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THE CHALLENGE OF DISSECTING GENE
EXPRESSION IN MULTICELLULAR ORGANISMS

The complete genome sequences of two representa-
tive species of flowering plants, the monocot rice
(Oryza sativa) and the eudicot Arabidopsis (Arabidopsis
thaliana), provide us with a new opportunity to un-
derstand developmental and physiological events at
the genome level (Arabidopsis Genome Initiative, 2000;
Goff et al., 2002; Yu et al., 2002). Large numbers of genes
in each organism (approximately 28,000 in Arabidop-
sis; Yamada et al., 2003; .40,000 in rice; Bennetzen
et al., 2004) make the analysis of the regulation of
every individual gene a considerable challenge. How-
ever, technological advances in quantifying RNA
levels have made global gene analysis more feasible
and reproducible. For Arabidopsis and rice, commer-
cial oligonucleotide microarrays, which cover signifi-
cant portions of genes in each genome, are available, as
are custom-designed arrays (Zhu, 2003). For organ-
isms whose genomes are not sequenced, spotted
microarrays with expressed sequence tag (EST) clones
are broadly available. In addition to hybridization-
based measurements of gene expression, sequencing,
or PCR-based gene expression analyses are being
used. Available expression profiling technologies are
well summarized by Breyne and Zabeau (2001).
One of the biggest challenges in studying global

gene regulation in multicellular organisms is the het-
erogeneity of gene expression. Each organ is unique at
the level of its tissues, cells, and gene expression
profiles. In addition, there is growing evidence that
responses to environmental stimuli or developmental
signals occur differentially at the cell or tissue level.
Thus, to better understand gene regulatory circuits,
gene expression should be analyzed at a single cell or
tissue type. Because the quantity of RNA, protein, or
metabolites obtained from a single cell is very small,
the development of sophisticated technologies is nec-
essary. We need new techniques to efficiently isolate
molecules from single cells and the equipment to de-
tect and quantify small amounts of molecules.

SINGLE-CELL TRANSCRIPT PROFILING: BROADLY
APPLICABLE TECHNIQUES

Improvements in RNA amplification techniques
have made it possible to analyze small amounts of
mRNA from very little starting material using either
PCR amplification of primer-tagged cDNA (Hertzberg
et al., 2001) or linear amplification through in vitro
transcription on cDNA that is tagged with the pro-
moter for RNA polymerase. In the latter case, opti-
mized RNA amplification procedures have been
shown to maintain the relative amounts of each RNA
species (Van Gelder et al., 1990; Wang et al., 2000;
Baugh et al., 2001). This technique is used for gener-
ating labeled RNA probes for hybridization to micro-
arrays or for constructing cDNA libraries. Although
the length of RNA decreases with amplification, it is
sufficient for microarray hybridization or EST se-
quencing.

Another challenging problem of single-cell tran-
script profiling is the efficient and precise dissection
of target cells from plant tissue. The presence of cell
walls and large vacuoles of plant cells make the
dissection of single cells difficult. However, several
research groups have recently profiled gene expres-
sion at the single-cell level using various methods.
Their approaches are summarized below.

Micropipetting

Micropipetting has been used to directly extract the
contents of cells using microcapillaries or pipettes
(Karrer et al., 1995). This method has been used to
extract RNA from the epidermis, guard cells, and
mesophyll of intact leaves (Fig. 1A). For global tran-
scriptional profiling, extracts from 20 mesophyll and
50 epidermal cells were used for cDNA synthesis and
microarray probe generation (Brandt et al., 2002). A
total of 120 genes were differentially expressed in the
two cell types; 98 genes increased in the mesophyll
(enriched with genes involved in photosynthesis),
and 22 genes were more highly expressed in the
epidermis.

Laser-Capture Microdissection

Although micropipetting is a straightforward
method for extracting RNA from intact tissues, its
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application is limited in that internal cells are not
easily accessed with microcapillaries or pipettes, and
there is no good way to visually supervise the ex-
traction due to the limited depth of field of most
microscopes. To isolate RNA from cells residing in

anatomically complex tissues, a special dissecting tool
for visualizing the target cells is essential.

