RNA samples were isolated from mature leaves (L),
roots (R), and stem (S), flowers at anthesis (F), small flower buds (SB, ,3
mm), large flower buds (LB, 5–7 mm), and anthers (A) and pistils (P) and
from flowers at anthesis. For A, B, and C, 10 mg of total RNA was loaded
per sample. Ethidium bromide staining of RNA was used to compare
sample loading. D to G, mRNA in situ hybridization analysis of BNM2
expression in MDEs (D and E) and seeds (F and G). The probe used for
RNA gel-blot analysis and mRNA in situ hybridization detects at least
two duplicated copies of the BNM2 gene in the amphidiploid rapeseed
genome.
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culture gels. The same amount of protein was loaded
for each sample; thus, the large increase in the number
of detected protein spots in the embryogenic cultures
after day 5 might reflect the increase in complexity of
the developing embryos.

PCA

PCA was used to identify and give biological mean-
ing to the protein expression profiles that are charac-
teristic for the pollen and MDE cultures. A plot of the
pollen and MDE culture samples and the correspond-
ing distribution of protein spots (inset) are shown in
Figure 2B. The first two principal components explain
38% of the observed variability in protein expression
between the different culture samples, with PC1
explaining 22% and PC2 16% of the variability. As
observed for the microarray data, PC1 appears to
describe a transition in the culture material from
a pollen-dominated to an embryo-dominated state,
whereas the 0-d culture is assigned a unique position
PC2. Distribution of the pollen and embryo culture
samples along PC1 is more gradual than was observed
for the mRNA expression profiles (Fig. 3B). Together,
these observations point to the greatly reduced con-
tribution of pollen-expressed proteins as compared to
pollen-expressed mRNAs to the sample identities.

Distribution of the expression profiles for the indi-
vidual protein spots is centered on the intersection of
the PC1 and PC2 axes, a position that reflects proteins
with low variance or low information among the dif-
ferent samples. Thus, although PCA uncovered the
most important structure in the 2-D gel data, the
amount of variance not explained by the first two
principal components is large (62%). A combination of
technical and biological factors may contribute to the
low variance of the protein expression data. For ex-
ample, the levels of lower abundance proteins may

change more than those of higher abundance proteins,
but will not be detected by 2-D gel electrophoresis.
Other factors contributing to the low variance of the
protein dataset might include the use of pooled samples.

Protein Sequence Identification

Our interest was to select a set of protein spots for
subsequent sequencing that were up-regulated in the
embryogenic cultures compared to the pollen cultures,
rather than to exhaustively sequence all differentially
expressed spots. Groups of spots were created with
statistically significant expression profiles using PDQuest
analysis tools (see ‘‘Materials and Methods’’). In total,
45 spots were selected whose intensity was signifi-
cantly increased in one or more of the embryogenic
cultures compared to pollen. These spots were pro-
cessed by in-gel tryptic digestion and the peptides
were separated by nano-liquid chromatography (LC)
and analyzed online by quadrupole time-of-flight
(Q-TOF)-tandem mass spectrometry (MS/MS). For 30
of the selected 45 spots, sequence hits (35) were obtained
corresponding to unique proteins (32) that show the
highest similarity to Brassica or Arabidopsis proteins
(Table III). For the remaining spots, either no hits were
found after querying the nonredundant (Nr) database
or their identification was not possible due to low-
quality MS/MS spectra. A representative 2-D gel image
showing the position of the 30 protein spots whose
sequence was identified with confidence is shown as
Supplemental Figure S3. For most of the identified
spots, the molecular mass and pI values as determined
from the 2-D gel correspond with the theoretical values
as obtained from the corresponding protein hits in the
database (Table III). The relative expression profiles of
the identified protein spots in the pollen and MDE
culture samples are shown in Figure 7.

Sequenced proteins were selected based on their
preferential expression in MDE cultures as compared
to pollen cultures. Although many of the correspond-
ing protein spots are still detected in pollen cultures,
their expression is up to 20 times higher in the earliest
embryo culture samples analyzed (2-d sample) as com-
pared to pollen cultures, and their expression generally
increases during subsequent stages of development.
Most of the proteins that we identified are expressed
during multiple stages of embryo development, as
was observed for the embryo up-regulated probes
identified in the transcriptome analysis; however, two
of the identified protein spots show stage-enhanced
expression (Fig. 7). Protein spot 29 corresponds to a tau
class GST that is preferentially expressed in 2-d con-
ventional embryo cultures. A second protein (spot 16)
encodes a dehydroascorbate reductase and is prefer-
entially expressed in suspensor-bearing MDE cultures.

