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Gene Clustering Based on RNAi Phenotypes
of Ovary-Enriched Genes in C. elegans

tal Procedures). More than half of the genes (389) were
associated with detectable phenotypes (Table 1). Fur-
thermore, a large proportion (322 or 43%) was required
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and Kenneth J. Kemphues1 for either egg production or embryogenesis (Table 1).
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Cornell University chromosome III and 21% of randomly chosen cDNAs
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Summary

Sequence Conservation, Expression Level,Recently, a set of 766 genes that are enriched in the
Chromosome Location, andovary as compared to the soma was identified by mi-
Embryonic Requirementcroarray analysis [1]. Here, we report a functional anal-
We examined our data for relationships between embry-ysis of 98% of these genes by RNA interference (RNAi).
onic lethality, degree of conservation, and extent of en-Over half the genes tested showed at least one detect-
riched expression in the ovary. Previous large-scaleable phenotype, most commonly embryonic lethality,
RNAi-based functional analyses revealed that genes re-consistent with the expectation that ovary transcripts
quired for embryogenesis are more likely to be con-would be enriched for genes that are essential in basic
served across species [2, 6, 7]. We observe that thiscellular and developmental processes. We find that
correlation holds true only for genes showing maternalessential genes are more likely to be conserved and to
sterile or highly penetrant (�80%) embryonic lethal phe-be highly expressed in the ovary. We extend previous
notypes (n � 172) and not for genes showing only partialobservations [2, 3] and find that fewer than the ex-
penetrance lethality (n � 150). This observation sug-pected number of ovary-expressed essential genes
gests that, in general, genes giving rise to partial pene-are present on the X chromosome. We characterized
trance phenotypes are not all merely the result of incom-early embryonic defects for 161 genes and used time-
plete protein depletion by RNAi, or else they too wouldlapse microscopy to systematically describe the de-
show a positive correlation with the level of sequencefects for each gene in terms of 47 RNAi-associated
conservation. Genes with partially penetrant null pheno-phenotypes. In this paper, we discuss the use of these
types may represent a pool of genes that exists in bal-data to group genes into “phenoclusters”; in the ac-
ance between selection pressure and new mutationscompanying paper, we use these data as one compo-
required for organisms to explore novel mechanismsnent in the integration of different types of large-scale
of development. Using the quantitative data from thefunctional analyses [4]. We find that phenoclusters
microarray analysis, we also found that genes withcorrelate well with sequence-based functional predic-
higher levels of ovary enrichment are more likely to betions and thus may be useful in predicting functions
required for embryogenesis (Figure 1). For example, ofof uncharacterized genes.
the 80 genes that were enriched less than 2-fold, only
21 (�26%) showed an embryonic phenotype; con-Results and Discussion
versely, of the 314 genes that showed more than 4-fold
enrichment in the ovary, 154 (�49%) were required forRNAi of Ovary-Enriched Genes
embryogenesis. Taken together, these data provide evi-In the first use of microarray analysis in C. elegans,
dence for a positive correlation between expressionReinke and colleagues identified 766 predicted genes
level in the ovary and cellular requirement in the embryo.with enriched expression in the ovary or the germlines

As seen in previous studies [2, 3], we found that genesof both sexes [1]. We have used RNAi [5] to determine
giving rise to embryonic lethal phenotypes were under-the in vivo role of 751 of these genes (see the Experimen-
represented on the X chromosome (Figure 2). Because
these previous analyses were based on genes identified5Correspondence: fp1@nyu.edu

6These authors contributed equally to this work. by cDNAs, they left open the possibility that the under-
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Table 1. Summary of Phenotypic Results from RNAi Analysis of 751 Ovary-Enriched Genes Identified by Microarray Analysis

Maternal Sterile or Embryonic Lethal Phenotype

Maternal �80% 30%–80% 10%–30% Combined Maternal No
Sterilea Lethal Lethal Lethal Sterile and Lethal Lethality Total

