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adulthood, specific combinations of tumor sup- 
pressor genes may cooperate to control prolif- 
eration, differentiation, and survival in different 
cell lineages. 

References and Notes 
1. P. W. Hinds and R. A. Weinberg, Curr. Opin. Genet. 

Dev. 4, 135 (1994); A. C. Knudson, Proc. Natl. Acad. 
Sci. U.S.A. 90, 10914 (1993). 

2. V. Bernardis et a[., Digestion 60, 82 (1999); D. H. 
Cutmann et al., JAMA 278, 51 (1997); Y. lshikazi et 
dl., Surgery 111, 706 (1992); V. M. Riccardi, J. E. 
Womack, T. Jacks, Am. J. Pathol. 145, 994 (1994). 

3. A. Cuha et al., Oncogene 12, 507 (1996); E. Legius, 
D. A. Marchuk, F. S. Collins, T. W. Clover, Nature 
Genet. 3, 122 (1993); W. Xu et dl., Genes Chromo- 
somes Cancer 4, 337 (1992). 

4. K. C. Halling et al., Anat. Pathol. 106, 282 (1996); 
S. C. Jhanwar, Q. Chen, F. P. Li, M. F. Brennan, J. M. 
Woodruff, Cancer Genet. Cytogenet. 78, 138 (1994); 
A. C. Menon et al., Proc. Natl. Acad. Sci U.S.A. 87, 
5435 (1990). 

5. R. Ballester et dl., Cell 63, 851 (1990); A. M. Buch- 
berg, L. S. Cleveland, N. A. Jenkins, N. C. Copeland, 
Nature 347, 291 (1990); C. A. Martin etal., Cell 63, 
843 (1990); C. F. Xu et a[., Cell 62, 599 (1990). 

6. D. Eliyahu, A. Raz, P. Cruss, D. Civol, M. Oren, Nature 
312, 646 (1984); J. E. Hundley et a/., Mol. Cell. Biol. 
17, 723 (1997); C. J. Kemp, P. A. Burns, K. Brown, H. 
Nagase, A. Balmain, Cold Spring Harbor Symp. Quant. 
Biol. 54, 427 (1994); L. F. Parada, H. Land, R. A. 
Weinberg, D. Wolf, V. Rotter, Nature 312, 649 
(1984); M. Tanaka, K. Omura, Y. Watanabe, Y. Oda, I. 
Nakanishi, J. Surg. Oncol. 57, 57 (1994). 

7. N. C. Copeland et a[., Science 262, 57 (1993). 
8. T. Jacks et al., Nature Genet. 7, 353 (1994). 
9. L. A. Donehower et dl., Nature 356, 215 (1992); T. 

Jacks et dl., Curr. Biol. 4, 1 (1994). 
10. K. S. Vogel and L. F. Parada, Mol. Cell. Neurosci. 11, 

19 (1998). 
11. C. I. Brannan et al., Genes Dev. 8, 1019 (1994). 
12. C. Kioussi and P. Cruss, Trends Genet. 12, 84 (1996); 

D. L. Stemple and D. J. Anderson, Cell 71, 973 (1992). 
13. S. J. Morrison, P. M. White, C. Zock, D. J. Anderson, 

Cell 96, 737 (1999); N. M. Shah, A. K. Groves, D. J. 
Anderson, Cell 85, 331 (1996). 

14. M. L. Fero, E. Randel, K. E. CurLey, J. M. Roberts, C. J. 
Kemp, Nature 396, 177 (1998); M. Ciovannini et dl., 
Genes Dev. 13, 978 (1999); T. Jacks, Annu. Rev. 

