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A global map of gene expression within an organ can identify genes with coordi-
nated expression in localized domains, thereby relating gene activity to cell fate and
tissue specialization. Here, we present localization of expression of more than
22,000 genes in the Arabidopsis root. Gene expression was mapped to 15 different
zones of the root that correspond to cell types and tissues at progressive devel-
opmental stages. Patterns of gene expression traverse traditional anatomical
boundaries and show cassettes of hormonal response. Chromosomal clustering
defined some coregulated genes. This expression map correlates groups of genes
to specific cell fates and should serve to guide reverse genetics.

In multicellular eukaryotes, development is a
process regulated by differential gene expression
whereby cells acquire specific fates. Thus, cell-
type specific gene expression profiles will help
reveal the determinants of cell fate. Expression
analysis of single cell types alone from complex
organs in both plants (1–3) and animals (4, 5) do
not allow one to infer the relative expression
levels among cell types. Gene expression pat-
terns will be more informative when all or most
cell types within an organ are analyzed.

We have developed a set of techniques
to generate high-resolution spatial and tem-
poral expression profiles throughout the
Arabidopsis root. The method measures
gene expression among cell types and tis-
sues and along a developmental gradient,
resulting in a digital readout with resolution
approaching that of in situ hybridization
(thus, we call the output a digital in situ).
We chose the root to test this protocol
because of its relatively simple radial orga-
nization and its mode of continuous devel-
opment from a set of stem cells (6). An
additional advantage of the root was the
availability of well-characterized trans-
genic lines expressing green fluorescent
protein (GFP) in specific cell populations.

For cell-type and tissue-specific expres-
sion, the roots of plants expressing GFP in
specific cell types were dissociated into sin-
gle cells by enzymatic digestion of their cell
walls (protoplasting) [for example, (7)]. The
GFP-expressing cells were isolated with the
use of a fluorescence-activated cell sorter,
and their mRNA was analyzed with the use of

microarrays. We used five separate GFP lines
[expressing in stele, endodermis, endodermis
plus cortex, epidermal atrichoblast cells, and
lateral root cap (fig. S1)] that together cap-
tured all but two cell types produced from the
primary meristem of the root (Fig. 1A). High-
throughput techniques allowed the harvest-
ing, protoplasting, and sorting of about 10
million cells in about 1.5 hours. Within this
time period, specialized cells do not appear to
undergo substantial changes in their tran-
scriptional identity (8) (see below).

To obtain gene expression data along a
temporal axis, we took advantage of the
fact that the developmental stages of root
cells are roughly correlated with distance
from the apical meristem. Roots were dis-
sected at stage-specific cellular landmarks
along this longitudinal axis (Fig. 1A), and
RNA from developmental stages was hy-
bridized separately to microarrays. All
samples were hybridized to the ATH1 Ge-
neChip (Affymetrix, Santa Clara, CA),
which contains probes for more than
22,000 Arabidopsis genes, covering about
90% of the genome. The three developmen-
tal stages analyzed corresponded to the
same region of the root that was efficiently
protoplasted. Thus, for each gene, expres-
sion signals from the three developmental
stages (hereafter stages) were used to ap-
portion expression of the cell type and tis-
sue profiles (hereafter zones) forming 15
separate subzones (five cell types by three
stages). For example, a gene with an expres-
sion signal of 200 in the stele that has 50% of
its stage-specific expression in stage 1 (pro-
meristem) would be given an expression sig-
nal of 100 for stele stage 1, and so on (Fig.
1A). The continuous growth of the root mer-
istem allowed us to collect different cell types
at essentially synchronized stages of devel-
opment, making the root an ideal model for
the digital reconstruction technique. Other
organs can be profiled along a developmental

gradient with the use of stage-specific GFP
marker lines or time series sampling for tissues
with synchronized, determinate growth.

To determine the extent to which the pro-
toplasting treatment altered gene expression,
we compared expression in protoplasted roots
with untreated roots. Roots were grown in the
high-throughput conditions described above
and split into two pools, one that was pro-
cessed immediately for RNA extraction and a
second that was treated with protoplasting
enzymes and collected in increments over 1
hour to simulate the conditions of sorted
cells. Labeled RNA from treated and untreat-
ed roots was then hybridized to microarrays,
and expression for each gene was compared
between the two treatments. Expression of
individual transcripts was highly correlated in
the two treatments in all three replicates (r �
0.90, r � 0.92, and r � 0.92), showing that
the rapid protoplasting treatment did not dra-
matically change global gene expression pro-
files. We did, however, identify several hun-
dred transcripts that were consistently induced
by protoplasting treatment (table S1). These
were removed from further analysis.