The identified proteins are involved in a range of
processes; however, proteins active in carbohydrate
metabolism and redox processes are particularly abun-
dant among sequenced proteins. Three consecutive en-
zymes of the glycolytic pathway (glyceraldehyde-3-P

Table II. Composition of rapeseed MDE cultures used for
proteome analysis

The percentage of embryo formation relative to the number of
microspores at the start of culture was determined in subsamples of the
starting cultures grown continuously for 10 d at 32�C. The 10-d embryo
cultures (10e) were sieved as described in Table I to obtain pure
populations of embryos. The number of spots detected in each of the
2-D gels was determined by PDQuest software. 0d, Freshly isolated
microspores; 5p, 5-d pollen culture; 2e, 2-d conventional MDE culture;
5e, 5-d conventional MDE culture; 10e, 10-d conventional MDE cul-
ture; 8se, 8-d suspensor-bearing MDE culture; 10se, 10-d suspensor-
bearing MDE culture.

Stage
% Embryo

(Pool 1/Pool 2)

% Embryo

(Average)

No. Spots

(Gel 1/Gel 2)
Average

0d – – 576/479 528
5p – – 1,239/883 1,061
2e 7/4 5.5 722/673 698
5e 5/5 5 639/538 589
10e 2/4 3 1,007/908 958
8se 2/5 3.5 884/1,053 969
10se 2/6 4 1,046/1,273 1,160
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dehydrogenase, 3-phosphoglycerate kinase, and phos-
phoglycerate mutase) were up-regulated at various
stages of embryo development (Fig. 7).

Genes and proteins involved in protecting cells
against oxidative stress caused by reactive oxygen
species (ROS) are well represented in both the pollen
and embryo transcriptome; however, proteome data
suggest a specific role for ascorbate metabolism during
early embryo development. Ascorbate peroxidase, as
well as ascorbate-recycling enzymes, dehydroascor-
bate reductase, and monodehydroascorbate reductase,

are expressed (Fig. 7). The presence of these three en-
zymes suggests that high levels of ascorbate are re-
quired during the early stages of embryo development.

Identification of Candidate Transcript-Protein Pairs

Performing expression analysis at both the mRNA
and protein level can provide insight into the relation-
ship between the timing of gene expression and pro-
tein function during development. Here, we examined
the relationship between the temporal expression

Table III. Differentially expressed proteins identified in rapeseed MDE cultures

Each entry contains a number that corresponds to the protein spots indicated in Figure 4. Matched Peptides gives the number of peptide sequences
identified by LC-MS/MS that showed homology to the best-matching gene product. The molecular mass and isoelectric point (IEP) as estimated from
the 2-D gel are given, and in parentheses the deduced molecular mass and IEP of the best-matching gene product. The last column represents the
percentage of sequence coverage by the matched peptides to the most similar protein in the database. At, Arabidopsis; Bj, Brassica juncea; Bn,
rapeseed; Bo, Brassica oleracea; Br, Brassica rapa.

No.
Best-Matching Gene

Product (Organism)
ID Process

Matched

Peptides (n)

Molecular Mass

Hit (kD)

IEP

Hit (pI)

Coverage

(%)

1 Expressed protein (At) At5g48480 Unknown 3 20.1 (17.6) 4.60 (4.80) 16.8
2 Proliferating cellular

nuclear antigen (At)
At2g29570 DNA replication 5 35.7 (29.2) 4.49 (4.39) 36.7

Proliferating cellular
nuclear antigen (Bn)

gi15222379 DNA replication 5 35.7 (29.2) 4.49 (4.42) 36.7

3 14-3-3 protein (Bn) gi13447112 Signaling 5 33.5 (18.2) 4.64 (5.19) 20.8
4 Disulfide isomerase-like protein (At) At1g21750 Redox processes 14 61.3 (55.6) 4.66 (4.61) 25.9
5 CCAAT-box binding factor Hap5a

subunit (At)
At1g08970 Transcription 4 31.2 (25.6) 5.02 (4.91) 16.4

6 Rubisco subunit binding protein (Bn) gi464727 Protein modification/processing 8 62.7 (61.6) 4.81 (4.95) 18.7
7 P-ribosylformylglycinamidine

synthase (At)
At1g74260 Secondary metabolism 2 126.1 (151.7) 4.97 (4.99) 2.1

8 Thiazole biosynthetic enzyme
precursor (At)

At5g54770 Secondary metabolism 3 34.6 (36.6) 5.06 (5.78) 9.7

9 Monodehydroascorbate reductase (At) At5g03630 Redox processes 2 49.3 (47.5) 5.11 (5.06) 6.7
10a 40S ribosomal protein (Bn) gi15214300 Protein synthesis 3 42.3 (32.0) 5.12 (4.94) 13.7
10b Gln synthetase (Bn) gi1084350 Amino acid metabolism 3 42.3 (39.1) 5.12 (5.13) 9.5
11 H1-transporting two-sector ATPase (At) At3g28710 Electron transport 3 42.4 (40.7) 5.16 (4.81) 12.8
12 HSP90 heat shock protein (At) At2g04030 Protein modification/processing 2 97.7 (88.6) 5.17 (4.74) 3.5
13 GST (At) gi15218518 Redox processes 2 26.5 (18.8) 5.39 (5.64) 13.5
14 Chloroplast Cpn21 protein (At) At5g20720 Protein modification/processing 5 28.7 (26.8) 5.46 (9.35) 21.3
15 Lactoylglutathione

lyase/glyoxylase I (Bo)
gi2494843 Redox processes 11 34.2 (31.6) 5.31 (4.97) 24.8