Total 32 140 60 90 322 429 751
Postembryonic Phenotype 12 (2) 62 (10) 40 (16) 28 (7) 142 (36) 67 (24) 209 (59)

The upper number in each column indicates the total number of genes in each maternal sterile or lethal class. The lower number is the number
of genes in each class that also showed postembryonic phenotypes among escapers. Parentheses indicate the subset of genes for which
postembryonic phenotypes were seen in �10% of progeny. See Table S1 at http://www.rnai.org/papers/piano2002 for detailed results.
a A total of 31 genes in this class exhibited both maternal sterile and embryonic lethal phenotypes (27 were �80% lethal, 3 were 30%–80%
lethal, and 1 was 10%–30% lethal); these genes are not counted again in the totals shown for the various lethal classes.

representation reflected a lower overall expression from taken a different approach to the selection of genes to
assay, the method of double-stranded RNA (dsRNA)the X chromosome. In fact, X chromosome genes are

underrepresented in this set of germline-enriched genes delivery, and scoring criteria [9]. Therefore, it is of inter-
est to evaluate the effect of these variations on the[1], largely due to global silencing of X chromosome

transcription early in oogenesis [8]. However, the 40 X reported outcomes and to estimate error levels in each
study. For this comparison (summarized in Table 2),chromosome genes that are enriched in the germline

included only 7 genes that produced lethal RNAi pheno- we restricted our analysis to those studies in which
information on the positive and negative results wastypes instead of the expected 17 (p � 0.01), based on

the overall rate of lethality. Because there is no evidence available; in addition, we used only embryonic lethal or
sterile phenotypes. Though false positive results withindicating that X chromosome genes are less sensitive

to RNAi, we conclude that, in addition to the expression RNAi are possible, due, for example, to secondary
siRNAs, they cannot be estimated accurately and arebias, genes on the X chromosome are less likely than

autosomal genes to be essential for basic cellular or likely to represent a minority of cases [9]. In the current
comparisons, we assumed no false positives to arrivedevelopmental processes in the embryo. Thus, it ap-

pears that the X chromosome harbors a different distri- at an initial estimate of reproducibility. To illustrate, 142
of the genes that were analyzed in this study were alsobution of gene classes than the autosomes. So far, we

have found that the distribution of genes that are con- analyzed in a previous study of genes on chromosome
I [7]. Of these, 81 showed no phenotype in either study,served in other species or genes that belong to multi-

gene families is not significantly different between the and 61 showed sterile or lethal phenotypes in at least
one study. However, only 32 of these 61 genes wereX chromosome and the autosomes overall; however,

preliminary analysis with sequence-based gene function identified as lethal or sterile in both studies. The current
study identified 28 additional genes as lethal or sterile,prediction suggests that some functional classes are

significantly underrepresented on the X chromosome or and the chromosome I study identified one additional
gene. Based on these comparisons, we estimate thatare present only as multi-gene families (unpublished

observation). over 45% of genes that could show lethal or maternal
sterile phenotypes were not identified in each of the two
previous chromosome-based, large-scale analyses [6,Reproducibility of Large-Scale RNAi Analyses

The set of genes we analyzed partially overlaps with 7], and around 25% were not identified in the current
analysis or the analysis using mixed-stage cDNAs [3].sets analyzed by previous large-scale RNAi studies [2,

3, 6, 7], which allows us to address the important issue In a few cases, the same gene has been reported as
giving different RNAi phenotypes in different studies.of reproducibility. Each large-scale RNAi project has

Figure 1. Correlation between RNAi Pheno-
typic Classes and Expression Levels in the
Ovary for the Set of 751 Genes Tested

