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SUMMARY

A distinct feature of development in the simple eukaryote revealed a large number of differentially expressed genes
Dictyostelium discoideunis an aggregative transition from  as well as unexpected patterns of gene expression, which
a unicellular to a multicellular phase. Using genome-wide shed new light on the timing and possible mechanisms of
transcriptional analysis we show that this transition is cell-type divergence. Our findings provide new perspectives
accompanied by a dramatic change in the expression of on the complexity of the developmental program and
more than 25% of the genes in the genome. We also show the fraction of the genome that is regulated during
that the transcription patterns of these genes are not development.

sensitive to the strain or the nutritional history, indicating

that Dictyostelium development is a robust physiological Supplemental data available on-line

process that is accompanied by stereotypical

transcriptional events. Analysis of the two differentiated  Key words: DNA microarray, Gene expression, Functional genomics,
cell types, spores and stalk cells, and their precursors Dictyostelium discoideum

INTRODUCTION cell motility and chemotaxis to cAMP mediate the aggregation
of groups of up to 100,000 cells into loose mounds (Fig. 1, 10
The soil amoeb®ictyostelium discoideurhas a relatively hours). Overt cell-type divergence follows aggregation as the
simple developmental program. It is characterized by amoebae differentiate into prespore and prestalk cells that
series of highly coordinated cellular, physiological andare distinguishable by molecular markers (Takeuchi, 1991;
morphological changes and serves as a paradigm in th#illiams et al., 1989). Later, an extracellular matrix is secreted
research of multicellular development (Kessin, 2001; Loomisand the cells become enveloped in an acellular sheath (Fig. 1,
1975). Upon starvation, the unicellular amoebae stop dividing,l4 hours). In the following 6-8 hours, the multicellular
aggregate, form a multicellular organism that consists of tworganism undergoes a series of morphological changes,
cell types and eventually construct a fruiting body in which ancluding a remarkable transition into a slug-shaped structure
ball of spores is carried aloft on a cellular stalk (Fig. 1). that migrates towards light and heat (Fig. 1, 18 hours) (Miura
Dictyostelium development is a series of synchronous,and Siegert, 2000; Raper, 1940). This feature illustrates that the
coordinated morphological and physiological changes. Thslug is a bone fide multicellular organism, capable of sensing
first is a transition from growth to development that isits environment and responding by coordinated movement. The
induced by starvation (Clarke and Gomer, 1995), but is ndast dramatic morphological transition begins after 18-20 hours
accompanied by macroscopic morphological changes (Fig. df development (Loomis, 1975). The prestalk cells undergo
0 hours). The second change occurs when the amoebae begirminal differentiation and form a multicellular stalk while the
to aggregate and communicate through secretion of cAMPrespore cells encapsulate and become dormant spores. The
(Fig. 1, 6 hours) (Parent and Devreotes, 1996). 2-4 hours latedfimate structure consists of a stalk that carries a ball of spores
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Fig. 1. Morphological transitions iDictyostelium
developmentDictyosteliumdevelopment is characterized by

a series of coordinated changes. The process is highly
synchronous as most of the multicellular structures are at the
same morphological stage at each time point (Sussman,
1987). A top view of cells developing on dark nitrocellulose
filters is shown. No multicellular structures can be seen at 0
hours. Ripples (6 hours), loose aggregates (10 hours), tipped
aggregates (14 hours), fingers (18 hours) and fruiting bodies
(24 hours) are shown. Time (h) is indicated in each panel.
Bar, 1 mm.

under the same conditions as measured with an
expression array. Surprisingly, there was no obvious
correlation between gene function and gene expression
about 1 mm away from the substratum (Fig. 1, 24 hours). Thef®inzeler et al., 1999). This study shows that assigning
are numerous studies that correlate these developmenfahction to genes based on their pattern of expression alone is
transitions with changes in gene expression and the numberrmdt applicable in every experimental system.
developmentally regulated genes was estimated as betweeriThe other approach in array data analysis is to consider the
300 and 1000 (Alton and Lodish, 1977; Firtel, 1972; Loomisgxpression pattern as a reflection of cell physiology. This
1978; Morrissey et al.,, 1984). We were interested to knovapproach has been applied successfully to the classification of
whether all of the morphological changes coincide withcancer cells, where the pattern of gene expression provided
discernable physiological changes and which developmentahough detail to differentiate between tumors that were nearly
events are accompanied by the largest physiological changendistinguishable by other means (Alizadeh et al., 2000; Bittner
A general way to approach these questions is to applgt al., 2000; Golub et al., 1999). This type of analysis was
genomic methods to experimentally tractable developmenta&xtended into a comparative approach in yeast (Hughes et al.,
systems. One such approach is transcriptional profiling witR000). In that study, a similarity between the transcriptional
microarrays. Recent reports on the transcriptional profileprofiles of two mutant yeast strains was shown to be sufficient
of development inC. elegansand in Drosophila have to indicate functional similarities between the mutated genes.
concentrated on the identity and possible function of th&imilarly, the transcriptional profile of drug-treated cells was
developmentally regulated genes and did not specificallgimilar to that of mutant cells in which the drug target gene
address the above questions (Furlong et al., 2001; Hill et alyas deleted (Hughes et al., 2000). We applied this type of
2000; Kim et al., 2001; White et al., 1999). In addition, theanalysis to the investigation of the physiological changes which
complexity of these developmental systems may haveccur duringDictyosteliumdevelopment.
presented a challenge when trying to correlate developmentalWe compared the transcription profiles of cells at 2-hour
events with specific transcriptional profiles. The relativeintervals throughout the 24-hour period of development and
simplicity of theDictyosteliummulticellular phase and the fact found that the largest transition in cell physiology occurs at the
that a large number of cells can be induced to develop withsame time as the morphological transition from unicellular
high degree of synchrony malkgictyosteliuman attractive development to multicellular development. We also found that
model for the study of genomic control systems inabout a quarter of the genes in the genome were regulated
development. At the same time, the molecular and cellulaturing that period and that this regulation occurred with little
events that lead to terminal differentiatiorDittyosteliumare  or no variation between cells from different strains or different
very similar to those described in the development of metazoautritional histories. Comparison of the transcriptional profiles
including cell motility and sorting, cell-cell adhesion, of cell-type-enriched genes revealed unexpected patterns of
morphogenesis, intercellular signaling, signal transductiogene expression that suggest the use of common physiological
and coordinated regulation of gene expression (Chung andodules in different developmental stages.
Firtel, 2000; Ma et al., 2001; Parent and Devreotes, 1999).
Consequently, studies in other systems should benefit from the
comprehensive studies that are possible in this organism. MATERIALS AND METHODS
There are two complementary approaches to the analysis of
expression array data. In one approach, genes are groupiey targets
according to their expression pattern under the premise that collection of 7385 clones was used: 5655 cDNA clones
coregulated genes are likely to share functional characteristidsom the Dictyostelium cDNA project (Morio et al., 1998)
This approach has been useful in the analysis of the cell CyC|§5’§tp://www.csm.blol.tsukuba.ac.jp/cDNAprOJect.html); 987 CcDNA
of human fibroblasts, yeast and bacteria (Cho et al., 2001; ly nes were selected from a low redundancy screen of a lambda library