Laser-capture microdissection (LCM) has been
developed and used in gene expression profiling of
animal cells (Emmert-Buck et al., 1996; Luzzi et al.,

Figure 1. Schematic of isolation of single cell or tissue type for transcript profiling. A, Micropipetting. B, LCM. C, Protoplasting
and sorting.
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2003). Recently, it has also been applied to plant
cells. A block of fixed tissue that is either frozen or
embedded in paraffin is sectioned, and the region of
interest is dissected out by a laser and immediately
attached to adhesive film (Fig. 1B) or captured into
the RNA extraction buffer in a tube cap by electro-
static action. Asano et al. (2002) constructed a cDNA
library from 150 rice phloem cells using LCM and T7
polymerase RNA amplification. A paper by Kerk
et al. (2003) describes technical details of LCM
applied to a broad range of plant species and tissue
types. For instance, LCM-based dissections of epi-
dermal cells and vasculature from cryosections of
fixed coleoptiles in maize (Zea mays) have been
profiled on cDNA microarrays (Nakazono et al.,
2003). About 1.5% of approximately 8,800 genes
analyzed were found to be more than 2-fold en-
riched in epidermis versus vasculature and total
coleoptile; a similar percentage of genes were also
enriched in vasculature. Functional categories of
genes enriched in each tissue showed differences,
which partially reflect unique physiological roles of
each tissue such as protection by epidermis and
selective transport and support of plant body by
vascular tissue. In the epidermis, genes involved in
the shikimate pathway, secondary metabolism, and
defense were enriched, whereas, in vasculatures,
genes involved in transport, metal binding, lignin
biosynthesis, and proteolysis were found to be
enriched.
The LCM technique has at least two advantages: (1)

it minimizes the extensive manipulation of tissues that
could change the RNA profile, and (2) as tissues are
fixed in large scale simultaneously, effects of collection
time on experiments with important temporal compo-
nents, such as the circadian clock, are reduced. How-
ever, in most cases, LCM is very labor intensive during
the dissection step and is tricky for the isolation of
small cells or tissues with few cell layers. Nakazono
et al. (2003) collected more than 10,000 cells for RNA
isolation, which likely needed hundreds of dissec-
tions. In particular, meristem cells are challenging for
dissection as their size and number are small. Even
with tissue sections of approximately 6 mm in thick-
ness, the probability of contamination with neighbor-
ing cells could still be high.

Protoplasting and Sorting

For the quick and accurate isolation of RNA from
small meristematic cells, protoplasting and sorting
techniques have been developed and then used to
generate a global expression map for Arabidopsis
roots (Fig. 1C; Birnbaum et al., 2003). Cells from
transgenic lines expressing green fluorescent protein
(GFP) in specific tissues or regions were isolated by
protoplasting and sorting through a fluorescence-
activated cell sorter (FACS), and the labeled RNA
was hybridized to the Affymetrix ATH1 GeneChip
(Santa Clara, CA). With this technique, about 107 cells

were processed within 1.5 h. In addition to sorting
GFP-expressing cells, longitudinal zones of the root
were dissected into three stages, and RNA from each
stage was hybridized to the ATH1 arrays. By combin-
ing the radial and longitudinal expression values,
expression levels of approximately 22,000 genes in 15
root zones were generated. The expression profile of
each gene in 15 root regions was termed a ‘‘digital in
situ’’ and is available at the Arabidopsis Gene Expres-
sion database (AREX; http://www.arexdb.org).

Of the 10,492 genes that are detected in roots above
a conservative threshold, 5,717 (approximately 54%)
were differentially expressed in at least one subzone
and had at least a 4-fold difference in expression level.
This number is remarkably higher than in the other
analyses discussed above, even considering the differ-
ences in analysis methods and types of microarrays
used. Hierarchical clustering identified eight regions
in which sets of genes are differentially expressed, and
four regions (localized expression domains) had an
enrichment of hormone-signaling genes (i.e. auxin,
jasmonic acid, and gibberellic acid).

Although there were general concerns about the
effect of protoplasting on transcriptional profiles, the
number of genes whose expression changed was small
(R2 . 0.9 for three replicates of the whole root versus
the protoplasted root; Birnbaum et al., 2003).

By knowing the spatial expression patterns of most
of the genes in the Arabidopsis genome, it is now
possible to facilitate the positional cloning of root
mutants according to their digital in situ patterns.
Overlapping expression patterns of close homologs
may also allow for more informed reverse genetic
approaches to discover genes with potentially redun-
dant functions.

In addition to these applications, the digital in situ
can serve as a powerful tool to predict sets of tissue-
specific genes. In order to identify cell type-specific
transcription factors, we generated promoter::GFP
transgenic plants for candidate genes based on the
enrichment of transcripts in specific cells. In these
experiments, GFP expression patterns showed a re-
markable correlation to the digital in situ data, and we
could generate new cell type-specific GFP lines for
further transcriptional profiling (J.-Y. Lee, J. Colinas,
J.Y. Wang, and P.N. Benfey, unpublished data).