Expression level is expressed as fold-enrich-
ment detected in wild-type versus glp-4 mu-
tant adults, in which the germline is absent.
The number of genes in each fold-induction
range falling into different RNAi phenotypic
classes is expressed as a percentage of the
total number (n) of genes in each bin. Dark
gray bars represent genes giving rise to ma-
ternal sterility or strong (�80%) embryonic
lethality. Light gray bars represent genes giv-
ing rise to partial (10%–80%) embryonic le-
thality. Black bars represent genes giving rise
to postembryonic phenotypes only. White
bars represent genes giving rise to no detect-
able phenotype.
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Figure 2. Expected versus Observed Distri-
bution by Chromosomes of Genes Giving
Rise to Maternal Sterility and/or Some Level
of Embryonic Lethality in the Set of 751
Ovary-Enriched Genes Tested by RNAi

Light gray bars represent the expected num-
ber of genes on each chromosome based on
the total number of predicted protein-encod-
ing genes in the genome (20,379 ORFs from
WormPep73). Dark gray bars represent the
expected number of genes based on the
chromosomal distribution of genes in the set
of 751 genes tested. Black bars represent the
observed number of genes.

These differences may reflect the level of depletion ob- volved in cell polarity, we searched our data for genes
that showed at least two of three well-known abnormali-tained in each experiment and thus reveal dosage sensi-

tivity of the gene in question, or they may be the result of ties associated with polarity defects (i.e., alterations in
spindle position in the P0 cell, asynchrony at the two-the different scoring approaches [9]. Overall, however,

these discrepancies indicate that negative results from cell stage, or position of the spindle in P1 or AB). A total
of 21 genes matched these criteria. Preliminary studiesany single RNAi experiment should be interpreted cau-

tiously. From these comparisons it is clear that, while showed that 15 of these genes were required for the
proper asymmetric distribution of P granules (data notlarge-scale RNAi studies are rapidly providing a wealth

of new information, performing independent RNAi tests shown).
leads to a decrease in the overall rate of false negative
results. Clustering Genes According to Phenotypes

To test whether we could use the phenotypic signatures
to identify groups of genes that are required for commonDigitizing Embryonic Phenotypes

The early C. elegans embryo has been shown to be an processes, we used PAUP* [11] to cluster genes ac-
cording to their phenotypic signatures and obtained theexceptional system in which to study the function of

large sets of genes by RNAi [2, 6, 10]. It is a challenge, tree shown in Figure 3. The two largest groups provide
test cases for the clustering method: as expected, geneshowever, to archive data collected in such large-scale

functional genomic analyses in a way that provides a with RNAi phenotypes of either few or no eggs grouped
together (Clade I), and genes that gave rise to no visiblecomplete description, avoids bias in describing pheno-

types, and is readily searchable by phenotype. In an defect in the first 50 min of development also grouped
together (Clade II).effort to address these challenges, we cataloged all phe-

notypes seen in early embryos after RNAi using 47 dis- The resulting groupings, or “phenoclusters” [12], cor-
relate well with functional predictions based on se-crete characters that were scored either as “present”,

“absent”, or “not applicable”. The series of character quence analysis for the genes in the group. For example,
Clade III is made up of seven genes that, when testedstates for each gene comprises its “phenotypic sig-

nature” (see Table S2 at http://www.rnai.org/papers/ by RNAi, give rise to embryos that show an “exaggerated
asynchrony” at the two-cell stage, among several otherpiano2002).

This coding system makes it possible to query the set phenotypic defects. Five of these genes are predicted
to function in chromosome biology or DNA replication.of RNAi results by using combinatorial parameters. As

a simple example, to identify genes that could be in- The sixth, C38D4.3, is conserved with other proteins of

Table 2. Comparison of Results with Other Large-Scale RNAi Studies

Chromosome I Chromosome III Mixed-Stage cDNAs

MS or �80% 10%–80% Not MS or �80% Not MS or �80% 10%–80% Not
Lethal Lethal Lethal Lethal Lethal Lethal Lethal Lethal