. . haulsky et al., 1995) and a plasmid library (S. Lu and A. Kuspa,
etal., 1999; Laub etal., 2000; Spellman et al., 1998). Howev uhpublished) of cDNA from late developmental stages and from

an observation was ”.‘.ade In y9aSt that raises _questlons ab9 etative and early developmental stages of AX4 cells, respectively;
the general applicability of this approach (Winzeler et al.g47 genomic DNA clones from thictyosteliumGenome Project at
1999). In that study, the authors made a systematic comparisggylor College of Medicine (http://dictygenome.bcm.tme.edu/) were
between gene function as measured by the fitness of nulelected as long open reading frames that matched published protein
mutant strains under certain conditions and gene expressieaquences; and 96 clones were from miscellaneous sources. All the
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clones were sequenced to verify their identity. Sequences wekashed in 100% ethanol, dried with nitrogen gas and baked for at least
compared to public databases and annotated (see supplemental datapurs at 120°C.

http://dev.biologists.org/supplemental/). The degree of redundancy is Target DNA was printed on the activated glass slides onu2®0
estimated at less than 20%, based on sequence analysis. The array e¢sders with a Cartesian Pixsys5500 robot using Chipmaker Il pins
contained 198 control targets that were made fronDibgyostelium  (Tele-chem International). Arrays were stored desiccated in the dark.
ribosomal 17S RNA gene, histone H1, actin8 amttK,as well as ) o

control targets from yeast genes and ‘no DNA controls. AltogetherProbe labeling and array hybridization

the array contained 7744 targets. The entire array was printed The DNA primers for cDNA production from total RNA were

duplicate. deoxythymidine octadecamers [dT(18)]. ThHetérminal nucleotide
] was modified with Cy3 or with Cy5. All the primers were HPLC-
Growth, development and RNA preparation purified by the manufacturer (Operon Technologies). Total RNA (10

Wild-type Dictyostelium discoideumstrains AX2 (Watts and pg) was mixed with 0.51g of labeled [dT(18)] primer in 18l of
Ashworth, 1970) and AX4 (Knecht et al., 1986) were grown inwater, incubated at 70°C for 10 minutes and on ice for 2-5 minutes.
association withKlebsiella aerogene®n SM plates or in HL-5 Reaction buffer (Gibco-BRL), 0.1M DTT, 0.5 mM of each dNTP and
medium (Sussman, 1987). Exponentially growing cells were washe200U Superscript 1l (Gibco-BRL) were added and the reaction
from the nutrient source, deposited on nitrocellulose filters anihcubated at 42°C for 2 hours. Reverse transcription reactions were
developed in the dark at 22°C (Shaulsky and Loomis, 1993). At eadlerminated with 0.1 M EDTA. RNA was degraded by adding 0.3 N
time point, X108 cells were collected, resuspended in 1 ml TrizolINaOH and incubating at 60°C for 20 minutes. The reaction was
reagent (Life Technologies) and total RNA extracted according to theeutralized with 0.4 M Tris-HCI, pH 7.6. Labeled cDNA was

manufacturer’s protocol. precipitated at room temperature with 0.3 M sodium acetate, pH 5.2,
) and 2 volumes of ethanol, washed once with 70% ethanol and

Cell-type enrichment resuspended in @l of water.

AX2 cells were grown in association witk. aerogenesacteria. For each microarray experiment, an experimental RNA sample was