16 Dehydroascorbate reductase (Bj) gi22653413 Redox processes 3 30.7 (28.5) 5.47 (8.40) 11.7
Dehydroascorbate reductase (Bj) gi22653415 Redox processes 3 30.7 (24.3) 5.47 (5.19) 13.8

17 Phoshoglycerate kinase (At) At1g56190 Carbohydrate metabolism 7 44.2 (49.9) 5.32 (6.23) 22.4
18 Peroxiredoxin (Br) gi4928472 Redox processes 6 21.5 (17.4) 5.48 (5.23) 41.3
19 Expressed protein (At) At5g02240 Unknown 10 33.9 (27.1) 5.57 (6.20) 19.3
20 Phosphoglycerate kinase (At) At1g79550 Carbohydrate metabolism 10 42.5 (42.1) 5.48 (5.33) 23.2
21 Chaperonin (At) At3g13860 Protein modification/processing 13 60.5 (60.4) 5.54 (5.74) 13.8
22 Chaperonin; T-complex protein (At) At3g03960 Protein modification/processing 2 60.8 (58.9) 5.63 (5.07) 2.7
23 Dehydroascorbate reductase (Br) gi33285914 Redox processes 4 29.6 (12.0) 5.86 (6.16) 33.3
24 Expressed protein (At) At5g02240 Unknown 6 32.9 (27.1) 5.87 (6.20) 6.3
25 L-Ascorbate peroxidase (Bn) gi1890354 Redox processes 13 30.9 (27.7) 5.96 (5.83) 42.4
26 Glutamate decarboxylase (At) At2g02010 Signaling 4 57.3 (55.9) 6.09 (6.26) 6.4
27a Lectin (At) At3g16400 Carbohydrate binding 2 65.5 (51.6) 5.81 (5.18) 5.6
27b 2,3-Biphosphoglycerate-independent

phosphoglycerate mutase (At)
At3g08590 Carbohydrate metabolism 3 65.5 (60.7) 5.81 (5.43) 6.3

28 GST (GST6; At) At2g47730 Redox processes 3 28.3 (19.7) 6.30 (5.22) 26.0
29 GST (Bj) gi2204102 Redox processes 2 34.1 (15.4) 6.40 (5.17) 15.1

GST (At) At1g78340 Redox processes 2 34.1 (25.2) 6.40 (4.99) 5.5
30 Glyceraldehyde-3-P dehydrogenase (At) At1g13440 Carbohydrate metabolism 10 41.5 (36.9) 6.56 (6.79) 27.2
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patterns of matched probes on the microarray and
sequenced protein spots to identify coregulated tran-
script-protein pairs that can be used as robust markers
and candidates for functional analysis. Matching the
probe and protein sequences had to be performed
indirectly because many of the probes on the array
correspond to partial cDNA fragments, especially
those obtained using SSH, making them difficult to
align with the peptides derived from protein sequenc-
ing. Matched transcript-protein pairs were therefore
identified by using BLASTX to compare all of the cDNA
probe sequences on the microarray with the best hit
obtained for each of the protein spots. The Pearson
correlation of the transcript and protein expression
profiles was then calculated for each of the resulting
links (Supplemental Table S5). The resulting network
is represented by the graph in Figure 8 in which cDNA
probes (squares) and protein spots (circles) form the
nodes, whereas the sequence similarity and the corre-
lation between the mRNA and protein expression
profiles across the different culture samples are en-
coded by, respectively, the thickness and the color of
the connecting lines. Of the 32 proteins identified, 11
proteins did not show sequence similarity to any of
the translated cDNA probes. The remaining 21 pro-
teins showed sequence similarity to one or more of the
translated cDNA probes. The sequence similarity be-
tween 14 of these 21 proteins and their corresponding
translated cDNA probes was very high. Differences in
the strength and direction of the correlation between
the expression profiles of the matched protein-cDNA
probes were observed. The expression profiles of the
majority of the matched protein-transcript pairs showed
either no correlation or only weak correlation. A strong
negative expression correlation, which corresponds to
an opposite expression pattern at the mRNA and pro-
tein level, was observed for cDNAs matched to pro-

teins 3, 18, and 27b. The corresponding cDNA probes
are all pollen expressed (Supplemental Tables S2 and
S3). Of particular interest for this study are the expres-
sion patterns of four of the highly similar transcript-
protein pairs that show a strong positive expression
correlation, namely, those of a glyoxylase (spot 15,
probes 157, 840, 1,365), a CCAAT-box binding factor
(CBF) HAP5a subunit (spot 5, probes 19 and 1,877), a
14-3-3 protein (spot 3, probe 164), and a phosphoglyc-
erate kinase (spot 20, probe 907). All of these matched
DNA probes, with the exception of the two probes
encoding the CBF HAP5a subunit, are among the list
of embryo up-regulated probes identified in the micro-
array analysis (Supplemental Table S3). The CBF HAP5
subunit probes were not identified among the embryo
up-regulated probes due to missing data points; how-
ever, independent validation by quantitative RT-PCR
confirms that the corresponding gene is expressed in
embryogenic cultures (Supplemental Fig. S1).