Ovary-Enriched Genes MS or �80% 24 3 3 28 15 27 4 3
(This Study) Lethal

10%–80% 2 3 25 3 16 4 7 19
Lethal

Not Lethal 1 0 81 4 71 13 8 73

Results from this study were compared to results from RNAi of 142 chromosome I genes [7], 137 chromosome III genes [6], and 158 genes
identified by mixed-stage cDNAs [3]. Bold numbers indicate concurrence in the compared results. The identities of the genes used for this
comparison are listed in Table S3 at http://www.rnai.org/papers/piano2002.
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unknown function and is predicted to contain an similarities. We believe that digitized representation of
phenotypic data will be useful not just in C. elegans butAT_Hook DNA binding domain [13]. The seventh,

C27A2.3, is novel. The clustering predicts that these two also in other organisms and will facilitate the develop-
ment of methods to integrate data from different kindsgenes are also involved in chromosome biology and

may function in concert with the other genes in this of functional genomic analyses.
clade. Similarly another clade (Clade IV) shows a group

Experimental Proceduresof 12 genes, 11 of which are currently predicted to be
involved in chromosome biology or DNA replication,

RNAi
though none have been previously studied genetically. A starting set of ovary-enriched genes included 766 “oocyte-
F33G12.4 is a member of this clade, but no prediction enriched” and “germline-intrinsic” genes identified by microarray

analysis [1]. Gene identification refers to GenePairs, which are oftenof its biological function has been made based on se-
the same as WormPep names. However, continuous updates of thequence analysis alone. These results expand the con-
predicted gene structures in the genome can change this relation-nection between asynchrony and DNA synthesis from
ship. Table S1 at http://www.rnai.org/papers/piano2002 shows theprevious studies [2, 6, 7, 14]. Interestingly, by scoring
current mapping between predicted genes and GenePairs. For con-

all the visible phenotypes, we note that the same genes sistency, GenePairs names have been used throughout this paper.
also elicit ectopic furrow formation in the one-cell em- Genes were PCR amplified from genomic DNA by using gene-spe-

cific primers (SJJ set) that contain the T7 promoter sequence. Abryo. These results suggest a common molecular basis
total of 4 �l PCR product was used as template for 10 �l transcriptionfor both exaggerated asynchrony at the two-cell stage
reactions using T7 Ribomax kits (Promega). RNA was diluted 3-foldand ectopic furrow formation in the P0 cell. One way
with water. All dsRNA and PCR reactions were checked by runningto interpret these seemingly unrelated results is that
all samples out on a 1% agarose gel. We then performed RNAi

incomplete or defective chromosome replication has injections for each single gene into young C. elegans (N2 strain)
two overt outcomes on C. elegans embryonic cells. First, adult hermaphrodites as described previously [2].
improper chromosome separation affects cytokinesis in

Phenotypic Characterization and Time-Lapse Analysisthe P0 cell, such as occurs after inhibition of Topoisom-
of Embryogenesiserase II in mammalian cell cultures [15]. Second, slowed
Genes were classified as “P0 sterile (ms)” if RNAi-treated wormsDNA replication activates a checkpoint that slows mito-
stopped producing embryos 48 hr after injection and contained no

sis in P1, as suggested by genetic studies [14]. live or developing embryos at this time; otherwise, if the injected
Clustering can also reveal unexpected relationships animal laid less than 100 eggs in its lifetime, the term “reduced

fecundity (rf)” was applied. Genes giving rise to embryonic lethalitybetween biochemical function and phenotype. For ex-
among the progeny of injected worms were classified as “strong”ample, 43 genes show a “granular cytoplasm” pheno-
embryonic lethal (el) if at least 80% of the embryos died, as “partial”type, a phenotype that occasionally appears in wild-
embryonic lethal (pel) if 30%–79% of the embryos died, or as “verytype worms and perhaps for that reason was scored
low” lethal (vll) if 10%–29% of the embryos died. Genes were only