Vegetative cells were harvested, resuspended in 20 QK pH compared to a reference RNA sample that was a pool of equal portions
6.4, and plated on 1.5% agar plates at a densitxbifxells/cn?. of RNA samples prepared from several developmental stages (0, 3, 6,
The plates were incubated at 4°C for 4 hours and then at 22°C for 152, 17, 24 hours). The experimental sample was labeled with Cy5, the
18 hours. Slugs were collected on a @ nylon membrane, reference sample with Cy3. Both probes were combined angl130
resuspended in 0.1% (w/v) Pronase and 0.1% BAL in 50 mM Trispf PerfecthybM Plus Hybridization buffer (Sigma) was added. The
pH 6.8 (Takeuchi and Yabuno, 1970), disaggregated by trituratiorsolution was boiled for 2 minutes, cooled t¢®%nd applied to the
washed with 20 mM KPQ4, 20 mM EDTA, pH 6.5, and resuspended array. A GeneTAEM hybridization station (Genomic Solutions) was
at 1x1° cells/ml in the wash buffer. Disaggregated cells were loadedised for hybridization for 2 hours at°€5 followed by three washes
on top of a solution of 50% Percoll in 5 mM MES, 20 mM EDTA, in 5x SSC + 0.1% SDS,X2SSC + 0.1% SDS and & E5SC.
pH 6.8, and centrifuged at 27,09€r 15 minutes. The two cell types o o )
accumulated in two bands; the upper band contained prestalk cells aRgiantitation, normalization and data analysis
the lower band contained prespore cells. The bands were collect&étie arrays were scanned with a Scanarray5000 scanner (GSI
separately, washed and separated again by centrifugation throughmonics) and images were processed with the GLEAMS software
Percoll as above (Ozaki et al., 1988). RNA was extracted from thpackage (NuTec Sciences, Inc.). Quantified data were passed through
separate cell populations as above and purity was verified by northeansingle-chip normalization procedure to correct for spatial artifacts,
blot analysis (data not shown). to estimate the variability of replicate log-ratios and to bring the data
Spores were collected from 2- to 4-hour-old fruiting bodies, washetb a common measurement scale to allow for multi-array comparisons
once in 20 mM KPQy, pH 6.4, and centrifuged for 5 minutes at 340 (see supplemental data; http:/dev.biologists.org/supplemental/). The
g in a clinical centrifuge. The pellet was resuspended in 20 mMormalization was implemented in seven distinct steps: thresholding,
K2oPQy, 10 mM EDTA, 0.1% NP40, pH 6.5, and triturated through anspatial adjustment, averaging of on-chip replicates, by-signal-size
18-G syringe needle to eliminate unencapsulated cells. Spores werariance estimation, identification of outliers, by-signal-size log-ratio
centrifuged for 7 minutes at 349in a clinical centrifuge, washed adjustment (Callow et al., 2000) and scaling of the final values using
with 20 mM KoPQy, pH 6.5, and ground in a mortar and pestle whilethe estimated by-signal-size variance. The processed data values were
in liquid nitrogen until 90% or more of the spores appeared brokethe quantities assessed in all multi-array analyses. One of the most
by microscopic examination. The spore extracts were collected intonportant points to notice is that the expression level values are
Trizol and RNA was extracted as above. reported as the gene expression level relative to the average gene level
Stalks were collected, resuspended in 20 mM®, pH 6.4, and  across time.
filtered 5 times through a {i# nylon membrane to eliminate spores.  To identify genes whose expression levels were altered dramatically
Stalks were ground in liquid nitrogen and total RNA was extracted aguring the transition from unicellular to multicellular development,
above. In the cell-type enriched experiments, RNA samples were frome used the functiony£x/12-1). This function can be thought of as

2-4 different preparations and the data were averaged. describing the expression of a hypothetical gene whkeig the
) developmental time in hours agds the normalized gene expression
Array production level. In the range 0-24 hours, the expression levels of this

DNA targets were amplified from plasmids by polymerase chairhypothetical gene increase from —1 to +1. Every gene trajectory in the
reaction (PCR) with common oligonucleotides and their size verifieégxperimental data was compared to the function. Genes that fit the
by gel electrophoresis. PCR products were purified by precipitatiofunction well are expressed at a low level in early development and at
with 50% isopropyl alcohol, 0.3 M sodium acetate, pH 5.2, washed high level later in development. These genes receive a high positive
once with 70% ethanol, dissolved in water and adjusted to 800 mlgcore. Genes that are expressed at a high level early in development and
NaCl, 200 mM NaPQy, pH 10.5. at a low level later on receive a high negative score. Genes whose
Glass slides (Gold Seal Products, VWR) were washed by sonicati@xpression is not altered dramatically during the transition receive a
in acetone for 10 minutes, rinsed twice in distilled water, immersed iscore close to 0. Therefore, the absolute value of the score that fits the
0.1 N NaOH for 10 minutes, washed in distilled water, and immersedene trajectory to the functiop=x/12—1) determines whether the gene
for 3 minutes in 6% (v/v) 3-glycidoxypropyltrimethoxysilane is regulated during the transition from unicellular to multicellular
(Aldrich) made in 95% ethanol/acetic acid, pH 5.0. The slides werdevelopment, and the real value of that score can be used to sort the
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genes into informative groups and to order them within eacl A
group. Additional details are provided in the supplemental dati L5
(http://dev.biologists.org/supplemental/).
To assess the reproducibility of the experimental system, AX4 cell
were grown on HL5 in three separate experiments and developt Lo
separately. RNA samples were collected and analyzed in duplicate frc
each sample as described above. The funcyraxl2—1) was used to
calculate scores for each gene in each experiment at each time po 0:5
The values within a time point were averaged within each biologice
replication. The mean squared error of each gene was calculated as
average (across time points) of the within-time-point variance of th
gene. These values were used to calculate a byTgstatistic for the
gene’s trajectory. Finally, the scores were compared to the scor B
obtained in the four strain/nutrition experiments to determine the
number of genes whose trajectories were reproduciisie.(5).
A different assessment of reproducibility compared the relative
contribution of the biological and the technical variations. We define
biological variation as that observed in the three independent RN
preparations and the technical variation as that observed betwe
duplicate array experiments from each one of the RNA preparation
The analysis was performed by fitting a 2-way ANOVA model to
each gene, with one factor being time and the other factor beir
biological preparation. Details are given in the supplement dat
(http://dev.biologists.org/supplemental/).
Data from the cell-type enriched samples were subjected to by-gel
F tests to identify genes that showed a differential behavior in at lea
one cell type ¢=0.05). Genes that showed significéhtests were
further subjected to tests against five linear contrasts, representi
particular patterns of cell-type enriched expression. For example, tt
linear contrast that describes spore-enriched genes is (3, -1, -1, -
where the positions describe RNA extracted from spores, prespore ce
prestalk cells and stalks, respectively. Experimental data from each ge
are multiplied by the respective coefficients and the results are add
to give a score. A gene that is expressed at a high level in spores ¢
at a low level in all other cell types would receive a high score and vic

[

0.0

versa.
The genes with significant cell-type contrasts were then examined =13 0 >1.3

the time-course data. Two linear contrasts [(-1, 1.6, 1.6, 1.6, -1, -1, “Fi . . g .