To determine whether the relative abun-
dance of individual RNA species as assayed
by our microarray analysis mirrored the
amounts found in the sorted cells, we used
real-time reverse transcription polymerase
chain reaction (RT-PCR) on RNA from the
sorted cells on four transcripts with putative
zone-specific expression. In each case, rela-
tive amounts of cell-type enrichment were
closely replicated by the quantitative RT-
PCR analysis (fig. S2).

We validated the digital in situ method
by comparing its results for individual tran-
scripts to previously documented expres-
sion patterns derived from promoter report-
er constructs or in situ hybridization (e.g.,
Fig. 1, B to D). Root expression patterns
generated by digital in situs matched doc-
umented expression patterns in 25 out of 26
cases (fig. S3). In an analysis of zone and
stage data separately, only one transcript
failed to match documented patterns. We
then used the documented expression pat-
terns as a training set to determine an ex-
pression level that represented a minimum
transcript presence signal above noise (set
at 75). At this threshold, the combined data
had 19 false positives and 4 false negatives
out of 390 measurements (15 subzones in
26 cases). To further test the method, we
confirmed digital in situ patterns of two
uncharacterized genes with in situ hybrid-
ization. Both matched the predicted digital
patterns (e.g., Fig. 1D). Thus, the overall
error rate was about 5.5%. Together the
validation experiments showed that the dig-
ital in situs recreated root expression pat-
terns at a high level of detail and accuracy
(the full data set is available in table S2).

1Department of Biology, 2Courant Institute of Math-
ematical Sciences, New York University, New York,
NY 10003, USA. 3Department of Biology, Duke Uni-
versity, Box 91000, Durham, NC 27708, USA. 4De-
partment of Plant Sciences, University of Arizona,
Tucson, AZ 85721, USA.

*To whom correspondence should be addressed. E-
mail: philip.benfey@duke.edu

R E P O R T S

12 DECEMBER 2003 VOL 302 SCIENCE www.sciencemag.org1956



We next analyzed differential regulation and
broad patterns of gene expression. We defined
“differential regulation” as those genes with a
maximum expression value four times higher
than their minimal expression value (which we
determined to be a highly conservative criteria
for distinguishing true induction from expres-
sion fluctuations due to noise on the basis of
genes with known root expression patterns).
Out of 10,492 genes detected in the root, 5717
transcripts (�54%) were differentially regulat-
ed across subzones. Thus, the majority of de-
tectable genes changed dramatically in expres-
sion across root subzones.

To identify dominant expression patterns,
we first coded the expression of all genes into
binary values, scoring expression signals ei-

ther above (1) or below (0) the previously
defined detection cutoff of 75. This discreti-
zation of the data focuses on expression fluc-
tuations at the level of detection. Although
over 1500 different patterns were observed,
10 patterns accounted for 20% of all genes
that were not either ubiquitious or entirely
below detection levels (n � 7480 binary reg-
ulated genes). Many other patterns deviated
by only one or two bits (out of 15) from the
10 major patterns, indicating that many genes
fell into a few patterns. To corroborate the
number of major patterns in the data, we
applied principal component analysis (PCA)
to the 5717 differentially expressed genes (9).
The analysis showed that eight eigenvalues
accounted for 85% of the variation in the

data, and each of the eight explained at least
4% of the variation (10). Thus, PCA, which
uses the full range of expression values, in-
dicated that about eight dominant patterns
summarized much of the way genes varied
among the 15 root zones. Moreover, many of
the trends identified by the eigenvectors in
PCA were similar to cell-type enrichment
patterns revealed by the binary analysis.