only once in previous large-scale RNAi screens. Nine of assigned to the “el” and “pel” classes if the phenotype was observed
the 43 genes cluster into a single clade (Clade V) be- from at least two independent worms at or exceeding the stringency

requirements indicated; assignment to the “vll” class required thatcause they show this defect and no other defect in the
lethality above wild-type be observed from two independent wormsfirst 50 min of development. Interestingly, four of the
and that the average lethality exceed 10%. Progeny of RNAi-treatednine are predicted to be involved in mRNA processing
animals were scored for postembryonic phenotypes after control(C36B1.5, C30B5.4, K07C6.6, and C04H5.6), and two
animals had reached adulthood. All postembryonic phenotypes that

others are predicted to be involved in transcriptional appeared among the progeny of two or more injected worms were
regulation (W02D3.9 and C36B1.3), raising the possibil- recorded. A Him phenotype was assigned if males were observed

among the progeny of at least two injected animals at a frequencyity that the other three may also play a role in these
higher than 0.4%.processes.

Time-lapse digital movies were made as previously described [2].In summary, we subjected 751 germline-enriched
Three independent RNAi-affected worms from clones giving risegenes to RNAi and have determined that, for 389 of
to �80% lethality were dissected to collect the early embryos about

them, RNAi leads to maternal sterile, lethal, or postem- 36–42 hr postinjection and were mounted on a 2% agarose pad.
bryonic phenotypes. We collected time-lapse movies Movies were made with either an Olympus BX60 or Zeiss micro-

scope equipped with a 40� lens and differential interference con-(available through http://www.rnai.org and http://www.
trast (DIC) optics. We used digital acquisition through either a Cohuwormbase.org) of early embryonic development for 161
CCD camera and 4D-Grabber (University of Wisconsin) or a Hama-of the genes with lethal phenotypes and have developed
matsu Orca camera and Image Pro 4.0 (Media Cybernetics) to recorda system that transforms complex phenotypic data into
300 frames at 10-s intervals. QuickTime Pro 4.0 (Apple Computers)

discrete characters amenable to different kinds of com- was used to compress all movies (medium, JPEG B compression)
putational analyses. We show that, by using this system, and prepare them for internet streaming. All RNAi movies were ana-

lyzed for each of 47 phenotypes (see the Supplementary Materialit is possible to cluster genes according to phenotypic

Figure 3. Gene Cluster Display Based on RNAi-Induced Phenotypes in the Early Embryo

(A) A cladogram of 161 GenePairs derived with 47 phenotypic descriptors. Each node represents one GenePair tested; where available, the
corresponding gene name is also indicated. Some groups are discussed in the text and are represented by roman numerals and by shaded
boxes. The pie charts show the distribution of predicted sequence-based function for the genes in each group.
(B) Pie chart representing all the genes in (A). The following categories are represented in all the pie charts: 1, unknown; 2, RNA transcription/
modification; 3, chromatin/chromosome structure; 4, cell cycle control; 5, protein synthesis/folding/translocation/degradation; 6, energy
metabolism; 7, Signal transduction/differentiation; 8, cytoskeleton associated or component; 9, Nuclear-cytoplasmic transport; and 10, chitin
biosynthesis.
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available with this article online). If the defect was observed in any of transcriptome maps of the C. elegans germline. Curr. Biol. 12,
1952–1958.the embryos, it was scored as defective for that character. Although

some defects will not be independent, we made no attempt to distin- 5. Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E.,
and Mello, C.C. (1998). Potent and specific genetic interferenceguish dependent from independent characters. In some cases, em-

bryos arrested early, and the proper scoring of characters in later by double-stranded RNA in Caenorhabditis elegans. Nature 391,
806–811.events was not possible; for these cases, the character state was

assigned as “not applicable (n/a)”. All results from this study, includ- 6. Gönczy, P., Echeverri, G., Oegema, K., Coulson, A., Jones, S.J.,
Copley, R.R., Duperon, J., Oegema, J., Brehm, M., Cassin, E.,ing digital movies, are accessible through http://www.rnai.org and

http://www.wormbase.org. et al. (2000). Functional genomic analysis of cell division in C.
elegans using RNAi of genes on chromosome III. Nature 408,
331–336.Clustering