X g. 2. Transcriptional transitions duririgictyosteliumdevelopment.
-1,-1,-1,-1, 16, 1.6) and the functigaq12-1)] were used to order )i \yere starved on filters and samples collected at 2-hour intervals
the time course data for these cell-type enriched genes as descrit < i dicated. (A) The dendrogram represents the dissimilarity

above. Detailed description of the analysis is provided in theyenyeen the RNA samples based on all values of gene expression for
supplemental data (http://dev.biologists.org/supplementall). each time point. The two most dissimilar groups of samples are

indicated as red and green clades, which correspond to the
RESULTS unicellular and the multicellular stages, respectively. (B) The color
chart represents the pattern of expression for genes that are highly
. - . . regulated during development. The order of 2021 genes from top to
Major Qeyelopmental events coincide with prominent bottom was determined by the fit between their pattern of expression
transcriptional changes and the functionyex/12—1). The chart and the dendrogram are
In order to monitor the transcriptional changes that occur durinderived from an average of four independent experiments from
Dictyosteliumdevelopment we assembled a DNA microarraydifferent strains and growth conditions. The positions of several
that consists of hybridization targets for about 75% of all genepreviously characterized genes are indicatedntA B, cotB; C,
(for details see Materials and Methods and supplementCOtC D, cprD; P, pspA V, vegetative ribosomal genes. The ,
data (http://dev.biologists.org/supplemental)). Using thes‘supplemental data (http://dev.biologists.org/supplemental/) contains a

: : : .complete list of the genes. Each column represents a time point
mlcro.l':lrraytsﬁ vtve monltorelc: thte éel?ﬁve aﬁun?ar,:ﬁ e of MRNA ”(hours) and each row represents an array target. The color scale
samples at were collecte roughou € course (represents the standardizedJogthe ratio between the tested

development. ) , sample and the standard relative to the gene mean, where blue
The most distinct morphological states in development arindicates a lower-than-average level of expression and yellow
shown in Fig. 1. We wanted to determine whether all oOindicates a higher-than-average level of expression.

these morphological states are associated with distin

transcriptional profiles and which developmental transition was

accompanied by the largest transcriptional change. Wadissimilarity between the expression levels for each of the 7385
therefore developed cells, collected RNA at 2-hour intervalgenes represented on the microarray. The results are
and examined the relationship between the 13 time-poirgummarized in the form of a dendrogram in Fig. 2A. Each leaf
samples using the expression array. The data from each tiritethe dendrogram represents a time-point RNA sample and the
point were compared to all the other data by calculating thikeight of each join is directly proportional to the dissimilarity
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between the joined leaves or lower joins. For example, the mostere regulated at some point during the 24-hour course of
similar RNA samples are the ones collected at 0 hours and d¢velopment (data not shown). The dissimilarity calculation
2 hours, as the join that connects them is the lowest. The larga$town in Fig. 2A indicated that the expression of many genes
dissimilarity between the time-point samples was foundnust be altered during the transition from unicellular to
between the 0-6 hour group (red) and the 8-24 hour groumulticellular development. We therefore selected 2021 genes
(green) (Fig. 2A). This dissimilarity coincides with the that exhibited a prominent transcriptional change during that
transition from unicellular development to multicellular transition in two or more of the experiments and defined them
development between 6 and 8 hours, which is one of thas the consensus group of developmentally regulated genes
most dramatic morphological transitions Dictyostelium in Dictyostelium (Fig. 2B). These findings indicate that
development (Fig. 1). The next large dissimilarity in the datapproximately 25% of the estimated 8,000 genes in the genome
distinguishes the 8-10 hour group from the later time pointsare regulated during the transition from unicellular to
The 8-10 hour period is not accompanied by grossnulticellular development.
morphological changes, but coincides with the beginning There are two prominent trends in the data shown in Fig. 2B.
of cell-type divergence. These large dissimilarities in theThe top 711 rows represent genes that display lower-than-
expression data implicate the transition to multicellularaverage expression during growth and early development and
development and the initiation of cell type divergence as thkigher-than-average expression in later times. This pattern of
two developmental processes that require the largest changegene expression is characteristic of many developmentally
cell physiology. On the other hand, the pre-aggregation stageduced genes such as the spore-coat gaAs cotBandcotC
(0-6 hours) and the finger stage (14-18 hours) coincide witfFosnaugh and Loomis, 1991; Haberstroh et al., 1991) that
the most coherent groups of transcription profiles in thevere found among the top 711 genes in Fig. 2B. The bottom
experiment. These stages are also characterized by the smallE310 rows in Fig. 2B represent genes that are expressed
changes in gross morphology. at a higher-than-average level during growth and early
It was also interesting to find that the dendrogram conserveadbvelopment and at a lower-than-average level later in
the temporal relationships between the samples even thoudgbvelopment. Genes that were previously described to have this
temporal information was not included in the dissimilaritypattern, e.g. the cysteine protease geped (Souza et al.,
calculation. This result serves as an important control since tH€995) and a group of vegetative ribosomal genes (Singleton et
subtle asynchrony between the organisms in our samples (&L, 1989) were found in this cluster (Fig. 2B). The correlation
hour) demands that adjacent time points be most similawith published reports of developmental gene regulation
Therefore, conserving the temporal order of the time pointedicates that our expression array results provide an authentic
indicates that the large-scale transcriptional changes that weeasure of gene expression during development.