Because the expression profiles fit into 8
to 10 major patterns and we sought to sum-
marize expression patterns broadly, we used
K-means clustering to group all 5717 differ-
entially expressed genes into eight groups
(11). Many of the same specific patterns de-
tected in PCA and binary analysis emerged in
the K-means clustering, which partitions the

Fig. 1. Expression profiling cells and tissues at three developmental
stages and validation of the technique. (A) Radial zone expression
profiles were generated by protoplasting roots with cellulase and pec-
tolyase and sorting GFP marker lines. From inner stele to outer lateral
root cap (left), GFP marker lines used to isolate cell types and tissues
were, respectively, pWOODEN LEG::GFP (18, 19), pSCARECROW::GFP
(20), J0571 (21), pGLABRA2::GFP (22), and J3411 (21). Abbreviations are
endo, endodermis; endo�cortex, endodermis and cortex; epi, epidermal
atrichoblasts; and lrc, lateral root cap. For developmental stage profiles
(right), numbers indicate developmental stages profiled, which were
dissected with the use of the following landmarks as upper borders: stage
1, where the root tip reached its full diameter (about 0.15 mm from the
root tip); stage 2, where cells transition from being optically dense to a
more transparent appearance as they begin longitudinal expansion
(about 0.30 mm from the root tip); and stage 3, where root hairs were
fully elongated (about 0.45 to 2 mm from the root tip). All zone and
stage profiles were repeated in triplicate. In (B) through (D), results of
radial zone combined with developmental stage profiling (bar graph) are
compared with the following independently documented transcript ex-
pression assays: (B) pWEREWOLF::GFP (23), (C) pSUC2::GFP (24), and (D)
in situ hybridization of ACAULIS5. Scale bars are 60 �m.
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data into discrete expression groups and also
uses the full range of expression values. The
agreement of these different analyses sup-
ports the robustness of the major expression
patterns found (table S3).

To visualize the patterns, we mapped the
expression of all the differentially regulated
genes onto a grid representing the physical
root (Fig. 2). The grid was organized into 15
subgrids corresponding to the subzones of the
root, and each subgrid contained the expres-
sion signal of all 5717 genes, with their ex-
pression intensity depicted on a color scale.
Genes were laid down in the subgrids by
clusters with the same gene at the same co-
ordinates in each subgrid. Thus, groups of
genes with coordinated induction and repres-
sion are apparent as broad color bands that
represent spatial and temporal domains.
These clusters are not the only expression
patterns we observed among root-expressed
genes but rather represent large-scale trends
in expression. We call these clusters, which
are composed of sets of genes whose ex-
pression is enriched in one or more sub-
zones, localized expression domains
(LEDs) (table S2).

We expected LEDs with the most dramat-
ic biases in gene functional categories to
correlate strictly with cell maturity. Thus,
stage-specific patterns offered an opportunity
to test whether LEDs organized genes into
functionally coherent groups. For example,

Fig. 2. Global expression map
depicting major patterns of
gene activity in the Arabidopsis
root. Each of the 15 (5 � 3)
subgrids contains all 5712 genes
that varied by at least a factor
of four between any two aver-
age signals in the expression
profiles. The 15 subgrids are su-
perimposed on their position on
one-half of the bilaterally sym-
metrical root, with radial zones
representing cell and tissue
types and stages representing
stages of cell development.
Transcripts are placed in order
of the LED in which they fell and
then ordered within LEDs by
peak expression value. Genes
are placed in the same coordi-
nates in each subgrid so that
numbers on the vertical axis
mark the position of the same
cluster at the three develop-
mental stages. Colors indicate
the magnitude of expression
signals on a log scale. These val-
ues are based on microarray hy-
bridization signals, which have
no units. White boxes indicate
the subzone(s) where genes in
each of the eight LEDs (desig-
nated by the number) reach
their peak expression. Numbers
at right identify the position of each LED in each stage for stage comparisons.

Fig. 3. Overrepresentation of functional
classes in expression domains. Num-
bered LEDs on the x axis are defined by
their subzones of peak expression: (1)
stele stage 3, (2) stele and ground tis-
sue stage 2, (3) stele and ground tissue
stage 3, (4) epidermis stage 2, (5) lat-
eral root cap stage 1, (6) all zones peak-
ing in lateral root cap stage 3, (7) all
zones stage 3, (8) all zones stage 1.
Genes annotated with the designations
of nuclear organization (A) and cell cy-
cle and mitosis (B) are overrepresented
in LED 8. Genes annotated as key kinases
(C) are overrepresented in LEDs 6 and 7,
and genes annotated as specific tran-
scription factors (D) are overrepresented
in LED 7. Attached bars are 95% confi-
dence levels generated by bootstrapping
the sample 1000 times with the observed
frequency of positive scores. Annotations
are from the Munich Information Center
for Protein Sequences functional catego-
ries database, except for transcription
factors, which was a list of 1600 tran-
scription factors compiled from several
sources.
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LED 8, which spanned all radial zones but
peaked in stages 1 and 2, was significantly
overrepresented with genes involved in nu-
clear organization, cell cycle, and mitosis
(Fig. 3, A and B), as expected of rapidly
dividing cells in this broad meristematic
zone. Other subcategories that showed the
same pattern were organization of cytoplasm,
mitochondrial organization, and ribosomal
proteins (12). LED 7, which spanned all ra-
dial zones but peaked in stage 3, contained
significantly more kinases and transcription
factors than most other LEDs (Fig. 3, C and
D), delineating an apparent extensive signal-
ing network associated with cell maturation
across cell types.