7. Fraser, A.G., Kamath, R.S., Zipperlen, P., Martinez-Campos, M.,There are diverse methods for clustering data according to similarity
Sohrmann, M., and Ahringer, J. (2000). Functional genomic anal-(see [16]). Here, we have used a phylogenetic method that uses
ysis of C. elegans chromosome I by systematic RNA interfer-distance data to group “taxonomic” units according to their similar-
ence. Nature 408, 325–330.ity. We used PAUP* [11] to cluster genes according to their pheno-

8. Kelly, W.G., Schaner, C.E., Dernburg, A.F., Lee, M.H., Kim, S.K.,typic signatures. We used the NJ algorithm and tested random trees
Villeneuve, A.M., and Reinke, V. (2002). X-chromosome silencingto identify the parameters that gave the lowest g1 statistic [17] using
in the germline of C. elegans. Development 129, 479–492.our data matrix. We used total distance and minimum evolution to

9. Piano, F., and Gunsalus, K. (2002). RNAi-based functional geno-calculate the tree and used the following values for the matrix:
mics in C. elegans. Curr. Genomics 3, 69–81.absent � 1; present � 3; n/a � 0; and missing data � ?. Finally, for

10. Zipperlen, P., Fraser, A.G., Kamath, R.S., Martinez-Campos, M.,reproducibility, we used the sequential addition of taxa option.
and Ahringer, J. (2001). Roles for 147 embryonic lethal genes
on C. elegans chromosome I identified by RNA interference andFunctional Assignment to Predicted Genes
video microscopy. EMBO J. 20, 3984–3992.We used a combination of Wormbase (http://www.wormbase.org)

11. Swofford, D.L. (2002). PAUP*, Phylogenetic Analysis Using Par-descriptors and BLAST [18] analysis to arrive at the attributed func-
simony (*and Other Methods). (Sunderland, MA: Sinauer).tional category.

12. Boulton, S.J., Gartner, A., Reboul, J., Vaglio, P., Dyson, N., Hill,
D.E., and Vidal, M. (2002). Combined functional genomic mapsSupplementary Material
of the C. elegans DNA damage response. Science 295, 127–131.Supplementary Material including three supplementary figures that

13. Reeves, R., and Nissen, M.S. (1990). The A.T-DNA-binding do-contain examples of the 47 discrete phenotypic characters and their
main of mammalian high mobility group I chromosomal proteins.corresponding descriptors is available at http://images.cellpress.
A novel peptide motif for recognizing DNA structure. J. Biol.com/supmat/supmatin.htm. Additional Supplementary Material con-
Chem. 265, 8573–8582.taining three supplementary tables that summarize the results of

14. Encalada, S.E., Martin, P.R., Phillips, J.B., Lyczak, R., Hamill,this study is available at the authors’ website, http://www.rnai.org/
D.R., Swan, K.A., and Bowerman, B. (2000). DNA replicationpapers/piano2002. http://www.rnai.org is an online database, “RNAi
defects delay cell division and disrupt cell polarity in earlyDatabase”, that provides access to the results of large-scale RNAi
Caenorhabditis elegans embryos. Dev. Biol. 228, 225–238.phenotypic studies performed by the authors. RNAi Database pro-

15. Wheatley, S.P., O’Connell, C.B., and Wang, Y. (1998). Inhibitionvides searchable access to RNAi experiments by experiment name,
of chromosomal separation provides insights into cleavage fur-Wormpep ID, phenotype, etc. and includes a complete list of all
row stimulation in cultured epithelial cells. Mol. Biol. Cell 9,phenotypes observed for each experiment as well as raw data in
2173–2184.the form of QuickTime movies.
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