ly charged glass slides (POP100 capillary gap slides; 
Ventana BioTek Systems) at pH 6.8. Sections were 
incubated in unlabeled blocking antibody solution for 5 
to 10 rnin to block nonspecific binding of secondary 
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washing in buffer, sections were incubated for 25 rnin 
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tion (containing goat antibodies to rabbit, mouse, and 
rat immunoglobulin). After another buffer wash, sec- 
tions were incubated with three changes, 2.5 rnin each, 
of 3% H20, to inhibit endogenous tissue peroxidase 
activity and again washed in buffer. Sections were then 
incubated for 25 rnin with freshly prepared horseradish 
peroxidase-conjugated avidin-biotin complex. Sections 
were then washed in buffer and incubated with three 
changes, 5 rnin each, of a freshly prepared mixture of 
diaminobenzidine (DAB) and H,02 in buffer, followed 
by washing in buffer and then water. Sections were 
then counterstained with hematoxylin, dehydrated in a 
graded series of ethanols and xylene, and coverslipped. 
Slides were reviewed by light microscopy. Positive re- 
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fixed in either Bouin's fixative (for hematoxylin and 
eosin staining) or 10% formalin (for immunohistochem- 
istry) and processed for paraffin embedding and section- 
ing at 5 to 7 pm. Tumor sections were immunostained 
with SlOO antibody (anti-S100) (Novocastra), anti- 
desmin (Signet), anti-a-actin (Boehringer), or anti-myo- 
globin (Signet) and visualized by the Vectastain Elite ABC 
peroxidase method (Vector). Tumor DNA was geno- 
typed by three-primer PCRs as described above. 

19. NflIp53 tumor-derived cell lines were isolated as 
follows: Overlying skin and hair were removed from 

the tumor mass and then the tumor mass immersed 
briefly in Dulbecco's phosphate-buffered saline and in 
a solution of penicillin and streptomycin (Cibco). 
Small pieces of the tumor mass were minced in 
Dulbecco's modified Eagle's medium (DMEM) [sup- 
plemented with 10% heat-inactivated fetal calf se- 
rum (HIFCS), penicillin and streptomycin, and nones- 
sential amino acids] (Cibco) with watchmaker's for- 
ceps and fine curved scissors. Tumor pieces were 
allowed to attach to 60-mm plastic tissue culture 
dishes, and clonal cell lines were established from 
tumor outgrowths after four to six passages. 

20. For immunocytochemistry, tumor cells grown on cov- 
erslips in 2% HIFCSIDMEM were fixed in 4% parafor- 
maldehyde and exposed to antibodies diluted overnight 
at 4°C as follows: p75 (Chemicon), 1:200; c-neu (Santa 
Cruz), 1 :200; CAP-43, 1 :250: SlOO (Novocastra), 
1 :200; CFAP (Santa Cruz), 1:200; SMA (Sigma), 1 :400; 
calponin (Sigma), 1:400; neurofilament (Chemicon), 
1 :200. To visualize bound antibody, we used Vectastain 
Elite ABC peroxidase kits (Vector Laboratories), specific 
for goat, rabbit, or mouse primary antibodies, according 
to the manufacturer's instructions. We also tested all 
primary antibodies with Cy3- or fluorescein isothiocya- 
nate-conjugated fluorescent secondary antibodies 
(Chemicon, Sigma) to determine which method yielded 
little or no background staining. For immunoblots, pro- 
teins were extracted from tumor cells grown in 162- 
cm2 culture flasks in Nonidet P-40 lysis buffer contain- 
ing protease inhibitors (Sigma). Insoluble (SMA, CFAP) 
and soluble (c-neu, 5100) fractions were subjected to 
SDS-polyacrylamide gel electrophoresis on 8% to 10% 
minigels. After protein transfer, nitrocellulose mem- 
branes were blocked with 2% bovine serum albumin in 
tris-buffered saline and incubated with primary anti- 
body overnight at 4°C. Specific protein bands were 
visualized with Vectastain Elite ABC peroxidase kits 
(Vector Laboratories), or with Immun-Star kits (Bio- 
Rad), according to the manufacturers' instructions. 
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mortality studies. For genotyplng, tail DNA was subject- 
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Metamorphosis 
Kevin P. White,* Scott A. Rifkin,? Patrick Hurban,$ 

David S. Hogness 

Metamorphosis is an integrated set of developmental processes controlled by 
a transcriptional hierarchy that coordinates the action of hundreds of genes. In 
order t o  identify and analyze the expression of these genes, high-density DNA 
microarrays containing several thousand Drosophila melanogaster gene se- 
quences were constructed. Many differentially expressed genes can be assigned 
t o  developmental pathways known t o  be active during metamorphosis, whereas 
others can be assigned t o  pathways not previously associated wi th  metamor- 
phosis. Additionally, many genes of unknown function were identified that may 
be involved in  the control and execution of metamorphosis. The ut i l i ty of this 