We were particularly interested in LEDs
that spanned only a subset of radial zones
because of their potential to define cell and
tissue specificity. Taking as an example
genes that regulate or respond to plant hor-
mones, we found these genes in many LEDs.

However, three LEDs showed an aggregation
of genes with known or putative roles in auxin,
gibberellic acid (GA), or jasmonic acid
(JA) pathways, suggesting the possibility of
localized signaling centers.

LED 1 (451 genes), which contains the
4.3% of root-expressed genes enriched in the
stele in stage 3 (Fig. 4A), contained 7 of the
49 auxin-related genes expressed in the root
(14%) (table S4). This was the only signifi-
cant grouping of auxin-related genes (P �
0.015), because most such genes were con-
tained within the nondifferentially regulated
group (4775 genes) or in the two large stage-
specific LEDs (7 and 8). Thus, genes related
to auxin function show expression in the root
center, where auxin is known to affect vas-
cular development (13).

Gene expression related to JA function
characterized the outer layers of the root.
Of 47 JA-related genes expressed in the
root, 9 were expressed in LED 4 (672

genes), which peaked in the epidermis in
stage 2 (Fig. 4B, yellow) and 10 were
expressed in LED 5 (299 genes), which
peaked in the lateral root cap in stage 1
(Fig. 4B, blue). The two LEDs comprised
only 6.4% and 2.8% of root-expressed
genes but contained 19% and 21% of the
root-expressed JA-related genes, respec-
tively (table S4). They were the only two
significant aggregations of JA-related
genes (P � 0.01 and P � 0.0002). These
LEDs included many genes implicated in
pathogen response, such as myrosinase-
binding proteins, lectins, and CYP79B2 (14,
15). These LEDs may reflect constitutive JA-
induced defense responses in the outer layers of
the root (roots in our experiments were grown
under sterile conditions) or may signify a func-
tion for JA in coordinating root development.

Another aggregation of hormone-related
genes was found in LED 2 (587 genes; Fig.
4C), which comprised only 5.6% of the root-
expressed genes but contained 9 of the 29
GA-related genes expressed in the root
(31%) (table S4). Similarly, this represent-
ed the only significant aggregation of GA-
related genes (P � 0.0002). LEDs 2 and 3
do not conform to classically defined tissue
boundaries, and they may identify new de-
velopmental domains not apparent by mor-
phological classification. Together these
data lead us to hypothesize the existence of
JA and GA hormone signaling centers with
the potential to serve as local organizing
centers in root development.

We also examined the expression of
transcription factors (TFs) to explore the
complexity of regulatory mechanisms in
the root. From a list of 1411 transcription
factors in Arabidopsis on the ATH1 mi-
croarray, we detected 577 in the root, of
which 331 were differentially regulated.
Most of the TF families examined had
members in multiple LEDs, indicating a
divergence in their developmental roles.
Most gene families examined also had mul-
tiple paralogs in the same LED (Table 1),
identifying small groups of potentially re-
dundant TFs that could be targeted for mul-
tiple mutant analyses. One extreme case
was the WRKY TF family; 12 of the 37
members found in the root were contained
in LED 6, indicating a possible specialized
role for these TFs in cell maturation. Most
of the differentially regulated TFs found
are as-yet uncharacterized.

We also found evidence for chromosom-
al clustering (4, 16, 17) of the coregulated
sets of genes within LEDs. Genes in four of
the eight LEDs were significantly clustered
on the chromosome as compared to random
gene sets [e.g., (7)]—LED 1 (47 observed,
31 expected, P � 0.035), LED 3 (44 ob-
served, 23 expected, P � 0.0014), LED 4
(86 observed, 63 expected, P � 0.0278),

Fig. 4. Putative hormone ac-
tivity centers. Ovals show
the regions encompassed by
LEDs with an overrepresen-
tation of hormone-related
genes: (A) auxin, (B) JA, and
(C) GA. Colors correspond to
LED 1 (red, stele stage 3),
LED 2 (green; stele, endo-
dermis, and cortex stage 2),
LED 4 (yellow, epidermis
stage 2), and LED 5 (blue,
lateral root cap stage 1).