DISCUSSION

The small size and inaccessibility of the developing
zygotic embryo make it technically challenging to
perform large-scale, stage-specific analyses of the tran-
scripts and proteins associated with few-celled em-
bryos. Laser capture microdissection has been used for
transcript profiling of specific cell types, but this tech-
nique has only been applied starting from the globular
stage of embryo development (Casson et al., 2005).
Currently, most of our knowledge about the genes and
developmental programs that operate during the very
early stages of embryo development comes from mu-
tagenesis screens aimed at identifying gametophytic
and embryo-defective mutants in model species. How-
ever, loss-of-function mutations in many genes have
little or no phenotypic effect due to compensation of

Figure 7. Heat map of the relative
signal intensities of proteins expressed
in rapeseed pollen and MDE cultures.
Signal intensities for each protein spot
were normalized to the highest signal
intensity for that protein spot (100%) in
the culture series. Values shown are
relative (i.e. they do not reflect the ab-
solute expression levels of the proteins
in the samples). The heat map was
created in GeneMaths, version 2.01
(Applied Maths). The color-code bar is
shown on the right. Sample legend as
in Figure 3.
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gene function by related family members, and genes for
transcription factors and other signaling components
appear to be underrepresented among embryo-defective
mutants (Tzafrir et al., 2004). Here, we have taken an
alternative approach, namely, transcriptome and pro-
teome analysis of B. napus MDE cultures, to identify
approximately 220 genes and 32 proteins that are ex-
pressed between the two- to four-cell and globular/
heart stages of embryo development.

Pathways Associated with Microspore Embryogenesis

Analysis of the proteome and transcriptome data-
sets identified a number of metabolic processes asso-

ciated with the establishment of embryo development
in MDE cultures that can be used to differentiate be-
tween cells undergoing pollen or embryo develop-
ment in the same culture. The shift from microspore to
pollen development is accompanied by a sharp de-
crease in expression of probes coding for components
of the protein synthesis machinery, whereas the ma-
jority of probes coding for the same class of proteins
are not differentially expressed between microspores
and the earliest stages of haploid embryo develop-
ment. A number of studies have shown a decrease in
mRNAs involved in protein synthesis in mature pollen
grains relative to sporophytic tissues (Honys and Twell,
2003; Pina et al., 2005). In in vitro pollen cultures,

Figure 8. Integration of sequence and expression data obtained from transcriptome and proteome analyses of rapeseed pollen
and MDE development. In the network, the nodes represent the cDNA probes (circles) and protein spots (squares), whereas the
line connecting the nodes represents the sequence similarity between the protein and cDNA sequences. The sequence similarity
is indicated by the thickness of the lines (see inset). The similarity in expression profiles is represented by the color of the
connecting lines (see inset). The assigned probe and protein numbers are shown inside the nodes. The cytoscape output is shown
in Supplemental Table S5.
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protein synthesis activity shows a more or less steady
increase from 0 to 5 d of culture at 18�C, but then drops
dramatically thereafter (Cordewener et al., 2000). A
decrease in protein synthesis activity was observed at
2 d in MDE cultures incubated at 32�C (Cordewener
et al., 2000). This drop in protein synthesis capacity may
reflect the accelerated pollen development that takes
place at 32�C.

Both the MDE transcriptome and proteome datasets
are enriched for mRNAs/proteins involved in glycol-
ysis, a process that uses Glc or other monosaccharides
to generate ATP or metabolites for the biosynthesis of
storage products (Plaxton, 1996). The large burst of
storage product accumulation in rapeseed zygotic
embryos and MDEs occurs at the cotyledon stage of
development (Taylor et al., 1990), which is much later
than the embryo stages analyzed here. This suggests
that the glycolysis genes/proteins expressed during
very early MDEs are activated to supply the energy
needed for the rapid growth that occurs during this
phase of embryo development, rather than for storage
product biosynthesis.