Buffers, blocking solutions, secondary antibodies, avi- genome-based approach is demonstrated for studying a set of complex bio- 
din-biotin complex reagents, chromogen, and hematox- 
vlin counterstain were used as sup~lied in the Chem- logical processes in  a multicellular organism. 
Mate secondary detection kit (~entana BioTek Sys- 
tems). Optimum primary antibody dilutions were pre- The generation of vast amounts of DNA se- scription of biological processes from a glob- 
determined with positive tissues. A quence information, coupled with advances al genetic perspective. One such technology, 
known positive control section was included In each run 
to ensure proper staining, Paraffin sections were cut at in technologies developed for the experimen- DNA microarrays, permits the simultaneous 
3 y m  on a rotary microtome and mounted on positive- tal use of such information, allows the de- monitoring of thousands of genes (I). DNA 
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microarrays have been particularly useful for 
analyzing gene expression profiles in single- 
celled organisms and in tissue culture (2). 
Here we describe the use of this method to 
study gene expression patterns in the multi- 
cellular organism Drosophila as it undergoes 
a dramatic developmental transition. 

Drosophila metamorphosis is character- 
ized by diverse developmental phenomena, 
including cellular proliferation, tissue remod- 
eling, cell migration, and programmed cell 
death. Cells undergo one or more of these 
processes in response to the hormone 20- 
hydroxyecdysone (ecdysone), which initiates 
metamorphosis at the end of the third larval 
instar and before puparium formation (PF) 
via a transcriptional hierarchy (3, 4). Addi- 
tional pulses of ecdysone further coordinate 
these processes during the prepupal and pupal 
phases of metamorphosis. Larval tissues such 
as the gut, salivary glands, and larval-specific 
muscles undergo programmed cell death and 
subsequent histolysis. The imaginal discs un- 
dergo physical restructuring and differentia- 
tion to form rudimentary adult appendages 
such as wings, legs, eyes, and antennae. Ec- 
dysone also triggers neuronal remodeling in 
the central nervous system (CNS) (3). 

In this study, we examined wild-type pat- 
terns of gene expression in D. melanogaster 
during early metamorphosis by assaying 
whole animals at stages that span two pulses 
of ecdysone (Fig. 1). We constructed mi- 
croarrays containing 6240 elements that in- 
cluded more than 4500 unique cDNA ex- 
pressed sequence tag (EST) clones along with 
a number of ecdysone-regulated control genes 
having predictable expression patterns (1, 5). 
These ESTs represent approximately 30 to 
40% of the total estimated number of genes in 
the Drosophila genome (6). In order to gauge 
expression levels, we hybridized microarrays 
with fluorescent probes derived from polyA+ 
RNA isolated from developmentally staged 
animals (Fig. 1). We examined time points 
relative to PF, which lasts approximately 15 
to 30 min during which the larvae cease to 
move and evert their anterior spiracles. We 
analyzed 19 arrays representing six time 
points relative to PF: one time point before 
the late larval ecdysone pulse [>I8 hours be- 
fore PF (BPF)], one time point just after the 
initiation of this pulse (4 hours BPF), and 

Department of Developmental Biology, Beckman 
Center 8300, Stanford University School of Medicine, 
Stanford. CA 94305-5329, USA. 

*To whom correspondence should be addressed at 
the Department of Biochemistry, Beckman Center 
8400, Stanford University Medical Center, Stanford, 
CA 94305-5427, USA. 
tPresent address: Department of Ecology and Evolu- 
tionary Biology. Yale University, Post Office Box 
208106, New Haven, CT 06520. USA. 
:Present address: Paradigm Genetics, 104 Alexander 
Drive, Building 2, Post Office Box 14528, Research 
Triangle Park, NC 27709-5428. USA. 

time points at 3, 6, 9, and 12 hours after PF 
(APF). The prepupal pulse of ecdysone oc- 
curs 9 to 12 hours APF. 

In order to manage, analyze, and dissem- 
inate the large amount of data, we generated 
a searchable database (7) that includes the 
average expression differential at each time 
point. Our analysis set consisted of all ele- 
ments that reproducibly fluctuated in expres- 
sion threefold or more at any time point 
relative to PF, leaving 534 elements contain- 
ing sequences represented by 465 ESTs and 
control genes (8). More than 10% of the 
genes represented by the ESTs displayed 
threefold or more differential expression dur- 
ing early metamorphosis. This may be a con- 
servative estimate of the percentage of Dro- 
sophila genes that change in expression level 
during early metamorphosis, because of the 
stringent criteria used for their selection (8). 