Table 1. Root expression patterns among members of five transcription factor families. LEDs are the same
as those defined in Fig. 2. The number of members of each family in each LED is represented. The category
“Other” is composed of all 4775 genes that showed relatively constant root expression, changing in
expression by less than a factor of four between any 2 of the 15 subzones.

Transcription
factor family

LED

1 2 3 4 5 6 7 8 Other

MYB 4 6 8 2 0 2 4 2 7
AP2-like 2 4 1 2 3 1 5 5 16
WRKY 1 3 0 3 1 12 2 1 14
HD-ZIP 5 1 0 1 0 1 2 0 0
bHLH 4 3 0 1 1 1 1 0 7
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and LED 8 (541 observed, 456 expected, P �
0.0006)—providing evidence in plants for a link
between genome organization and gene regulation.

Together these data provide an organ ex-
pression map, revealing putative localized hor-
mone-response domains and a complex pattern
of regulatory genes that could mediate primary
developmental cues. These data should help
identify candidate genes involved in pattern
formation and cell specificity in the root, which
is a model for organogenesis. The expression
map will also facilitate both computational and
experimental methods aimed at decoding regu-
latory mechanisms in the root. Thus, these re-
sults can now be used to explore how the
hundreds of different expression patterns they
reveal are established and interpreted at the
cellular level to generate a complex organ.
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Even though human and chimpanzee gene sequences are nearly 99% identical, se-
quence comparisons can nevertheless be highly informative in identifying biologically
important changes that have occurred since our ancestral lineages diverged. We an-
alyzed alignments of 7645 chimpanzee gene sequences to their human and mouse
orthologs. These three-species sequence alignments allowed us to identify genes
undergoing natural selection along the human and chimp lineage by fittingmodels
that include parameters specifying rates of synonymous and nonsynonymous
nucleotide substitution. This evolutionary approach revealed an informative set of
genes with significantly different patterns of substitution on the human lineage
compared with the chimpanzee and mouse lineages. Partitions of genes into in-
ferred biological classes identified accelerated evolution in several functional class-
es, including olfaction and nuclear transport. In addition to suggesting adaptive
physiological differences between chimps and humans, human-accelerated genes
are significantly more likely to underlie major known Mendelian disorders.

Although the human genome project will al-
low us to compare our genome to that of
other primates and discover features that are
uniquely human, there is no guarantee that
such features are responsible for any of our
unique biological attributes. To identify
genes and biological processes that have been
most altered by our recent evolutionary di-
vergence from other primates, we need to fit
the data to models of sequence divergence
that allow us to distinguish between diver-

gence caused by random drift and divergence
driven by natural selection. Early observa-
tions of unexpectedly low levels of protein
divergence between humans and chimpan-
zees led to the hypothesis that most of the
evolutionary changes must have occurred at
the level of gene regulation (1). Recently,
much more extensive efforts at DNA se-
quencing in nonhuman primates has con-
firmed the very close evolutionary relation-
ship between humans and chimps (2), with an

average nucleotide divergence of just 1.2%
(3–5). The role of protein divergence in caus-
ing morphological, physiological, and behav-
ioral differences between these two species,
however, remains unknown.

Here we apply evolutionary tests to iden-
tify genes and pathways from a new collec-
tion of more than 200,000 chimpanzee exonic
sequences that show patterns of divergence
consistent with natural selection along the
human and chimpanzee lineages.

To construct the human-chimp-mouse
alignments, we sequenced PCR amplifica-
tions using primers designed to essentially all
human exons from one male chimpanzee,
resulting in more than 20,000 human-chimp
gene alignments spanning 18.5 Mb (6–8). To
identify changes that are specific to the di-
vergence in the human lineage, we compared
the human-chimp aligned genes to their
mouse ortholog. Inference of orthology in-
volved a combination of reciprocal best
matches and syntenic evidence between hu-
man and mouse gene annotations (9, 10).
This genome-wide set of orthologs under-
went a series of filtering steps to remove
ambiguities, orthologs with little sequence
data, and genes with suspect annotation (6).
The filtered ortholog set was compared to
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