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SUMMARY

The Caenorhabditis elegans gene pes-1 encodes a Conservation of the fkh-2/pes-1 genetic redundancy
transcription factor of the forkhead family and is expressed betweenC. elegansand the related specie€. briggsaewas
in specific cells of the early embryo. Despite these demonstrated. Interestingly the redundancy inC. briggsae
observations suggestingpes-1 to have an important is not as complete as inC. elegansand this could be
regulatory role in embryogenesis, inactivation ofpes-1  explained by alterations ofpes-1specific to theC. briggsae
caused no apparent phenotype. This lack of phenotype is a ancestry. With overlapping function retained on an
consequence of genetic redundancy. Whereas a weak, evolutionary time-scale, genetic redundancy may be
transitory effect was observed upon disruption of just extensive and expression pattern data could, as here, have
T14G12.4 (renamed fkh-2) gene function, simultaneous a crucial role in characterization of developmental
disruption of the activity of both fkh-2 and pes-1resulted in  processes.

a penetrant lethal phenotype. Sequence comparison suggests

these two forkhead genes are not closely related and the

functional association offkh-2 and pes-1was only explored  Key words:Caenorhabditis elegans, pes-1, sloppy-paired,
because of the similarity of their expression patterns. Caenorhabditis briggsaeGenetic redundancy

INTRODUCTION TheC. elegangienepes-1was originally identified through
a molecular strategy, promoter trapping (Hope, 19p&3-1

The C. elegansgenome is essentially completely sequencedncodes a transcription factor of the forkhead family and is
and contains approximately 19,000 protein coding ge@es ( expressed during embryogenesis in the descendants of several
eleganssequencing consortium, 1998). This figure is muckounder cells (Hope, 1994)es-1lexpression in descendants of
higher than the number of essential genes predicted hize AB blastomere is dependent@p-1 (Molin et al., 1999)
classical genetic studies (Sulston et al., 1992; Waterston amad is first observed shortly after thlp-1-dependent signal to
Sulston, 1995; Johnsen and Balillie, 1997). Reverse genetkBalp and ABara takes place. Reverse genetic analysis,
analysis by double-stranded RNA mediated interferencdescribed here, reveals thates-1 is not essential in
(RNAI; Fire et al., 1998) seems to confirm that the majority olembryogenesis but this is because of genetic redundancy and
C. eleganggenes fail to show any obvious phenotype wherthe gene does function during embryonic development. The
inactivated (P. Gonczy et al., personal communication). Similaredundancy involves two diverged members of the forkhead
conclusions have been reached for plants (Martienssen, 1998anscription factor family and is conserved in the related
yeast (Oliver et al., 1992),Drosophila melanogaster nematode Caenorhabditis briggsae Such conservation
(Ashburner et al., 1999) and the mouse (Cooke, 1997) and semonstrates that redundancy can be maintained on an
may be true for multicellular organisms in general. evolutionary time-scale, although the variation that was found

There are various explanations for why a gene may appearay reveal how genetic redundancy can serve as a substrate
non-essential, yet be retained within a genome. A gene mdgr evolution.
have a relatively minor role or may only be required under
specific environmental conditions, such that inactivation would
cause a phenotype difficult to detect in the laboratory\jaATERIALS AND METHODS
Alternatively, a gene may be redundant, in that, if inactivated
other genes can perform the same function. Genetiirains and general methods
redundancy of this type has been demonstrated experimentaly ejegansandC. briggsaewere cultured on agar plates by standard
(Johnson et al., 1981; Krause et al., 1989) and, theoreticallyethods as described previously (Sulston and Hodgkin, 1988). Unless
could be evolutionarily stable (Thomas, 1993; Nowak et al.otherwise specified, standard protocols (Sambrook et al., 1989;
1997). Ausubel et al., 1993) were used for all molecular biology techniques.
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Double-stranded RNA-mediated interference (RNAI) gene fusion. GFP expression was observed by fluorescence