One of the daunting tasks in profiling root cells is the
characterization of transcripts in the quiescent center
(QC). In Arabidopsis, there are only four to seven QC
cells in the meristem. To understand the gene expres-
sion activity in root stem cells, transcripts of QC cells
expressing the AGL42::GFP reporter were profiled as
described above (Nawy et al., 2005). The first charac-
terization of plant stem cell expression profiles illumi-
nates how finely tuned the process of sorting and
transcriptional profiling can get.

Although protoplasting and sorting is a very time-
efficient and highly reproducible technique, it has only
been used so far in roots. How well green parts of the
plant may be sorted remains to be tested. Even though
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the generation of GFP-expressing lines is quite difficult
formany plant species, Arabidopsis is easy to transform,
and there are many publicly available collections of
GFP lines (i.e. http://www.plantsci.cam.ac.uk/Haseloff/
Home.html; http://enhancertraps.bio.upenn.edu).

SINGLE-CELL TRANSCRIPT PROFILING: CELL
TYPE-DEPENDENT TECHNIQUES

The technologies introduced above may be applied,
to a greater or lesser extent, to several species and
various cell types. However, transcriptional profiling
has been performed on single cells or tissue types that
are easier to isolate, such as pollen, guard cells, xylem,
and cambium.

Pollen Profiling

Mature pollen was physically separated from flow-
ers (Honys and Twell, 2003) or only hydrated pollen
was isolated by FACS (Becker et al., 2003), and the
labeled RNA was hybridized to the Affymetrix ap-
proximately 8,300-gene Arabidopsis Genome Array
(AGA). In both cases, the authors found that far fewer
genes had presence calls when compared to the genes
from other vegetative organs (21% versus 56%–64%;
13% versus 18%–32%, respectively). Many of the genes
were uniquely expressed in pollen, and their func-
tional categories were enriched for genes annotated as
being involved in cell wall synthesis, cytoskeleton, or
signal transduction. Hierarchical clustering analyses
of genes in six gene families, including receptor-like
kinases and glycoside hydrolases, found subsets of
genes in those families that are expressed only in
pollen and not in other vegetative organs, suggesting
the acquisition of their exclusive roles for pollen de-
velopment (Honys and Twell, 2003).

Guard Cell Profiling and Abscisic Acid Signaling

Guard cells and mesophyll cells were isolated from
mature leaves by protoplasting epidermal peels and
chopped leaves, respectively. Highly pure populations
of each cell type (99% purity for guard cells) were
obtained by multiple iterations of filtering and wash-
ing the protoplasts through nylon mesh (with a pore
size of 10 mm for guard cells and 30 mm for mesophyll
cells). Their gene expression profiles were analyzed on
the AGA microarray with and without treatment with
abscisic acid (ABA; Leonhardt et al., 2004). Genes were
identified that were differentially expressed in the two
cell types, as well as differentially regulated by ABA
in the two cell types. It is notable that the number of
overlapping genes that showed changes in gene ex-
pression under ABA treatment between cell type-
specific analysis and whole tissues was quite small.
This suggests that plant hormone regulation can vary
according to cell type, and the level of sensitivity
differs greatly between isolated cells and whole tis-
sues. As validation of their microarray results, the

authors also identified a mutant that encodes for
a protein phosphatase and is hypersensitive to ABA
treatment. Considering the large number of genes
in the protein phosphatase family (approximately 69
members) and the paucity of recessive phenotypes for
these genes, the information about gene regulation at
a single-cell level was indispensable in predicting the
components of this signaling pathway. With the iden-
tification of genes regulated by ABA in each cell type,
the authors could propose a working model of the
ABA signaling pathway, which can provide a basis for
future studies.

Xylem Cell Differentiation Profiling in Zinnia

Zinnia is an excellent system for studying xylem
differentiation in vitro. Mesophyll cells isolated from
leaves are placed in liquid culture and supplied with
auxin and cytokinin. Differentiated mesophyll cells
will undergo transdifferentiation into tracheary ele-
ments. Time-course expression profiling during trans-
differentiation was reported by two research groups
(Demura et al., 2002; Milioni et al., 2002). Despite the
differences in the profiling methods (cDNA micro-
array by Demura et al., 2002; cDNA AFLP by Milioni
et al., 2002), genes involved in auxin signaling and cell
wall synthesis, as well as homeodomain transcription
factors involved in xylem differentiation, were com-
monly found in both studies, demonstrating the se-
quential transcriptional regulation in the time course
of transdifferentiation.