To interpret these data, genes were 
grouped according to similarity of expression 
patterns by two methods (Fig. 2). The first 
relied on painvise correlation statistics (9) ,  
and the second relied on the use of self- 
organizing maps (SOMs) (10). Several ec- 
dysone-regulated control genes are shown 
from different areas of the "clustergram" in 
Fig. 2A and from the clusters in Fig. 2B. The 
two clustering methods gave essentially the 
same results and agree with published RNA 
blot analyses of these transcripts. Further- 
more, each clustering method grouped genes 
with similar expression profiles. In addition 
to the genes shown in Fig. 2, all other known 
ecdysone-controlled genes that were detected 
with these arrays behaved as expected, and 
duplicate control genes clustered together, 
demonstrating the consistency of the results. 

Differentially expressed genes fall into 
two main categories. The first category con- 
tains genes that are expressed at ? 18 hours 
BFP (before the late larval ecdysone pulse) 
but then fall to low or undetectable levels 
during this pulse. This category is colored red 
in the first column of Fig. 2A and has an 
initial negative slope for the curves given in 
Fig. 2B. These genes are potentially re- 
pressed by ecdysone and make up 44% of the 
465 ESTs identified in this set. The second 
category consists of genes expressed at low 
or undetectable levels before the late larval 

ecdysone pulse but then are induced during 
this pulse (indicated by green in the first 
column of Fig. 2A and by an initial positive 
slope in the Fig. 2B curves). These genes are 
potentially induced by ecdysone and make up 
3 1% of the 465 ESTs. Consequently, 75% of 
genes that changed in expression by threefold 
or more did so during the late larval ecdysone 
pulse that marks the initial transition from 
larva to prepupa. This result is consistent 
with the extreme morphological changes that 
are about to occur in these animals. Although 
only two general categories are marked in 
Fig. 2A, there are clearly discrete subdivi- 
sions of gene expression within these catego- 
ries. Figure 2 has been annotated with indi- 
vidual gene names or BLAST hits that are 
available at (7). 

Relatively little is known about basic met- 
abolic processes during metamorphosis. Most 
work has focused on the alcohol dehydroge- 
nase gene, which is known to be repressed by 
ecdysone (3, lo), but a few studies have 
included the ecdysone-inducible glucose de- 
hydrogenase gene and the ecdysone-repress- 
ible urate oxidase locus (3, 11, 12). All three 
of these genes were present in our controls 
and behaved as expected. Nine genes encod- 
ing enzymes in the glycolytic pathway are 
present on the array and are down-regulated 
during the late larval ecdysone pulse (Fig. 
3A). Also, the expression levels of genes 
encoding enzymatic constituents of the citric 
acid cycle, oxidative phosphorylation, amino 
acid metabolism, fatty acid oxidation and 
synthesis, glycogen synthesis and break- 
down, and the pentose phosphate pathway are 
reduced [see (7)]. Thus, some tissues must be 
responding to the initiation of metamorphosis 
by tempering their metabolic activity. This 
reduction may represent an early response in 
certain tissues that are destined to undergo 
programmed cell death, or it may reflect a 
global response to the transition from an ac- 
tive larva to a sessile prepupa. 

Gene expression changes during meta- 
morphosis also foreshadow both larval mus- 
cle breakdown and adult myogenesis. At ap- 
proximately 2 hours APF, the anterior larval 
musculature begins to break down (13). This 
breakdown lasts until approximately 6 hours 
APF. Genes encoding both structural and reg- 

Fig. 1. Developmental 111R111 
stages analyzed in this 
study. The late larval 
and prepupal ecdysone 218hr 4hr Ohr Shr Bhr Shr 12hr 
pulses are indicated by B# P F A P F A P F A P F A P F  
the black bars at the .- I u r n 1  
top. Mid-third instar 1 +3,.d-&&, 
lawae (218  hours BPF) 

preprlpdm-- 

that had not yet been exposed to the late larval ecdysone pulse and late third instar larvae (4 hours 
BPF) exposed to this ecdysone pulse were selected with the "blue gut" method (29). Puparia (at the 
PF stage) were isolated by picking immobile white larvae with everted anterior spiracles. They were 
then incubated at 25OC on grape agar plates for 3, 6.9, or 12 hours. Hybridizations to microarrays 
were done as described (30). 
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ulatory components of muscle formation are 
down-regulated as early as 4 hours BPF (Fig. 
3B). In addition to the repression of genes 
encoding components of thin and thick fila- 
ments, genes encoding other muscle-specific 
molecules are also repressed, including fac- 
tors that compose the mesh in which these 
filaments lie and regulatory factors involved 
in the specification of muscle tissue (Fig. 
3B). The mRNAs of all these repressed genes 
decrease substantially many hours before his- 
tolysis of the anterior larval muscles and 
therefore predict the occurrence of this mor- 
phological event well before it begins. 