observed are a true reflection of cellular physiology. The 2021 genes that we defined as the consensus group of
o ] ) developmentally regulated genes were selected because they
The transcriptional profile of development is robust were expressed in a similar manner in at least two out of the

Dictyosteliumcells develop with nearly invariant timing and four strain/growth experiments. However, this definition could
morphology (Loomis, 1975). We hypothesized that if thehave been skewed if one of the two conditions, strain or
invariant developmental timing and morphology result from aautritional history, had resulted in more dramatic gene
common and robust developmental program, it should beegulation profiles than the other condition. To test that
accompanied by an invariant pattern of gene expression. To tggissibility, we compared the four individual strain/nutrition
this idea, we analyzed the transcriptional pattern during theata sets as follows: the genes in each data subset were ordered
development of two common laboratory strains, AX2 andy fitting to the functiony=x/12—-1) and the resulting orders
AX4, which were grown on two different nutritional sources,were imposed on the two most different data subsets,
bacteria or nutrient broth (axenic growth). Vegetative cellsaxenically grown AX4 cells and bacterially grown AX2 cells
growing on bacteria are different from axenically grown cells(Fig. 3). We found that regardless of the experimental
The doubling time of bacterially grown cells is 3 hours and thatondition, the set of 2021 genes conserved its expression
of axenically grown cells is 8 hours. The cell volume and theattern and was not sensitive to the strain or the nutritional
protein, RNA, DNA and carbohydrate content of bacteriallyhistory. These findings support the notion tBattyostelium
grown cells vary by 1.5- to 5-fold from those measureddevelopment is a robust process, which is accompanied
in axenically grown cells, indicating that the cells areby an invariant physiological process as reflected in its
physiologically different (Ashworth and Watts, 1970; Leachtranscriptional profile.

and Ashworth, 1972). However, when starved, the cells L

develop with nearly indistinguishable morphology and timing,Reproducibility

regardless of their nutritional history (Loomis, 1975). We usedo test the reproducibility of the experimental system we
the different nutritional conditions to test the robustness of theepeated the developmental time course analysis of AX4 cells
developmental transcriptional profile. Cells from the twogrown in liquid broth three independent times. The data were
different strains were grown axenically or in association withused to assess the biological reproducibility by calculating the
bacteria and developed. RNA was extracted at 2-hour intervalgriation between the three different experiments and the
and tested with the expression array. The normalized geniechnical reproducibility by calculating the variation between
expression levels were compared across the four strain atfie two replicate arrays within each biological sample. We
growth conditions. About 4000 genes were found thafound that out of the 2021 genes that exhibited a conserved
exhibited a consistent pattern of expression in at least two ekpression pattern across the four different strain/nutrition
the four strain/nutrition conditions and about 3000 of themexperiments, only 84 genes (about 4%) showed an altered
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AX4 AX4 AX2 AX2
axenic bacteria axenic bacteria

— —

Fig. 3. The transcriptional profile of
development is robust. Data from the

individual strain/nutrition conditions were
analyzed separately as in Fig. 2B and the order
from each condition was imposed on the other
data sets. Strain/nutrition conditions are
indicated on the left, orders are indicated on
the top. Data from the two most different
strain/nutrition conditions are shown. The
complete data set is shown in the supplemental
data (http://dev.biologists.org/supplemental/).
Each column represents a time point (hours)
and each row represents an array target. The
color scale is as in Fig. 2.

trajectory relative to their consensus pattern. This findinghese and other cell-type specific targets (supplemental data;
illustrates that the expression trajectories are highihttp://dev.biologists.org/supplemental/) with the published
reproducible. Comparing the technical variation within eachdata validates our definition of cell-type-enriched genes. Our
sample to the biological variation within each time point wegenome-wide survey of cell-type-enriched genes indicates that
found that about 20% of all the genes on the array exhibitedRictyostelium cell-type differentiation is a more complex
biological variation that was equal to or greater than th@rocess than suggested by previous studies.

technical variation and that number was much smaller (9%) in Expression of the spore coat genes is induced several hours
the consensus group of 2021 genes. This finding indicates tHagfore the expression etmA suggesting that prespore cell
the largest component of the variability can be attributed tdifferentiation precedes prestalk cell differentiation (Fosnaugh

technical sources. and Loomis, 1991; Morrissey et al., 1984; Williams et al.,
o _ _ 1989). That observation initiated the idea that cell-type
Transcriptional profiles of the major cell types proportioning inDictyosteliumis governed by a mechanism of