Cambium Profiling in Aspen

Due to technical difficulties, the molecular mecha-
nisms of secondary growth have remained largely
uncharacterized. However, EST sequencing and tools
for global transcriptional profiling have recently shed
light on the processes that are characteristic of trees.
Schrader et al. (2004) reported high-resolution tran-
scriptional profiling of vascular cambium. A series of
approximately 20-mm-thin tangential sections around
cambium was made, and mRNA was purified from
each section for hybridization onto cDNAmicroarrays
with probes representing approximately 13,000 genes.
Cluster analysis revealed gene sets differentially ex-
pressed in three major regions: phloem mother cells,
cambial stem cells, and xylem mother cells. Compar-
isons of cambial stem cell expression profiles to those
of apical meristems showed that they shared genes
that have been shown to be important in meristem
maintenance, suggesting similar transcriptional path-
ways between primary and secondary meristems.

FUTURE APPLICATIONS OF HIGH-THROUGHPUT
RNA ISOLATION TECHNOLOGIES

The three technologies described above are summa-
rized in Table I. Each method has both advantages and
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disadvantages in terms of efficiency and applicability.
Results of experimental technology, however, have
added considerably to our understanding of gene
regulation at the cellular level, and they will certainly
become more widely used in the near future.
The importance of cell-level transcriptional profil-

ing cannot be overemphasized, as the study of ABA
responses in guard cells demonstrates (Leonhardt
et al., 2004). Previous studies of whole-plant transcrip-
tional profiles generated a very different picture from
the one observed with single cell-type profiles. For
instance, only 20% and 27% of genes induced by ABA
in the profiling of mesophyll and guard cells, respec-
tively, were also present in similar studies of whole
plants. This suggests that regulatory networks that are
inferred from whole-plant profiling may not be accu-
rately projected onto the individual cell type, and vice
versa. Thus, it would be more accurate to draw a big
picture of gene regulation in response to hormones or
other stimuli in the whole plant, based on an un-
derstanding of dynamic responses at the cellular level.
Root cell profiling has clearly demonstrated how

differently gene expression may be regulated in each
tissue and between developmental stages (Birnbaum
et al., 2003). A total of 54% of genes expressed in roots
are differentially expressed in root subzones, which is
much higher than the proportion that is differentially
expressed (37%) among seven organs in maize (Cho
et al., 2002). More recent transcriptional profiling with
more specific cell-type populations (i.e. protoxylem,
pericycle, lateral root initials, etc.) in our lab is reveal-
ing an even greater number of differentially expressed
genes. It is clear from these results that combining
highly refined gene expression maps and molecular
genetic approaches for physiological and develop-
mental pathways will greatly facilitate understanding
of root development and evolution in the coming years
(Birnbaum and Benfey, 2004).
The accumulation of genome-level data makes the

goal of building gene regulatory networks in plants
much more attainable (for stress responses, see the
review in Chen and Zhu, 2004). Currently, more than
1,500 Affymetrix chip data sets are deposited in

The Arabidopsis Information Resource (http://www.
arabidopsis.org), and the expression data for genes of
interest can be searched or the entire data set can be
downloaded for analysis. The programGenevestigator
(Zimmermann et al., 2004) is a Web-based search
engine for finding genes with specific expression
patterns under particular physiological conditions,
located in specific tissue types, and/or developmental
stages from these microarray data sets. The AREX
database (http://www.arexdb.org/index.jsp) also
provides similar query tools for searching differen-
tially expressed genes under user-defined criteria and
for digitally visualizing individual gene expression
profiles in the Arabidopsis root. These expression
search tools can aid in determining gene functions
and in designing experiments.

Combining the data sets from several cell and tissue
types under well-designed experimental conditions,
developmental and physiological pathways in the
whole organism at a systems level can be identified
(Pennisi, 2003; Levesque and Benfey, 2004). Obviously,
for multicellular organisms, generating genomic data
at the individual cell level for network building is an
enormous amount of work. However, the accumula-
tion of high-resolution and high-quality data is es-
sential to fully understanding network connectivity
(Kitano, 2002; Provart and McCourt, 2004). With
advances in more reproducible cell-level transcrip-
tional profiling, the highly complex map of plant
development will achieve unprecedented resolution
in the coming years.
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