RNAIi was carried out according to the method of Fire et al. (1998)NICroscopy.
RNA was synthesized in vitro using T3 and T7 RNA polymerase an%’}o . .
the templates listed below. For templates generated by PCR, T3 or F°"ng and sequencing  cb-pes-1 _ _
promoters were included at theefid of the primers. Injected animals The cb-pes-1gene was cloned using@ briggsaegenomic DNA
were placed onto individual plates and transferred to a new plate aftgfidded fosmid library provided by Genome Systems. An initial
4 hours. All the progeny laid on this second plate, up until the parer€reen of this library, using an almost comptetepes-LDNA as the
was removed 24 hours later, were followed to observe the effects Bfobe, failed because of hybridization to repetitive DNA withinGhe
RNA.. briggsaegenome. A second screen of the library using only the region
ce-pes-template: a 650 bp DNA fragment containing the last fourof thece-pes-Igene encoding the forkhead domain as the probe, was
exons of the gene was generated by PCR frosyges-LDNA clone successful. This probe was generated by PCR with the primers FHD3
using the primers T3PES and T7PES. and FHDS5 (see below) usingca-pes-1IcDNA clone as the template.
ce-fkh-2template: a 1.1 kEcoRV-Bglll DNA fragment from the The most strongly recognized fosmid clones were covered by the BAC
T14G12 cosmid, containing the last three exons of the gene, waBacterial Artificial Chromosome) clone CBO038P19. A 2.2 kb
subcloned between thEcoRV and BanHI sites of pBluescript HindlIl- Pst restriction fragment from this BAC, to which tbe-pes-
(Stratagene). 1 probe hybridized, was subcloned and sequenced, confirming that
cb-pes-ttemplate: a 560 biba-Hindlll restriction fragment from  this was likely to be th€. briggsaeorthologue ofpes-1 The 6.5 kb
ach-pes-IcDNA clone (see below) was subcloned betweerxtrst ~ Msd-Nsil fragment from CB038P19, containing the promoter region
andHindlll sites of pBluescript (Stratagene). of cb-pes-lused in agfp reporter gene fusion, was identified in a
cb-fkh-2template: an 830 bp fragment, containing the second angouthern hybridization with a probe generated by PCR using primers
third exons of the gene, was generated by PCR from genomic DN&BPESA and CBPESB. _
in a worm lysate (Williams et al., 1992) using the primers T3T14 and C. briggsaecDNA was prepared from @g of total RNA isolated

T7T14. from a mixed-stageC. briggsaepopulation using Trizol Reagent
_ _ o (GIBCO BRL). Reverse transcription was performed with the first-
Tcl insertion and excision strand synthesis kit from Pharmacia, using primer 5A to obtain the 5

All procedures were performed as described by Zwaal et al. (19933nd of thecb-pes-ImRNA and a dT17-adaptor primer to obtain the
Briefly, a library of MT3126 1fwut-2, a strain ofC. eleganswith a 3 end. The 5end ofcb-pes-1cDNAs was amplified by nested PCR
high level of transposition, was screened by PCR for individuals wittysing an SL1trans-spliced leader oligonucleotide (SL1) as the
insertion of a Tcl transposable element ingke-1gene. A strain, forward primer, and primers 5A and 5B successively as the reverse
homozygous for a Tcl insertion in the first intron, was identified. Aprimers. The nested PCR generated tlie@es-ispecific products
PCR-based screen for deletionspes-1 arising from incomplete of 566, 466 and 220 bp. Isolation of tHeeBd ofcb-pes-1cDNA was
repair following excision of this Tcl element in this strain, wasattempted by nested PCR using the adaptor primer as the reverse
performed and independepes-1deletion alleles were recovered. primer and primers 3A and 3B successively as the forward primers.
PCR reactions were performed on worm lysates using primers 24C7Téis nested PCR generated artepes-ispecific product of 253 bp

and 24C7.5, located 2.7 kb apart, 50 bp upstream of the firéhat lacked the last 102 nucleotides of the transcript, as compared to
translation start site and 10 bp downstream of the stop codoif)e predicted splicing pattern, and did not include a stop codon.