Twenty-four hours APF, adult myogen- 
esis is well underway (14). Figure 3B shows 
several genes that are involved in visceral 
mesoderm differentiation and muscle devel- 
opment. The genes DMef-2, bagpipe, and tin- 
man (15) are all up-regulated at 12 hours APF 
from the baseline at PF, coincident with the 
prepupal pulse of ecdysone. We suggest that 
induction of these regulatory factors initiates 
the development of the adult musculature that 
will establish itself several hours later. 

In contrast to the histolyzing larval mus- 
cles, the CNS undergoes dramatic differenti- 
ation and restructuring during early metamor- 

phosis. The majority of the CNS is composed 
of adult-specific neurons that reorganize at 
this time by extending processes and estab- 
lishing new connections (3). Several genes 
known to be involved in neuronal-specific 
processes are differentially regulated during 
the late larval ecdysone pulse. For example, 
the Drosophila neurotactin and plexin A 
genes are induced (Fig. 3C). These genes are 
involved in axonal pathfmding and in estab- 
lishing synaptic connections. The neurotactin 
(nrt) gene product is involved in growth cone 
guidance and is localized to the cell surface at 
points of interneuronal cell contact in the 
presumptive imaginal neurons within the lar- 
val CNS (1 6). Nerve cord condensation does 
not occur normally in the late third instar 
CNS of nrt mutant animals. In prepupae, nrt 
is expressed in a tissue- and cell type-specific 
manner: it is restricted to a small set of 
ocellar pioneer neurons in the brain, photore- 
ceptors of the eye, and some sensory neurons 
in the developing wing (16). We suggest that 
nrt, like the control genes induced from r 18 
hours BPF to PF, is regulated by the late 
larval ecdysone pulse. The plexin A gene 
belongs to a family of genes that encode 
Caz+-dependent homophilic cell adhesion 

molecules first identified in the vertebrate 
CNS and PNS (1 7). Drosophila PLEXIN A 
also acts as a receptor for class I semaphorins, 
and both loss of function and overexpression 
experiments demonstrate that PLEXIN A is 
involved in axon guidance and repulsion of 
adjacent neurons (defasciculation) (1 7). Many 
neurons defasciculate in response to ecdy- 
sone during nervous system remodeling (3), 
and we suggest that an increase in plexin A 
expression may be partly responsible for this 
response. Several more differentially expressed 
neuronal-specific molecules are shown at (7). 
These genes provide several new candidates 
for factors that are involved in the neuronal 
outgrowth and morphological remodeling re- 
sponses to ecdysone. 

Larval-specific tissues such as the afore- 
mentioned larval muscles, the midgut, and 
the salivary glands undergo programmed cell 
death during metamorphosis. Genes involved 
in programmed cell death were identified in 
these experiments. The apoptosis-activating 
reaper gene has previously been shown to be 
ecdysone-inducible (18), and this is reflected 
in our data. We also observed expression of 
the Drosophila caspase-1 gene during the 
prepupal ecdysone pulse but not during the 

Fig. 2. (A) Uustergram of 534 gene expression profiles, including 465 cDNA EST 
dones. These dones showed a threefold differential between PF and any other 
stage and met a signal threshold criterion [see (a. The time point as compared 

5 ' to PF is indicated above each column. Cem expression profiles are shown in mws. 
Red indicates that a gene is more highly e x p r e d  at the time point than at PF, 
whereas green indicates the opposite. Sets of genes that cluster together and are 
either npand or induced during the late l a d  ecdysone puke are indicated. 
Each of the control genes shown was represented at least twice on the arrays. 
These controls include the ecdysone-inducible L71-1, -2, -3 ,4 ,  -5, and -6 genes; 