Following the transition from unicellular to multicellular lateral inhibition in which the nascent prespore cells secrete a
developmentDictyosteliumcells differentiate into two types factor that imposes a prestalk cell fate on the remaining cells
of cells, prestalk and prespore, which express specific gendtoomis, 1993). An expectation of this model is that the
The prestalk marker geremAwas first described as a gene induction of many prespore specific genes should precede the
whose expression was induced by the stalk differentiatiorexpression of most prestalk-specific genes. To test that
inducing factor DIF-1 (Williams et al., 1987). The gene ishypothesis, we selected the cell-type-enriched targets from Fig.
expressed exclusively in prestalk cells after about 12 hours dfA and traced them in the time-course data (Fig. 4B).
development and it encodes an extracellular-matrix protein. Most of the cell-type-specific genes described previously are
Expression ofecmAis controlled by a number of factors, not expressed at early stages of development and are induced
including STAT proteins, and its regulatory element containgfter the transition to multicellular development. In fact, this
sub-domains that have been useful in defining various prestatlattern was the basis for defining the time of cell-type
cell subpopulations (Williams, 1997). Prespore cells arelivergence to 10-12 hours after starvation (Morrissey et
defined by the expression qfspA and the coordinately al., 1984). This predicted pattern of gene expression was
regulated spore coat genastA B andC (Early et al., 1988; prominent in the prespore- and prestalk-enriched RNA samples
Fosnaugh and Loomis, 1991; Haberstroh et al., 1991). Tg-ig. 4B), but did not support the hypothesis that prespore gene
begin exploring cell-type divergence from a globalexpression precedes prestalk gene expression. However, we
transcriptional perspective we performed expression arraipund an unexpected pattern that may be an antecedent to the
analyses on RNA from separated prespore and prestalk cefieespore and prestalk cell differentiation. In the charts for PSP
and from separated spores and stalks. We found 873 targetsd PST (Fig. 4B), the expression of many prespore- and
that showed a strong cell-type preference. Of those, 32®&estalk-enriched genes was higher-than-average early in
targets were enriched in spores, 335 were enriched in prespatevelopment and lower-than-average later in development. The
cells or in spores, 150 were enriched in prestalk cells and Glor scheme in Fig. 4B represents the level of gene expression
were enriched in stalks (Fig. 4A). These numbers exceeelative to the mean expression level of that gene over the entire
previous estimates of the number of cell-type specific gendsne course. Therefore, lower-than-average expression levels
(Iranfar et al., 2001; Morrissey et al., 1984), so it wagblue) at the late time points do not necessarily mean that the
important to validate them by comparison to publishedyene is not expressed at those time points. With that in mind,
findings. We found that nearly every gene previouslynotice that Fig. 4B describes groups of cell-type-enriched
described as prespore-specific (Iranfar et al., 2001) was foumgtnes that are expressed at a higher-than-average level during
in our list of prespore enriched genes (supplemental datgrowth and during the early stages of development, before the
http://dev.biologists.org/supplemental/) and themA gene presumed time of cell-type divergence. The mRNA levels of
showed a stalk-specific pattern (Fig. 4B). The correlation ofhese genes are reduced dramatically after the transition to
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be an indication of a common physiological state that is shared

A' /] '. B the end of development. This pattern of gene expression may
‘ by the pre-aggregation phase and the fruiting body phase.

SP PSP PST ST 0 4 8§ 12 16 20 24

STE DISCUSSION

The data presented here provide a new perspective on the
complexity of the developmental program, the portion of
the genome that is regulated during development and the
timing and possible mechanisms of cell-type divergence in
Dictyostelium We found that almost 40% of the genes in the
genome are regulated at some point in development in a strain-
and nutrition-independent manner. The largest group of
developmentally regulated genes, about 25% of the genome,
exhibited a marked change in relative abundance of mRNA
during the transition to multicellular development. Therefore,
the differentiating cells in the multicellular organism appear
to be very different physiologically from the vegetative
unicellular amoebae.

Dictyostelium development is initiated by depletion of
nutrients. In yeast, starvation induces a stress-related
transcription pattern within 15 minutes and most of the
additional responses occur within the first 4 hours (Jia et al.,
2000; Natarajan et al.,, 2001). Our findings indicate that
multicellular development irDictyosteliumis more than a
starvation response. The finding that the largest transition in
the transcription pattern occurs between 6-8 hours after
starvation, coincident with the onset of the multicellular state,
suggests that multicellular development is a distinct and

. . . specialized phase in the life cycle Dictyostelium
Fig. 4. Expression patterns of cell type enriched genes. (A) RNA : : .
samples from spores (SP) prespore cells (PSP) prestalk cells (PST) Comparing the expression - array profiles of E_‘" th_e
and stalks (ST) were analyzed with the expression array. Targets developme_ntz_il time po_lnts also re\_/ealed two stages in which
were tested for differential expression among the four cell types andN€ transcriptional profile was relatively unchanged. The least
defined as cell-type-enriched if they exhibited a higher-than-average@mount of change was found during the first 6 hours of
level of expression in one or two related cell types (yellow) relative development (Fig. 2A). At that time, the cells sense starvation
to the other cell types (blue), as determined by a test of linear and begin to regulate the expression of genes that are necessary
contrast. Tissues highlighted in yellow in the cartoons were those for cAMP signaling and chemotactic aggregation, but there is
investigated. (B) The expression patterns of the cell-type-enriched yery little change in their gross morphology (Aubry and Firtel,
genes were traced in the time-course experiments described in Fig.lggg; Clarke and Gomer, 1995; Parent and Devreotes, 1999).
2B. Data from prespore and prestalk genes were ordered as in Fig. o findings presented in Fig. 2A indicate that this period is

2B. The order of the targets from top to bottom in the spore and stal . : - .
samples is determined by a linear contrast of the pattern of gene hOt accompanied by vast changes in the transcriptional profile.

expression against the coefficient vector (-1, 1.6, 1.6, 1.6, -1, -1, _{his r'esult is Som?What surp'rising in light Of. the complex
—1,-1,-1,-1, 1.6, 1.6). Every other time point (hours, columns) is S!gnaling and motility mechanisms that are being established
indicated on the top. The cell type is indicated on the left and a few €arly in development (Aubr)_/ f'ind Firtel, 1999; Parent and
previously characterized cell-type specific genes are indicated on thBevreotes, 1999). However, it is clear that the array detected