respectively. Amplification of such a product, missing thee®id of the transcript,
. is probably due to mis-annealing of the dT17-adaptor primer to an A-
Reporter gene fusions rich region upstream of the stop codon. All PCR products were cloned

ce-pes-1:gfp a 5.1 kb Pst-Xmd fragment from the plasmid into pCR2.1-TOPO vector (Invitrogen) and sequenced. The
pUL#24C7 (Hope, 1991), was subcloned betweerPgieand Xmd briggsaecDNA sequences have been deposited in GenBank under the
sites of pPD95.70 (Fire et al., 1990) to generate pUL#MJA1. Thaccession numbers AF260299, AF260300, AF260301 and AF260302.
insert contains 3 kb of upstream sequence, with fusigfptevithin 45 kb of genomic DNA of the BAC clone CB038P19 has since been
the fourth exon ote-pes-1 sequenced by the Washington University Genome Sequencing Center
ce-fkh-2::gfp this gene fusion was made using a PCR-base@nd is available at ftp:/genome.wustl.edu/pub/gscl/sequence/st.louis/
strategy (Hobert et al., 1999; A. Nathoo and A. Hart, persondpriggsae/.
communication). A 1.9 kb PCR product, containing the whole GFP_
coding sequence, was generated from the vector pPD95.67 (Fire Rtimers
al., 1990), using the primers pPDGFP and GFPA. A 3 kb PCR produdi3PES: AATTAACCCTCACTAAAGGGGCTTCAACATCTCGGA-
was generated from a T14G12 cosmid preparation using prime@TTG
T14A and T14B. This product contains 2.95 kbfkdi-2 upstream  T7PES: TAATACGACTCACTATAGGGAACCATGGGGATATTCT-
region and ends within the first exon of the gene. The last 2GG
nucleotides of the'Jrimer T14B are complementary to the first 21 T3T14: AATTAACCCTCACTAAAGGCTTATCTGCAGATATCAA-
nucleotides of the 1.9 kb GFP PCR product. A third, nested PCR, w&G
performed from a mixture of the two initial PCR products usingT7T14: TAATACGACTCACTATAGGGCGGGTTACTGTAGTTTA-
primers T14C (immediately downstream of T14A) and GFPB, to joinGC
the fragments together. 24C7.8: TAATATTCCGCAGTCGGCTTTC
cb-pes-1::gfp A 6.5 kb Msd-Nsil fragment from the BAC clone 24C7.5: GTCGGTCGACAAAAACTCAGAAGGCTATTC
CB038P19 was subcloned between ftiled and Psi sites of pPDGFP: GCTTGCATGCCTGCAGGTCG
pPD95.69 (Fire et al., 1990) to generate pUL#LM1. The resultingsFPA: AAGGGCCCGTACGGCCGACTAGTAGG
construct contains 1.5 kb of upstream sequence, with fusigfpto GFPB: GGAAACAGTTATGTTTGGTATATTGGG
within the sixth exon otb-pes-1 T14A: GTTTTCTCATAAGATCGCCG
Plasmids or PCR products were co-injected into the germlin@14B: CGACCTGCAGGCATGCAAGCTGTTGTTCAATCTTGAC-
syncytium ofC. elegan®r C. briggsaewith pRF4 (Mello et al., 1991), CGCC
a plasmid containing a dominardl-6 mutation, which confers a T14C: GTTGGATCCATTGGATTATG
strong roller phenotype to transgenic animals. At least twoFHD3: GCCACTTTGCTTTTTTGGC
independent, transformed strains were examined for each reporteHD5: GAATCACCAACCAAAAGACC
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CBPESA: GCGCCTGAGAGCATTATTTTC no altered phenotype was apparent for the other three deletions
CBPESB: CGCGACTTTCTTACCGGAC also known to have removed varying extents of the protein
SA: CCAGAAACTTCCTTTTCCATCC coding region opes-1 Growth rate at 15°C, 20°C and 25°C,
SB: GCGACAAATTATGACGAATAG brood size and male mating efficiency were apparently
SL1: GGTTTAATTACCCAAGTTTGAG unaffected.
dT17-adaptor primer: GACTCGAGTCGACATCTTTTTTTTTTTTT- " nigtarant explanations can be advanced for the failure to
r detect an altered phenotype f 1deletion mutant. Th
adaptor primer: GACTCGAGTCGACATCG etect an altered phenotype for pes-1deletion mutant. The
3A: GGATGGAAAAGGAAGTTTCTGG gene could be a non-functional pseudogene, but all aspects of
3B: CAGTTAGGATCCGACGTG the molecular characterization suggess-1is fully functional

_ (Hope, 1994). Alternatively, the phenotype could be subtle or
Sequence analysis undetectable under laboratory conditions. However, this would