The MDE proteome dataset also suggests an im-
portant role for ascorbate metabolism during early
embryo development. Ascorbate peroxidase is a H2O2-
scavenging enzyme that utilizes ascorbate to reduce
H2O2 to water with the generation of monodehydroas-
corbate (Asada, 1992). Dehydroascorbate reductase
and monodehydroascorbate reductase are ascorbate-
recycling enzymes. Dehydroascorbate reductase con-
verts dehydroascorbate to reduced ascorbate, whereas
monodehydroascorbate reductase reduces monodehy-
droascorbate back to ascorbate. Recycling of dehy-
droascorbate and monodehydroascorbate to ascorbate
is a rapid way to increase the ascorbate pool as de novo
ascorbate biosynthesis requires activation and coordi-
nation of several enzymes (Noctor and Foyer, 1998).
There are a number of possible roles for ascorbate
during early MDE development. One function for
ascorbate is as a scavenger to protect cellular compart-
ments against ROS generated during aerobic metabo-
lism and oxidative stress. Heat stress, such as is used
to induce MDE development, has also been shown to
generate oxidative burst and ROS production (Mittler
et al., 2004). ROS are also known to play a role in many
signaling processes, including response to pathogens,
hormonal responses, cell division and growth, and
metabolism (Gapper and Dolan, 2006). High ascorbate
levels also promote cell division in different plant cell
culture systems (Joy et al., 1988; De Pinto et al., 1999).
Exogenous application of ascorbate to white spruce
(Picea glauca) somatic embryos improves shoot forma-
tion and germination by promoting the division of
meristematic cells (Stasolla et al., 2006). The ascorbate
metabolism enzymes identified here are also expressed
in suspensor-bearing embryos that only undergo a 1-d
heat-stress treatment followed by 7- to 8-d culture at a
lower temperature, suggesting that they have a devel-
opmental rather than a heat-stress-associated role dur-
ing MDE development.

Robust Markers for Microspore Embryogenesis

One of the goals of this study, in addition to iden-
tifying a collection of early embryo-expressed genes,
was to identify gene expression profiles associated
with the initial transition from microspore to embryo
development. Genes that are transiently expressed in
embryogenic cells shortly after the heat-stress treat-
ment could play an active role in the induction of
embryogenesis, for example, in promoting stress tol-
erance or in the initial reprogramming of microspores
to a new developmental state. Genes that are tran-
scribed shortly after the initial heat-stress application
but that are also transcribed at other stages of embryo
development may play a role in the establishment of
embryo identity, as was shown for the rapeseed BABY
BOOM gene (Boutilier et al., 2002), or may simply
reflect the embryo gene expression programs that are
activated downstream of these key signaling path-
ways.

Identification of probes expressed as early as 2 d
after the induction of conventional MDE cultures
proved to be difficult due to the large contribution of
pollen transcripts to the total mRNA pool at this time
point. These pollen gene expression profiles could be
correlated with the proportion of viable pollen grains
in the cultures; however, we cannot rule out the pos-
sibility that pollen and embryo genes are coexpressed
in the same embryogenic structures. The influence of
the pollen genome at the proteome level was greatly
reduced compared to the transcriptome, allowing us
to identify a number of embryo up-regulated proteins
in conventional 2-d embryo cultures. The reduced
effect of the pollen proteome on the embryo culture
identities as compared to the transcriptome may be
due, in part, to an inverse correlation between the
abundance of late pollen transcripts and their corre-
sponding proteins (i.e. for some proteins, a large
number of mRNAs may be present, but their corre-
sponding proteins are less abundant in mature pollen
[Holmes-Davis et al., 2005]).

One protein encoding a GST (spot 29) was identified
as being transiently expressed in 2-d embryo cultures
and is a good candidate for further analysis. GSTs are a
family of enzymes that catalyze the conjugation of
glutathione to lipophilic compounds. They are ex-
pressed at all stages of development and are involved
in a range of processes, including detoxification of
xenobiotics and protection against oxidative damage,
and may also function as reversible ligands during
hormone signaling (for review, see Dixon et al., 2002).
GSTs have been identified as markers for the transition
to embryo development in other in vitro embryo cul-
ture systems (Vrinten et al., 1999; Galland et al., 2001;
Thibaud-Nissen et al., 2003; Maraschin et al., 2006). The
GST gene isolated from induced barley microspore
cultures was also shown to be up-regulated by stress
treatments that do not lead to embryo formation,
suggesting that it plays a general role in stress protec-
tion (Maraschin et al., 2006). It is not known whether the
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GSTs identified in this and other embryo marker
screens protect against stress conditions during cell
culture or whether they play a role in normal embryo
development.

In contrast to the two- to four-celled conventional
embryo cultures, we were able to identify a large
number of probes that are up-regulated at the same
stage of embryo development using the equivalent
suspensor-bearing embryo cultures, most likely due to
the absence of viable pollen grains in these cultures.
The collection of probes expressed in two- to four-
celled suspensor embryo cultures represents some of
the earliest embryo-expressed genes identified in plants
to date. Only a few of these probes encode functionally
annotated proteins, making it difficult to identify
underlying processes associated with the commitment
to haploid embryo development. However, the ro-
bustness and utility of a number of the markers iden-
tified in this study are illustrated by their earlier
identification as markers for embryogenic cells in
tissue culture. The BURP domain protein BNM2 was
independently identified here and in two subtractive
screens of 4-d heat-stressed microspore embryo cul-
tures (Boutilier et al., 2002; Tsuwamoto et al., 2006).
BURP domain proteins are named for their founding
members, BNM2, USP, RD22, and the POLYGALAC-
TURONASE1 b-subunit (Hattori et al., 1998). They are
secreted proteins that are characterized by their abun-
dant expression, their modular structure, and their
conserved C-terminal BURP domain (Hattori et al.,
1998). BURP domain genes are expressed under a
wide range of developmental and environmental con-
ditions, which is reflected in the diverse processes in
which they appear to participate, such as development
(Batchelor et al., 2002; Wang et al., 2003) and stress
(Yamaguchi-Shinozaki and Shinozaki, 1993; Yu et al.,
2004). One BURP domain protein, the fava bean (Vicia
faba) UNKNOWN SEED STORAGE PROTEIN (USP),
is a marker for embryogenic cell types in wild tobacco
(Nicotiana plumbaginifolia) cell cultures (Chesnokov
et al., 2002). The BNM2 BURP domain gene identified
in this study, in addition to being a marker for the
earliest stages of MDE development, is also expressed
in developing seeds and flower buds. As such, BNM2
is likely to be involved in developmental, rather
than stress-related, processes associated with MDE
culture.