PSP

right: B, cotB; C, cotC, E, ecmA In both A and B, the columns transcriptional changes during the preaggregation stage. For
represent RNA samples and the rows represent individual targets. example, many of the stalk- and spore-enriched genes shown
The color scheme is as in Fig. 2. in Fig. 4B are subject to regulation during the first 6 hours of

development. Therefore, the data on the transcriptional
transitions during the first 6 hours of development indicate
multicellular development and they become enriched in one a&f low level of change relative to the other periods in
the cell types. development. Another consideration is that many of the genes
The temporal analysis of the spore- and the stalk-enrichatiat encode regulatory elements may not be subject to dramatic
genes also revealed two patterns of expression. Genes with ttleanges and their effect on cell physiology may not be
expected pattern of lower-than-average expression during eailymediately reflected in the transcriptional profile.
development and higher-than-average expression during lateThe finger stage of development, between 14-18 hours after
development are clustered in the charts for SP and S3tarvation, was the second least variable stage (Fig. 2A). At
(Fig. 4B). These clusters consist of genes with an unexpectéldat stage the cells have already differentiated into the two
expression pattern: two peaks of higher-than-averageajor cell types and their proportions and spatial distribution
expression, one at 2-6 hours of development and the otherat largely invariant (Kessin, 2001; Loomis, 1975; Williams et
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al., 1989). The low level of change in the transcriptional profilel989). We consider two opposing interpretations of this
during that period is therefore consistent with theobservation: (1) that the earlier expression of a gene has no
morphological findings. bearing on its later function and no direct influence on the cell-

Previous estimates of the number of developmentallyype divergence event, or (2) that the earlier expression of the
regulated genes range between 300 and 1000, whereas csl-type-enriched genes is determinative for cell-type
studies suggest that 2000-3000 genes are regulated durisigecification. The first possibility indicates only that there may
development. The previous estimates were based die a common physiological state between the pre-aggregation
mutagenesis studies, RNA hybridization studies and proteicells and the fully differentiated cells. For example,
studies with two-dimensional gel electrophoresis (Alton andomponents of the cAMP signaling mechanism are utilized in
Lodish, 1977; Firtel, 1972; Loomis, 1978; Morrissey et al.different physiological contexts throughout development
1984). The mutagenesis studies must have underestimatg&ubry and Firtel, 1999; Wang et al., 1999). However, if the
the number of developmentally regulated genes becausarly expression patterns are instructive then the early cohort
they discovered only genes that are essential for propef cell-type-enriched genes is either expressed in all cells
developmental morphology (Loomis, 1978). The other studieand helps to dictate downstream events that determine cell
relied on more subjective estimates of significance andifferentiation, or is already expressed in a cell-type-specific
therefore must have been fairly conservative. In addition, ounanner. In either case, this finding suggests that cell-type
definition of developmental regulation includes some genedivergence is affected by events that occur during growth and
that are expressed during all stages of growth and developmegarly in development.
as long as there is a sharp contrast between the early and th&he notion that growth-phase factors influence cell-type
late expression levels, as well as genes that are downregulatdtbice has a firm experimental basis. Cells grown on rich
during development. Such genes were not included in previousedium have a higher propensity to differentiate as spores than
studies, but we included them in our definition becauseells grown on poor medium (Blaschke et al., 1986; Thompson
they are coordinately regulated with the developmentalland Kay, 2000). Cells in the late @ S-phase of the cell cycle
induced genes and because they show consistent expressi@ve a higher propensity to differentiate as stalk cells and cells
patterns regardless of the strain or the nutritional history ah the mid-G-phase have a higher propensity to differentiate
the developing cells (Figs 2B, 3; supplemental dataas spores (Araki et al., 1997; Araki and Maeda, 1998; Gomer
http://dev.biologists.org/supplemental/). and Firtel, 1987; McDonald and Durston, 1984). These studies

The idea that transcriptional profiles are a reflection of celindicate that the vegetative cell physiology affects the
physiology stems from the successful application of expressiasubsequent cell-type choice. We propose that genes which are
array data to the characterization of mutants in yeast (Hughegpressed at higher-than-average levels in the early time points
et al., 2000) and to the diagnosis of human tumor samplesd at cell-type-enriched, lower-than-average levels late in
(Alizadeh et al., 2000; Bittner et al., 2000; Golub et al., 1999)development may play a role in that developmental
Our data support that notion and extend it to the analysis off@edisposition. For example, th®A gene is required for the
developmental time-course. First, we found that the applicatioocoupling between cell-cycle phase and cell-type choice and is
of a dissimilarity calculation to the time-course expressiorexpressed at higher-than-average levels early in development
array data conserved the correct temporal order of the samplasd at lower-than-average levels late in development (Wood et
despite the fact that temporal information was not included ial., 1996) and théagA gene, whose expression peaks at 2-4
the calculation (Fig. 2A). This finding indicates that thehours of development, is required for limiting the proportion
expression array data properly reflect the temporal progressio prestalk cells in slugs at 16 hours of development (J. Good,
of physiological change in the cells. Second, we found #. Cabral and A. Kuspa, unpublished observations). In light
conserved pattern of gene expression, which is insensitive td these findings, our results suggest that differential gene
strain or nutritional history (Figs 2B, 3). This finding is expression during growth and early development presages or
consistent with the robust morphological and physiologicamay help to direct cell-type divergence. One possibility is that
aspects of the developmental program (Loomis, 1975). Thirdhe early expressed, cell-type-enriched genes described in
we found that the degree of change in the transcriptiondtig. 4B reflect mechanisms that inhibit cell-type specific
pattern was consistent with the degree of change idifferentiation. Such mechanisms may be present in all cells
developmental morphology or physiology. We thereforeduring the unicellular stage to prevent premature cell-type
conclude that transcriptional profiling is a useful tool in thedifferentiation. After cell type divergence, the prespore specific
analysis of development and we propose that it will benechanisms may inhibit prestalk cell differentiation and vice
applicable to the analysis of mutations that affect developmentersa.