Sequences were compared using the program ALIGMot be expected for disruption of the function of a transcription
(http://vega.igh.cnrs.fr/bin/align-guess.cgi). The conserved regiofactor, expressed in specific cells during early embryogenesis.
between ce-pes-1and cb-pes-1 outside the coding regions, was Finglly, genetic redundancy with another gene or regulatory
identified using the dot-plot function of MacVector 6.5. Gene ystem could explain whyes-1does not appear to be required

splicing pattem _predictions are based on FGENESH 1.4, oqnnogenesis. Acceptance of this latter explanation would

http://genomic.sanger.ac.uk/gf/gf.html), using @eeleganoption. N e . .
gec?ue%ce similarit?es Wereg fgund Lsing gthe BEASTp progranf€aUIre identification of genes functionally redundant with
pes-1.

(http://www2.ncbi.nim.nih.gov/BLAST/).
Functional overlap between T14G12.4/ fkh-2 and

RESULTS pes-1

o Genetic redundancy could be simply the consequence of an
Inactivation of  pes-1 does not cause any apparent evolutionarily recent gene duplication event. A screen by
phenotype degenerate PCR for such a copypes-1was unsuccessful

The gene’s expression pattern, in specific cells in the earMessom, 1996). With the essentially compl€e elegans
embryo, and the nature of the gene product, a transcriptiagfenome sequence now available a close homologpesetis
factor, suggestedes-1 would have a role in controlling still not apparent. In addition tpes-1and the four forkhead
differential gene expression during embryogenesis. To exploteanscription factor genes detected previously by forward
the function ofpes-1 the gene was inactivated by injectipgs-  genetic approachesldf-16 Riddle et al., 1981, Ogg et al.,
1-specific double-stranded RNA (dsRNA) into wild-ty@e  1997;lin-31, Miller et al., 1993;pha-4 Mango et al., 1994,
elegansadults, a technique known as RNAI (Fire et al.,, 1998)Kalb et al., 1998 andunc-13Q B. Nash, personal
Almost all the embryos laid by these injected animalommunication), th€. elegangenome sequence has revealed
developed normally and gave rise to progeny with generaleven other forkhead transcription factor genes. Comparison
morphology and behaviour apparentlv

identical to the wild type (Table 1). T

absence of an altered phenotype f A Tcl

RNAI suggesteghes-1was not required f

forkhead domain
proper embryonic development. Howe' 4:%—:—5—_—-:*

the absence of an altered phenotype -

RNAI can result from insufficient, or la leDfL ' '
of, inactivation of the targeted gene (Tat
et al., 1998; Tavernarakis et al., 200 g N2 UL768
Therefore, a genetic deletion jres-1was
sought. o —
A Tcl transposable element inser 6kb — |
into the first intron ofpes-1was obtainec Skb — |
A PCR-based strategy was then use . 2.7kb 6.0 kb
screen for imprecise excisions, of this 4kb — E E E
insertion, that resulted in deletions of L M L wild-type
pes-lgene. Foupes-1ldeletion alleles wel
isolated, and one of these, design Hokp 1eDf
leDf1, was characterized further (Fig. 1
leDf1 removed 58 amino acids of the Fig. 1.Characterization of a Tc1l-dependent deletion wiflgs-1 (A) Thepes-1gene is

amino acid forkhead domain and man repre;erf1_t|(|ad k_)y a Eorizont_al Iing wiFh _exc;]nsfgs k_)oxes and thehrefg_;ion_ encoc_iinlg the forkhead

the deleted amino acids are known tc domain filled in. The Tcl |n_ser_t|0n is in the |r$t |ntrorpe‘s-l'l_' e first intron is large

essential for forkhead domain DI and not drawn to sc;ale, as |.nd|cat.ed by the dlagqnal cross Ilnes. The extent of the

bindi vity (Clevid L 19¢ characterized deletioteDf1, in strain UL768, obtained by imprecise excision of the Tcl
inding activity (Clevidence et al., 19¢ 1000t s indicated beneath. (B) Southern blot analysis of UL768. N2 (wild type) and

Hacker et al., 1995). TheDf1 deletior  yL768 genomic DNA, digested witEcaRl, was probed with a DNA fragment encoding

will have inactivated the gene. Af  the forkhead domain of PES-1. This probe detects a 6 kb fragment in NEc@Resite

backcrossing to wild type, no altel (E), within the gene, is deletedpes-1(leDf1)such that a larger 6.8 kb fragment is

phenotype was apparent feDfl. Indeed  detected in UL768.