We identified 23 LTPs belonging to six different
classes as robust markers for the commitment to MDE
development. LTPs have been previously identified as
markers for embryogenic cells both in carrot (Daucus
carota) somatic embryo cultures (Sterk et al., 1991;
Toonen et al., 1997), as well as barley and rapeseed
MDE cultures (Vrinten et al., 1999; Tsuwamoto et al.,
2006). LTPs have been shown in vitro to exchange
polar lipids between membranes; however, their spe-
cific functions are still a matter of speculation. Differ-
ent roles have been attributed to LTPs and LTP-like
proteins, including defense (Maldonado et al., 2002),
cell wall extension (Nieuwland et al., 2005), programmed

cell death (Eklund and Edqvist, 2003), and cutin syn-
thesis (Sterk et al., 1991). During embryo development,
LTPs have been shown to be expressed throughout the
few-celled embryo, becoming localized to the proto-
derm upon formation (Sterk et al., 1991; Sabala et al.,
2000). The Norway spruce (Picea abies) Pa18 LTP gene
is expressed in both embryogenic and nonembryo-
genic cell clusters; however, in nonembryogenic clus-
ters it fails to localize to the protoderm (Sabala et al.,
2000). Likewise, failure to localize LTP expression to
the embryo protoderm due to over and underexpres-
sion of the Pa18 gene leads to morphological altera-
tions in the protoderm layer and to reduced embryo
yields (Sabala et al., 2000; Hjortswang et al., 2002).

A New Zygotic Embryo-Like Culture System

The new suspensor-bearing microspore embryogen-
esis culture system is strikingly similar to the rapeseed
zygotic embryogenesis pathway in that a short sus-
pensor is formed prior to the establishment of the
embryo-proper cell, followed by development of the
embryo proper from the apical cell (Tykarska, 1976).
Such embryos subsequently follow the same ordered
pattern of cell division as rapeseed zygotic embryos.
The rapeseed suspensor-bearing MDE system is the
first in vitro embryo culture system that can efficiently
produce high frequencies of morphologically normal
embryos from single differentiated cells in culture. In
vitro cultures, either starting from excised zygotic
embryos (Liu et al., 1993) or fertilized ovules (Sauer
and Friml, 2004) have been used as an alternative
source of material for studies on early embryogenesis,
but have their limitations due to the high frequency of
embryo mortality when very young embryo stages are
cultured and to developmental abnormalities induced
by the isolation and/or culture procedures. This
unique system now provides a tractable model for
studying early embryogenesis under noninvasive con-
ditions.

Key functions have been attributed to suspensors
during seed development, such as the positioning of the
embryo in close proximity to sources of nutrition in
the embryo sac, absorption and transport of nutrients to
the embryo, and the synthesis of hormones to support
embryo growth (Raghavan, 2001). Our data suggest a
new role for the suspensor in guiding the initial struc-
tural development of the embryo. Friml et al. (2003)
reported that in Arabidopsis zygotic embryo polarity
was established from the two-celled stage of embryo-
genesis onward. This polarity was built up via an auxin
gradient in which auxin is transported by the PIN7
efflux carrier from the suspensor to the embryo proper.
The authors propose that this basal-to-apical auxin
gradient specifies the identity of the apical embryo
structures. Following this hypothesis, a similar auxin
gradient may be built up in the suspensor cell file of
MDEs and this auxin gradient could contribute to the
embryonic identity specification of the most distal cells
in the file.
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MATERIALS AND METHODS

Microspore Isolation and Culture

The procedures for microspore isolation and culture are provided as

Supplemental Materials and Methods S1. Two independent microspore iso-

lations, yielding 70- and 150-mL suspension, respectively, were performed for

the microarray analysis. The microspores from each isolation were divided

over three temperature treatments: (1) continuously at 18�C 6 1�C to allow

pollen maturation; (2) 24 h at 32�C 6 0.2�C followed by transfer to 25�C 6 1�C

for suspensor-bearing MDE development; and (3) continuously at 32�C 6

0.2�C for production of conventional MDE development. For microarray

analysis, each of the two starting cultures was divided into seven samples. For

each of the starting cultures, one sample was harvested immediately (0d), one

sample was cultured for 5 d to obtain mature pollen (5e), two samples were

cultured for 8 d (8se) and 10 d (10se) to obtain suspensor-bearing MDEs, and

three samples were cultured for 2 d (2e), 5 d (5e), and 10 d (10e) to obtain

conventional MDEs. The 10-d conventional embryo cultures were sieved (.50

and ,200 mm) so that the sample contained only embryos, whereas all other

samples were prepared directly from the crude culture suspensions. The

percentages of embryo-forming microspores and pollen were determined at

the points of harvest.