The data from the developmental time course can be Our analysis of cell-type-enriched genes confirms and
analyzed in a variety of ways, one of which is to follow theextends the published lists of cell-type specific genes (Iranfar
pattern of expression of selected groups of genes. That al., 2001; Kessin, 2001). The relatively large number of cell-
approach was applied to the analysis of cell-type-enrichetype enriched genes is somewhat unexpected and it may be of
RNA (Fig. 4). It was somewhat surprising to find that many ofinterest to investigate their functional roles by more direct
the genes determined to be enriched in one cell type or anothexperimental approaches. Our analysis also suggests the
are expressed at high levels during growth or very early ipresence of molecular mechanisms that function during growth
development, much earlier than the expression of cell-typeand early development and have an effect on subsequent
specific structural genes and earlier than the generally acceptdelvelopment and cell-type differentiation. Such mechanisms
time of cell-type specification (Fosnaugh and Loomis, 1991have been proposed before (Araki and Maeda, 1998; Blaschke
Haberstroh et al., 1991; Williams et al., 1987; Williams et al.et al., 1986; Gomer and Firtel, 1987; McDonald and Durston,
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1984; Wood et al., 1996), but our analysis demonstrates thalton, T. H. and Lodish, H. F. (1977). Developmental changes in mRNAs

they involve a much |arger portion of the genome than previous and protein synthesis Wictyostelium discoideunev. Biol.60, 180-206.
studies Suggested Araki, T., Abe, T., Williams, J. G. and Maeda, Y. (1997). Symmetry

B . h biological d h hnical breaking inDictyosteliummorphogenesis: Evidence that a combination of
y cc_)r_n_parmg the _'0 ogical an the tec nlca_‘ cell cycle stage and positional information dictates cell fag®. Biol.192,
reproducibility of the experimental system we found that, in 645-648.

general, the biological variation was smaller than the technicaraki, T. and Maeda, Y. (1998). Mutual relation between the cell-cycle
variation and that the error rate in assigning a gene to a specifigrogression a”d8 prespore differentiation Dictyostelium development.
: v Zool. Sci.15, 77-84.

0, 1
Category was smaller .thar.] 5/0 This variation Sh_OUId b shworth, J. M. and Watts, D. J.(1970). Metabolism of the cellular slime
considered when selecting individual genes as candidates fOlmouid Dictyostelium discoideurgrown in axenic cultureBiochem. J119
further studies, but it has little impact on the determination of 175-182.
the consensus group of 2021 developmental genes. The maibry, L. and Firtel, R. (1999). Integration of signaling networks that
reason for this is that our analysis is focused on the similaritiesé9ulateDictyosteliumdifferentiation.Annu. Rev. Cell Dev. Biol5, 469-
between the four different strain and nutrition condltlonsBitmer', M., Meltzer, P., Chen, Y., Jiang, Y., Seftor, E., Hendrix, M.,
We therefore may have underestimated the number of Radmacher, M., Simon, R., Yakhini, Z., Ben-Dor, A. et al.(2000).
developmentally regulated genes by 5-10%. Analysis of the Molecular classification of cutaneous malignant melanoma by gene
transcriptional differences between the two strains and analysisexpression profilingNature 406, 536-540.

. . aschke, A., Weijer, C. and MacWilliams, H. (1986). Dictyostelium
of the developmental consequences of the nutritional histo discoideum cell-type proportioning, cell-differentiation preference, cell

will reqUire_ additional replication of all the gxperiments. ) fate, and the behavior of anterior-like cells in Hs1/Hs2 and G+/G— mixtures.
We consider the pattern of gene expression as a reflection obitferentiation32, 1-9.
cellular physiology rather than as an indicator of the functiorallow, M. J., Dudoit, S., Gong, E. L., Speed, T. P. and Rubin, E. N2000).

f indivi [ nes. This i i r he finding th Microarrgy expre_)ssion profiling identifies genes with altered expression in
Ot d .d(;Ja gde es S de?‘ S Sué)p? ted b)ll tt % d ? a'.: HDL-deficient mice Genome Red0, 2022-2029.
stress-induced gene expression and stress-related gene unCE‘HQ, R. J., Huang, M., Campbell, M. J., Dong, H., Steinmetz, L., Sapinoso,

were not correlated in the yeaSaccharomyces cerevisiae L, Hampton, G., Elledge, S. J., Davis, R. W. and Lockhart, D. §2001).
(Winzeler et al., 1999) and by the application of expression Transcriptional regulation and function during the human cell cye.
array data to the characterization of mutants (Hughes et al,,Genet27, 48-54.

- - : hung, C. Y. and Firtel, R. A.(2000).Dictyostelium- A model experimental
2000) and to the dlagnOSIS of tumor samples (Allzadeh et af':’ system for elucidating the pathways and mechanisms controlling

2000; Bittner et a_l., 2000; _G0|Ub et al., 1999). _Based ON chemotaxis. IrPrinciples of Molecular Regulatioted. A. R. Means), pp.
this idea, our findings in Fig. 4B suggest the existence of 99-114. Totowa, NJ: Humana Press.

overlapping physiological states between the 2-6 hour cells aridarke, M. and Gomer, R. H.(1995). PSF and CMF, autocrine factors that
the fully differentiated cells. These shared states may reflect@gulate gene expression during growth and early development of

LT . Dictyostelium Experientia51, 1124-1134.
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different developmental functions. K. L. and Gooley, A. A. (1988). Structural characterization of
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