http://vega.igh.cnrs.fr/bin/align-guess.cgi
http://genomic.sanger.ac.uk/gf/gf.html
http://www2.ncbi.nlm.nih.gov/BLAST/
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Fig. 2. Results of a phylogenetic analysis of forkhead genes @oetegansnd other species. The genes analysed are as in Ruvkun and
Hobert (1998) but with added members of missing groups as defined by Kaestner et al. (2000). The groups obtained hertoaresenila
described by Kaestner et al. (2000). @llelegangorkhead genes are underlined. T14G1#%H-Q) andpes-1from C. elegangndC. briggsae

are in bold. The forkhead domains (100 amino acids) of each protein were aligned with ClustalX version 1.4b (Thompg8vgualngl
default parameters. Phylogenetic analyses were performed using a neighbour joining program implemented in the PHYLO_WIN softwar
version 1.2 (Galtier et al., 1996). Bootstrap analysis was performed with 500 replicates to determine confidence valledesnattikbic the
tree. Branches with bootstrap values less than 50 were collapsed using the TreeView software version 1.5 (Page, 1996).
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of the protein sequences by phylogenetic analysis did nc

identify any as particularly closely relatedges-1 as would

be expected for a recent gene duplication event (Fig. 2).
Expression patterns have been determined for all o€the

elegansforkhead transcription factor genes (data not shown)

Amongst these, the expression pattern directed by

T14G12.4:gfp reporter gene fusion presents similarities with

that directed by ges-1::gfpreporter gene fusion (Fig. 3).

Identical expression was observed in the descendants of therig. 3. Comparison of expression patternspes-1land T14G12.4

founder cell. T14G12:4fp expression was also detected in (fkh-2 reporter gene fusions. Tk elegangmbryos have

many other cells more anteriorly that probably overlap withapproximately 185 cells and are orientated with anterior to the left.

but are not identical to, those of the AB founder cell lineag®Pes-1::9fp(A) and T14G12.4gfp (B) reporter gene fusions are both

that express thpes-1::gfpfusion gene. Lineage analysis will expressed in the 4 descendants of the D blastomere, toward the

be necessary fo defemnine precisely which embryonic celf Sty Shesnn o TICIHGE? e o es

express the T14G12.dfp fusion gene. The similarity of more anteriorly but these expressing cells do not seem to be identical

expression pattern betwepes-land T14G12.4 prompted US ¢, the two genes. Scale bar in B, 1.

to determine whether these two forkhead genes are, at le:

partially, redundant in function. T14G12.4 will be referred to

asfkh-2 (forkhead) from now on. functional overlap between these two genes, for which the
RNA interference was used to inactivéite-2 either alone sequence does not suggest a particularly close relationship,

or in combination witlpes-1(Table 1, rows 1-5). When dsRNA raises questions about the evolutionary stability of this

specific tofkh-2was injected into wild-typ€. elegansadults  organization.

their progeny were completely viable. The only noticeable ) N

phenotype is the slow and spatially restricted movement dg?es-1 and fkh-2 have homologues in  Caenorhabditis

about 30% of the L1 larvae, which nonetheless grow normall{riggsae

and do not display any obvious phenotype as late larvae @ihe two, morphologically very similar speci€aenorhabditis

adults.fkh-2 like pes-1 does not appear to be essential forelegans and Caenorhabditis briggsaediverged about 40

embryogenesis. million years ago (Emmons et al., 1979; Kennedy et al., 1993).
In contrast, co-injection of dsRNAs specific to béith-2  This evolutionary distance is considered sufficient for only

and pes-1into wild-type adults had a pronounced effect.functional genetic elements to have been retained by both