For the 2-D gel electrophoresis analyses, similar microspore cultures were

initiated and samples were harvested at the indicated time points from pooled

isolates. A small aliquot of each isolate was cultured continuously at 32�C 6

0.2�C to induce standard MDE development and used to determine the

embryogenicity of the culture by counting the number of embryos that had

developed after 10 d.

Microarray Preparation

The majority of the probe DNAs spotted on the array correspond to MDE

cDNAs isolated from six different cDNA libraries: 24U, a 24-h 32�C heat-

stressed MDE culture library in HybriZAP (Stratagene); 4U, a 4-d 32�C heat-

stressed MDE culture library; 4F, a forward-subtracted SSH (CLONTECH)

library made using 4-d 32�C heat-stressed MDE culture RNA as the tester and

0-d microspore and 4-d, 18�C pollen culture RNA as the driver; 4R, a reverse-

subtracted SSH library made using 0-d microspore and 4-d, 18�C pollen

culture RNA as the tester and 4-d, 32�C heat-stressed MDE RNA as the driver;

9U, a 9-d globular-stage MDE culture library from the SSH unsubtracted tester

control; and 9F, a forward-subtracted SSH library from the 9-d-old globular-

stage MDE RNA as the tester and leaf RNA as the driver. All clones were

single-pass sequenced and queried against The Arabidopsis Information

Resource (TAIR) AtH1seq and Brassica databases using BLASTN algorithms

(Altschul et al., 1990). The best BLAST hit derived from the Brassica database

was also used to requery the TAIR AtH1seq database. The last searches were

performed in April 2006. Each clone was assigned an identity based on the

best BLAST hits and used to group the proteins into functional categories

using the Arabidopsis (Arabidopsis thaliana) functional catalog FunCat (Mu-

nich Information Center for Protein Sequences [MIPS]; Ruepp et al., 2004),

Arabidopsis GO annotations (TAIR database), and literature searches.

A smaller number of probe DNAs comprised previously identified cDNA

clones isolated from MDE cultures (Custers et al., 2001) and maturing seeds

(Soeda et al., 2005), as well as gene-specific probes for Arabidopsis transcrip-

tion factors (http://www2.mpiz-koeln.mpg.de/;adis/tfarray/menu.php;

de Folter et al., 2004). The complete list and putative identities of arrayed

clones is available as Supplemental Table S2).

Information on microarray spotting, target amplification, labeling and

hybridization, and data acquisition are provided in Supplemental Materials

and Methods S1.

Microarray Data Analysis

Spot intensities were background corrected by subtracting the average

over the 12 background control spots containing nonhybridizing yeast (Sac-

charomyces cerevisiae) DNA, as described above. Normalization for dye effects

was performed using the intensities of the spiked Luciferase control spots

described above. All the data are presented as log2-transformed ratios. For

array 72-16, a pipetting error was made with the Luciferase spike control,

resulting in a shift of the median normalized log2 ratio from 0 to 21.4. This

shift was manually corrected.

ANOVA was used for analysis, per clone, of the background-corrected and

normalized log ratio values. In the ANOVA model, a nested structure was

used with the two cultures (biological replicates), arrays within cultures (the

swapped dye pair or technical replicates), and duplicated spots within each

array as the blocking factors (factors generating random variation), and the

different samples (each sample is a combination of a time point and a

biological tissue) as the single treatment factor. A weight factor was intro-

duced in the ANOVA so that, in the averaging over the two cultures, each

culture received equal weight despite the fact that two arrays were available

for the samples from culture 1 (the swapped dye pair) and only one array was

available for the samples from culture 2. For each clone, an F probability was

separately calculated to test for significant differences between any of the

samples. The F statistic is used to help identify whether the differences

between treatment means are due to background noise or the actual treatment.

If there are no differences between treatments, the F statistic will be less than

or near 1. A maximum of 42 log-ratio values (seven samples 3 three arrays 3

two replicate spots within arrays) was available per clone if there were no

missing values. LSD (a 5 0.05) for between-sample means were calculated per

probe using the SE at the level of biological replicates.

LSD values were used to identify differential gene expression patterns

among the probes that showed a significant expression pattern across the

treatments based on the F-statistic analysis (P 5 0.005, 577 probes). Two

samples are considered statistically different if they differ by as much or more

than the LSD. Pair-wise comparisons were made between the expression ratios

of the signal intensities for each probe in the different cultures to identify

probes that are differentially expressed. Probes that are differentially ex-

pressed will exhibit an absolute difference in expression ratios between the

samples that is greater or equal to the LSD.