& I ~ ~ M P F  the edysomindudble heat shock genes Hsp22 and Hsp7Q the nudear rece tor - ene @FlZ-Fl; and the ecdysone-repressible glue genes wJ44 -7, and -8 bl). b) Self-organizing map dusters using the 534 threefold regulated expression 
profiles. In this method, the user specifies the number of clusters desired and an SOM algorithm groups them into discrete dusters (10). The label in 
the upper left comer of each duster indicates the duster number (dl to c34), whereas the number in the top center of each box indicates how many 
ebments are in each duster. Two of the 35 dusters containing control genes are indicated by yellow boxes. Cluster 1 5  contains the L71-1 to L71-6 
genes, and duster 32 contains the SGS4 to SGS8 genes. Time points are represented in these graphs from left to right as diagrammed in Fig. 1 A  (218 
hours and 4 hours BPF, PF, and 3, 6, 9, and 12 hours APF). Blue lines indicate the mean expression profiles; red lines indicate SD. A complete list of 
the genes in each cluster can be obtained at (7). 
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late larval pulse (Fig. 3C). This gene is also 
an activator of apoptosis, and mutants display 
melanotic tumors and larval lethality (19). 
Induction of a cell death inhibitor gene, thread 
(also known as Diapl), was observed during 
the late larval pulse but not the prepupal pulse 
(Fig. 3C). The DIAPI protein includes inhib- 
itor-of-apoptosis (IAP) domains and was 
identified as a factor that can block reaper 
activity (20). Because different tissues begin 
apoptosis at different stages of development, 
we expect changes in the expression of inhib- 
itors and activators of apoptosis to be tissue- 
specific. For example, the expression profiles 
we observed for the caspase-1 activator and 
the Diapl inhibitor are those expected in 
tissues such as the larval salivary glands. 
Tissue-specific information on the induction 
of these genes will be important to under- 
standing the coordination of apoptosis during 
metamorphosis. 

The expression levels of genes involved in 
cellular differentiation also dynamically change 
during metamorphosis. The gene headcase is 
expressed in all proliferating imaginal cell 
lineages (21). According to our results, this 
gene is induced during the prepupal ecdysone 
pulse but does not substantially change ex- 

Fig. 3. (A) Glycolysis. Enzymes 
corresponding to genes represent- 
ed on the arrays are listed in red 
next to the reactions they cata- 
lyze. The fold repression of these 
genes during the initiation of 
metamorphosis (218 hours BPF 
versus PF) is also shown by num- 
bers in red. (B) Structural and 
regulatory genes involved in myo- 
genesis. (C) Genes encoding mol- 
ecules that are involved in control- 
ling CNS restructuring, apoptosis, 
and cellular differentiation during 
metamorphosis. 

pression levels during the late larval ecdy- 
sone pulse. Imaginal tissues in headcase null 
mutants appear normal in size and shape but 
fail to differentiate normally (21). These mu- 
tants are invariably pupal lethal and show 
pleiotropic effects in adult tissues. The pre- 
dominant headcase loss of function pheno- 
type is defective head 'development. Mutants 
can display deletion of the head capsule, leav- 
ing only a protruding proboscis. Another 
gene expressed in this manner with a known 
role in ecdysone-mediated differentiation of 
imaginal discs is IMP-L2 (22). These data 
demonstrate that factors required for cellular 
differentiation during metamorphosis are 
present in our data set. There are 29 other 
EST sequences encoding novel genes that 
display a greater than threefold induction 
from PF to 12 hours APF but do not display 
a threefold or greater change in expression 
level during the late larval ecdysone pulse. 
Perhaps some of these genes, such as head- 
case and IMP-L2, are involved in differenti- 
ation of adult-specific tissues. 

Other genes known to be involved in cel- 
lular differentiation exhibited changes in lev- 
el of expression during metamorphosis. For 
example, corkscrew is induced during the late 

larval ecdysone pulse (Fig. 3C). This gene 
encodes a protein tyrosine phosphatase that is 
involved in receptor tyrosine kinase signaling 
during photoreceptor differentiation (23). short- 
sighted encodes a bZIP transcription factor 
homologous to a mouse transforming growth 
factor-fi (TGF-&responsive gene and acts 
in the decapentaplegic pathway (24). This 
gene is induced during the late larval ecdy- 
sone pulse and then further induced during 
the prepupal pulse. tolkin encodes a TGF-fi 
homolog and is induced during the late larval 
ecdysone pulse but not during the prepupal 
pulse (Fig. 3C). tolkin is expressed in imag- 
inal discs during metamorphosis and causes 
pupal lethality when mutated (24). These re- 
sults establish potential connections between 
known signal transduction pathways and ec- 
dysone-initiated metamorphosis. 