Twelve percent of eggs produced from the injectedspecies (Prasad and Baillie, 1989). To explore the evolutionary

hermaphrodites during the selected period, arrested at varioognservation of this redundant gene pair, the homologues of

late stages of embryogenesis and 81% arrested after hatchimes-1landfkh-2were cloned fronC. briggsae

as first stage larvae. The rest of the progeny (7%) escaped arresthe C. briggsae homologue of fkh-2 (cb-fkh-2 was

and developed into sexually mature adults. Injection of dsRNAdentified by searching th€. briggsaeDNA database using

specific tofkh-2 into hermaphrodites with thpes-1genetic theC. elegangiene ¢efkh-2) sequence as the query. The only

deletion gave a very similar result (Table 1, row 5) suggestindifference between th€. elegansandC. briggsaegenes is the

that thepes-1RNAI is equivalent to complete inactivation of absence of the second introncaffkh-2in cb-fkh-2 (Fig. 4A).

the gene. The two proteins are 76% identical in total with 96% identity
These results reveal that the embryonic functiontklm2  within the forkhead domain (Fig. 4B). These figures are typical

andpes-loverlap inC. elegansuch that either is sufficient for for comparisons ofC. elegans/C. briggsaBomologues (De

embryogenesis. Genetic redundancy does indeed explain tBeno and Hodgkin, 1996) and contrast with thosepfs-1

lack of an altered phenotype upon inactivatiorpe$-1 The The C. briggsae homologue of pes-1 (cb-pes-} was

Table 1. Phenotypic analysis of inactivation ogpes-1 fkh-2 or both pes-land fkh-2, in C. elegansand C. briggsae

Number of individuals % embryonic % % individuals
Row Strain dsRNA injected examinedf arrest L1 arrest that reach adulthood
1 Wild typeC. elegans none* 479 0.6 0 99.4
2 Wild typeC. elegans ce-pes-1 225 0.4 0 99.6
3 Wild typeC. elegans ce-fkh-2 1195 1.2 0 98.8
4 Wild typeC. elegans ce-pes-ce-fkh-2 242 12.0 81.4 6.6
5 UL768(pes-1leDf1)) ce-fkh-2 464 13.8 74.3 11.9
6 Wild typeC. briggsae none* 303 0.7 0 99.3
7 Wild typeC. briggsae cb-pes-1 332 0.6 0 99.4
8 Wild typeC. briggsae cb-fkh-2 830 19 46.3 51.8
9 Wild typeC. briggsae ch-pes-t cb-fkh-2 461 8.7 77.6 13.7

*Animals were injected with water instead of a dsRNA solution.

$The number of individuals examined was determined by counting the number of eggs and L1 larvae present when the injecisd @amred after 24
hours on the assay plate. The proportion that arrested as embryos was determined by counting the unhatched eggs reanfairtimgy @delnour incubation.
The percentage that failed to arrest was determined from the number of L4 larvae removed each day over a four day pezgiddTtelarvae die at different
times and so were difficult to count. Therefore the number of arrested L1 larvae was calculated as the brood size mibes tieleactheggs and the total
number of animals that escaped arrest
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Fig. 4.(A) fkh-2gene structure i€. elegansandC. briggsaebased on available ESTs in ACeDB, comparison between the two species and
FGENESH splicing pattern predictions. Exons are represented by thick lines. The forkhead domain-encoding region is indackdmbhys

in each gene. The potential sites for translation initiation are indicated by ATG. Figures below the exons and introrikérslizata
nucleotides. (B) Sequence alignment of FKH-ZireleganandC. briggsae The forkhead domain is boxed. Dashes represent conserved
amino acids in the two species, dots indicate gaps in aligned sequences. Black triangles show the locations of introns.

obtained by screening a gridd€d briggsaegenomic DNA  produced a GFP expression pattern that is very similar, if not
library with aC. elegans pes-{te-pes-1cDNA as a probe and identical, to the one directed byca-pes-1::gfmene fusion in
transcripts from the gene have been analysed. C. elegangFig. 7). All the components appear to have been