The normalized mean log2 signal ratios for all the microarray probes

(excluding the controls) for each culture sample were used for PCA. Data were

centered by subtracting the average of every row/column from every signal

ratio. Composition of the analyzed samples in terms of the percentage of

gametophytic and embryogenic structures was incorporated into the tran-

scriptome plot using the position of the samples as weights.

Microarray Validation

Real-time RT-PCR experiments are described in Supplemental Materials

and Methods S1. The RT-PCR primer sequences and threshold cycle values are

available as Supplemental Table S4 and Supplemental Figure S2.

RNA gel-blot analysis and mRNA in situ hybridization was performed

using a full-length BNM2 cDNA as described by Boutilier et al. (2002).

Protein Sample Preparation and 2-D Gel Electrophoresis

Protein isolation and subsequent 2-D gel electrophoresis were performed

as described in Cordewener et al. (1994), with minor modifications as

described in Supplemental Materials and Methods S1. For each of the culture

extracts, 400 mg of protein were loaded on precast Immobiline DryStrip gels

(pH 4–7, 18 cm; Amersham Biosciences). By using the Isodalt system

(Amersham Biosciences), the second-dimension gels of all seven time points

could be run in parallel in one experiment. Following 2-D gel electrophoresis,

gels were stained with SYPRO Ruby (Bio-Rad) fluorescent stain.

2-D Gel Data Analysis

Digitized gel images were analyzed using PDQuest software, version 7.1.0

(Bio-Rad). In PDQuest, there are no default settings for spot detection so the

spot detection parameters (sensitivity, minimum peak, size scale, large spot

size, background removal, smoothing) were optimized for each group of

replicates. Selection of protein spots of interest for MS analysis was performed

by a combination of pairwise t-test analyses. From the combined set of the

differential protein spots, a subset was chosen on the basis of spot intensity

and quality of differential behavior.

PCA was performed after normalization as follows. Total spot volume per

gel was used to normalize spot intensities to compensate for the considerable

variation in the total volume of all matched spots per gel. For each gel, 0 values

(representing absent spots) were replaced with 0.03 percentiles. The log-

transformed data matrix was then used for PCA in GeneMaths.

Protein Identification by MS

Protein spots of interest were excised from the gel, dried, and subjected to

in-gel trypsin (sequence grade modified porcine trypsin; Promega) digestion

according to Shevchenko et al. (1996). Tryptic peptides were analyzed on a

Q-TOF-2 mass spectrometer (Waters Corporation) as described by America

et al. (2006). The MassLynx package, version 3.4, was used to process MS/MS
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data. First, the MaxEnt 3 module was used to deconvolute the data. MS/MS

spectra containing good-quality collision-induced dissociation products were

selected for further processing. The BioLynx de novo sequencing algorithm

PepSeq was used to interpret MS/MS spectra and to generate peptide se-

quences in an automated fashion. The interpretation of MS/MS spectra was

further scrutinized interactively using the PepSeq module. A list was compiled

of possible peptide sequences per MS/MS spectrum. A BLASTP search against

the National Center for Biotechnology Information (NCBI) Nr database was

performed in batch mode with the compiled list of possible peptide sequences

per protein sample. Output of the BLAST batch was sorted per hit in the

database and based on PepSeq score and BLAST e value using an in-house-

developed algorithm.

Integrated Transcript and Protein Analysis

All partial sequences from the cDNA fragments on the microarray were

queried against a full-length protein database (n 5 32) based on the protein

identities derived from the 30 sequenced differentially expressed protein

spots using the BLASTX program (at e value , 0.001 and a maximum of three

hits). The Pearson correlation of the probe and protein expression profiles was

determined using the mean log expression ratios (microarray) and the mean

log intensities (2-D gel analysis). The resulting network was visualized using

Cytoscape 1.1.1 (www.cytoscape.org).

Sequence data from this article can be found in Supplemental Table S2.

Supplemental Data

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

Supplemental Figure S1. Quantitative real-time RT-PCR validation of

pollen and embryo up-regulated genes.

Supplemental Figure S2. Comparison of the functional/process cate-

gories assigned to pollen and embryo up-regulated probes.

Supplemental Figure S3. Overview of protein spots chosen for sequencing.

Supplemental Table S1. Effect of temperature and bud size on suspensor

formation.

Supplemental Table S2. Source, sequence, and expression ratios of the

DNA probes spotted on the microarray.

Supplemental Table S3. Differentially expressed DNA probes.

Supplemental Table S4. Raw data for quantitative real-time RT-PCR

validation of pollen and embryo up-regulated genes.

Supplemental Table S5. Cytoscape output: sequence and expression

profile similarity between linked transcript-protein pairs.

Supplemental Materials and Methods S1. Protocols for microspore

culture, microarray analyses, RT-PCR, and protein analysis.
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