Description of wild-type development is a 
first step in understanding metamorphosis 
from a global perspective. However, we also 
wish to understand the composition of the 
genetic hierarchy that leads to metamorpho- 
sis. To test whether we are able to identify 
new targets of transcription factors identified 
in the ecdysone genetic hierarchy, we prema- 
turely expressed the ecdysone-induced nucle- 
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ar receptor DHR3 at r 18 hours BPF. DHR3 
is responsible for the coordination of part of 
the transcriptional program controlling meta- 
morphosis and can act as either a repressor or 
an activator of transcription, depending on 
the target gene (25). DHR3 can induce PFTZ- 
F1, a nuclear receptor that is active during 
midprepupal development and is responsible 
for the difference in the genetic response to 
ecdysone between the late larval and prepu- 
pal ecdysone pulses (25, 26). PFTZ-FI in- 
duction is confmed by our microarray re- 
sults (Fig. 4). Several other genes were in- 
duced by DHR3 when it was expressed at 
r 18 hours BPF. One of these is represented 
by a novel EST (LD24139) that was induced 
from 3 to 9 hours APF during wild-type 
development (Fig. 4). ESTs representing 12 
other DHR3-induced genes that have less 
than threefold induction at 3 to 9 hours APF 
are listed at (7). Some of these additional 
genes may not normally be DHR3 targets or 
may be induced by DHR3 at other stages 
during development. 

DHR3 has been shown to inhibit the 
induction of ecdysone-inducible genes, and 
with E75B it can act as a repressor of the 
PFTZ-FI gene (25). DHR3 was expressed 
before the ecdysone-inducible genes were 
up-regulated but was still capable of re- 
pressing genes (Fig. 4). Four out of seven 
such genes belong to the cytochrome P450 
(CYP) class of genes (Fig. 4) (27). Three of 
these CYP genes are normally repressed 
during the late larval pulse, and this repres- 
sion begins before DHR3 induction occurs 
(approximately 4 hours BPF). Thus, DHR3 
cannot be solely responsible for their re- 
pression, although it may contribute to it. 
One function of cytochrome P450 mole- 
cules is hydroxylation of steroids (27), and 
the depletion of transcripts of the CYP 

within the ecdysone hierarchy further sug- sophila offers with genomic information will 
gests that they may have a role in control- inevitably produce a reasonably complete 
ling the ecdysone genetic cascade. picture of gene regulation and its implications 

Taken together,' our results demonstrate for metazoan development. 
the utility of DNA microarrays in determin- 
ing the genetic foundations of metamo~~ho- " u 

sis. The identities of the differentially ex- 
pressed genes discovered in this study sug- 
gest several points of coordination between 
the ecdysone-regulated pathways that con- 
trol the temporal aspects of metamorphosis 
and the developmental pathways that con- 
trol the specification and differentiation of 
particular cell types and tissues. Despite the 
experimental restrictions imposed by the 
use of whole animals, we observed changes 
in the abundance of transcripts that corre- 
late with the late larval or prepupal ecdy- 
sone pulses (or both) for genes whose ac- 
tivities were not known to be influenced by 
this hormone. Further studies are now needed 
to delineate the relationship between the 
ecdysone-regulated genetic hierarchies and 
the functions of both the known and the novel 
genes that are differentially expressed during 
metamorphosis. For example, a next step is to 
distinguish genes that are directly regulated by 
ecdysone from those @at are secondary targets 
of ecdysone-regulated factors. 

Data produced on a genomic scale can be 
used to similarly assist in deciphering the 
complex genetic networks that control other 
stages of Drosophila development. Great 
strides have of course been made in defining 
these networks by use of mutations and ex- 
pression constructs. The resulting stick dia- 
grams describing these networks must, how- 
ever, be incomplete, in part because inactiva- 
tion of the majority of genes does not result in 
obvious mutant phenotypes (6). Genomic ap- 
proaches have the potential to expand these 
stick diagrams to include all functional genes. 

genes may provide a mechanism by which integrating and visualizing data derived from 
production of the biologically active form genomic studies present a substantial chal- 
of ecdysone (20-hydroxyecdysone) is sti- lenge. Nonetheless, combining the powefil 
fled at PF. Regulation of these CYP genes molecular and genetic approaches that Dro- 