ce-pes-landch-pes-lare more diverged than expected. Theconserved. Thus, although the gene sequence has diverged
gene structures are similar (Fig. 5) except thabipes-there  more than expected, the pattern of gene expression has been
are two small extra exons and two of the introns areetained by the two species.
substantially larger. Curiously, thred-pes-1ImRNAs were Interestingly, although thpes-lexpression pattern may be
identified, transspliced to SL1, in precisely the same conserved, the mechanism by which the expression pattern is
arrangement as fare-pes-1the larger transcripts begin with generated may have been modified slightly through evolution.
the first and second exons respectively and the smalleBikpression patterns obtained in reciprocal reporter gene fusion
transcript starts with the first exon encoding the forkhea@xperiments db-pes-1::gfpinto C. elegansand ce-pes-1::gfp
domain. In both species, the smallest transcript would lack anto C. briggsag were significantly weaker than those obtained
appropriate initiation codon, suggesting that this transcripin the non-reciprocal experiments and included a few
even though conserved, is not functional. Both the two largeadditional components (Fig. 7). F@:. briggsaetransformed
transcripts have the first initiation codon in the appropriatevith twelve otherC. elegangiene:gfp fusions the expression
reading frame and are presumed functional, encoding proteipstterns were all conserved both in strength and distribution
with or without an N-terminal extension, in both species(data not shown) and no weakening of expression was detected.
although the sequence of that extension does not appear to be
conserved. A more limited redundancy between  pes-1 and fkh-2

C. elegansandC. briggsaePES-1 proteins, however, share is observed in C. briggsae
only 44% identity in total and 69% identity within the forkhead The possibility thatb-pes-landcb-fkh-2are redundant, as in
domain (Fig. 6). The level of identity is sufficient to be C. eleganswas addressed. Double-stranded RNA specific to
confident that these two genes are orthologous (furthemb-pes-lwas injected into wild-typ€. briggsaeadults (Table
evidence below) but sequence homology outside the forkhedd row 7). Embryos laid by injected animals developed
domain is hard to detect. The preponderence of serine residugsmally and gave rise to animals with general morphology
N-terminal to the forkhead domain and of proline, glutamineand behaviour that could not be distinguished from wild-type
and asparagine residues C-terminal to the forkhead domainasimals.cb-pes-1like ce-pes-lappears not to be essential for
conserved. These residues could have a role in the regulatiembryogenesis.
of transcription of target genes (Mitchell and Tjian, 1989). Whereas the progeny @. elegansadults injected wittte:

The expression pattern ab-pes-lwas investigatedC.  fkh-2 dsRNA displayed a limited and transitory phenotype,
briggsae transformed with acb-pes-1::gfp gene fusion injection of dsRNA specific tab-fkh-2 into wild-type C.
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B V S P S S T G L L E P KS STV S P C
exon 3 ccaaattt Icag TTCCCCCAGCAGCACTGGATTATTGGAGCCAAAATCATCTACCGT TTCACCAGgt aggt ttt gt a CCAGCGACAGAGCAGATGT TTTACAACTCCTCCTCTTCTTATT
|||||||||||||||||||||||| ||||||||||||||||||||||||||||||||||||||| | ||||||||||||||||||||||||| 11
exon 5 aaaatttttcag GGAGCCAAAATCT t at taggg AGATGAGCACAGCAGATGITT CCTCCCTCTTCTCTC
G V S S T R T S S L E P K S S A V S P

D phosphatase cotransporter
sperm specifilc protein ce-pes-1 sperm specific plrotein | ser/thr plrotein kinase
C. elegans I}  E— 1 I N - —1 i H— b+ ——— [ 1+—
5kb
ch-pes-1 transposase transposase glycine receptor reverse transcriptase
C. briggsagg ———8 —— 1 ( Tt 1 Tt
cb-F58G6.4

Fig. 5. Thepes-1gene structure and environmen@nelegang&ndC. briggsae(A) The pes-1gene structure i€. eleganandC. briggsads
based on cDNA clone analysis apart from ther@l of the last exon @b-pes-1which is predicted by FGENESH. Exons are represented by
thick lines. The forkhead domain-encoding region is indicated by black boxes in each gene. Figures below the exons imclitatEdhs

size in nucleotides. SL1 is timnsspliced leader. The potential sites for translation initiation are indicated by ATG. (B) Sequence similarity
between the third and the fifth exonscbfpes-1The similarity extends to the splicing sites in the flanking introns. (C) A block of conserved
sequence betweae-pes-1top) andch-pes-1(bottom) genes, located 690 and 810 nucleotides upstream of the first ST@legangnd in