Fig. 4. Genes regulated by DHR3 at 
2 1 8  hours BPF. This experiment was 
repeated four times. LD24139 was up- 
regulated in all four experiments, as was C- I.D. pFTZ-FI. These two genes are also high- . - - - - ~ - - - - -  ...,....------- - - ...~. ---- 

iLD24198 I vrlmom 
ly induced during midprepupal develop- -- I 
ment. Also shown are genes repressed ! m - F l  r-qf- 
twofold or more by DHR3 at 2 1 8  hours b=Gon/'FG 
BPF. Four of these genes (represented 
by ESTs GM06292, LD02646, GM08076, - I C I P ' ~  
and HL02362) belong t o  the cyto- F&G-F= A 

chrome P450 gene family. The gene rep- ':"'c&iyG-- 
resented by LD11278 encodes a factor 
related to a mammalian antioxidant p !TF! 
tein (AOP2). Three other CYP genes are LD11278 A O P P ~  
repressed during the onset of metamor- xj mlmown 
phosis but are not repressed by DHR3 
(HL05525, HL02362, and HL01094) ? f i e  e g g  
(32)- 'd 7 V t 9 t l  
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Impact of EL NiAo and Logging 
on Canopy Tree Recruitment 

in Borneo 
L. M. ~ u r r a n , ' , ~ *  I. C a n i a g ~ , ~  G. D. Paoli,' D. Astianti? 

M. K u ~ n e t i , ~  M.   eight on,^ C. E. ~ i r a r i t a , ~  H. ~aerurnan' 

Dipterocarpaceae, the dominant family of Bornean canopy trees, display the 
unusual reproductive strategy of strict interspecific mast-fruiting. During 
1986-99, more than 50 dipterocarp species dispersed seed only within a 1- t o  
2-month period every 3 t o  4 years during E l  Nitio-Southern Oscillation events. 
Synchronous seed production occurred across extensive areas and was essential 
for satiating seed predators. Logging of dipterocarps reduced the extent and 
intensity of these reproductive episodes and exacerbated local E l  Nitio condi- 
tions. Viable seed and seedling establishment have declined as a result of 
climate, logging, and predators. Since 1991, dipterocarps have experienced 
recruitment failure within a national park, now surrounded by logged forest. 

Global climatic cycles, such as El N E ~ A o u t h -  
em Oscillations (ENSO), affect diverse ecolog- 
ical processes including community dynamics 
and landscape disturbances in tropical regions 
(1). Dipterocarpaceae, a monophyletic group 
of trees (2), dominate low- to mid-elevation 
tropical forests in Southeast Asia and can 
contribute 270% of canopy biomass (3, 4). 
Of the 257 species on the island of Borneo, 
most are insect-pollinated, obligate outcrossers 
that flower asynchronously on supra-annual cy- 
cles (5). Dipterocarps produce single-seeded 
fruits; are dispersed by wind, water, or gravity; 
and germinate within days of dispersal. Primary 
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Arbor, MI 48109, USA. 3U.S. Agency for International 
Development-Natural Resource Management, Ponti- 
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or secondary dispersal agents have not been 
documented (4, 6) .  

Mast-fruiting, the supra-annual production 
of large seed crops interspersed by irregular 
periods of low seed production, has been chal- 
lenged as a distinct biological phenomenon (7). 
Therefore, the geographic, taxonomic, and tem- 
poral extent of synchronous reproduction in 
plants must be quantified to address these 
claims (7, 8). Our 14-year investigation tests 
assertions that Bomean dipterocarps display 
mast-hiting over large spatial scales (9). Five 
dipterocarp genera and 54 sympatric diptero- 
carp species were monitored for h i t  produc- 
tion, seed damage, and seedling establishment 
(10) across two watersheds (15 !q2) within 
Gunung Palung National Park (GPNP; 90,000 
ha), West Kalimantan (146,760 km2; Indone- 
sian Bomeo). 

To assess the logging impact on diptero- 
carp recruitment across West Kalirnantan, we 
also conducted 3 vears of field research with- 
in 12 logging concessions, compiled a decade 
of logging records across all 72 timber con- 
cessions, collected dipterocarp seed export 
data covering a 30-year period, digitized land 
use maps, and assessed Landsat TM images 
of the GPNP region from 1988 to 1998. 
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