C. briggsaerespectively, which could identify a transcription regulating element. However, the lack of perfect conservation iratienregul
pes-lbetween the two species, as revealed in the reciprocal reporter gene fusion experiments, might suggest promoter elenwriis would
perfectly conserved. (D) The gene environment ar@ewdlin C. elegangndC. briggsae drawn approximately to scale. Genes are
represented by open boxes. Homologies are indicated where known. The gene environmepeartiar@. eleganss from ACeDB. InC.
briggsae the region represented is the 45 kb, in clone CB038P19, which has been sequenced. Gerds@astietre identified using
BLASTX against theC. elegangrotein database Wormpep. cb-F58G6.4 has 86% identity with ce-F58G6.4 at the amino acid level, but no
similarity is observed between the gene environment of F58GE&4dleganandC. briggsagdata not shown). I€. elegansF58G6.4 and
pes-lare both on chromosome IV, but 2.9 map units apart (about 6 Mb).

briggsaeadults had a much more pronounced effect (Table Functional overlap, betweepes-1landfkh-2, appears to have
row 8). Although the slight increase in embryonic arrest (tdeen retained fron€C. elegansto C. briggsae although the
1.9%) was not statistically significant, almost half of therelative contribution to that overlap appears to be greater for
progeny, produced during the selected period, terminallfkh-2in C. briggsae
arrested at the first larval stage. The rest of the progeny
developed into fertile adultb-fkh-2 appears to be more
crucial thance-fkh-2 DISCUSSION

Simultaneous injection of dsRNAs specificdefkh-2 and
cb-pes-1linto wild-type C. briggsaeadults, however, has an The observations thates-lencodes a forkhead transcription
even stronger effect than injection affkh-2 alone (Table 1, factor and is expressed in specific cells during embryogenesis
row 9). Now a statistically significant increase in embryonicsuggesteges-1would have a role in controllin@. elegans
lethality (to 8%) was observed and the proportion of thelevelopment, through regulation of gene expression.
progeny arresting as L1s increased to nearly 80%. A minoritinactivation of the gene in otherwise wild-type animals,
of the progeny still escaped arrest and developed into fertilkowever, does not cause any obvious altered phenotype,
adults. The rates of embryonic and larval lethality were similaplacing pes-linto the vast group of. elegangjenes that are
to the ones observed upon co-injection of dsRNAs specific tapparently unnecessary (Johnsen and Baillie, 1997). One
cefkh-2 and ce-pes-1linto wild-type C. elegansadults. The explanation for the presence of non-essential genes is genetic
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Fig. 6. Sequence alignment of tizz elegansindC. briggsaePES-1 proteins. Dashes represent conserved amino acid in the two species, dots
indicate gaps in aligned sequences. The forkhead domain is boxed. The preponderance of serine residues immediatelythg sdrkaeadf
domain is similar in ce-PES-1 (16 of 36 residues; 44%) and cb-PES-1 (14 of 33 residues; 42%). Similarly, high propodloresarfgpof
glutamine plus asparagine residues are also found downstream of the forkhead domain of ce-PES-1 (13 of 76 residues;af 7% and 18
residues; 24%, respectively) and cb-PES-1 (15 of 88 residues; 17% and 20 of 88 residues; 23%, respectively). Severai®Nanséfsed
between the two proteins. Black triangles show the location of introns

redundancy and this has now been demonstrated to apply 1895). Even the residual functional overlap might be lost
pes-1 pes-ldoes have a function, but at least part of thiseventually, but this could require very specific mutations and
function is also performed by another forkhead genetherefore be relatively stablfikh-2andpes-1do not appear to
T14G12.4 (renametkh-2). fit this scenario as neither is essential fOr elegans
Amongst theC. elegansforkhead family, fkh-2 is not  development and a non-redundant function ges-1is not
particularly closely related tpes-1in sequence. Similarity in apparent.
the expression patterns @fes-1 and fkh-2 was the first Theoretical models have been described, however, that
suggestion that their functions might overlap. This functionaéxplain how full genetic redundancy could be maintained, or
overlap has now been experimentally demonstrated, witbven generated, by selection (Thomas, 1993; Nowak et al.,
disruption of both genes being needed to arrest developmedB97). These models could explain redundancy between genes
Elucidation of the nature of this function will depend on furtheiwhere either only one of the genes (éigp-1 and sel-12
characterization of the developmental arrest. A genetic deletioestlund et al., 199%gl-27andegr-1, Solari et al., 1999), or
for fkh-2 will be needed as the variation in developmentaheither (e.glin-15A/B andlin-8/lin-9, Ferguson and Horvitz,
arrest, as described here, could be a consequence of RNKI89), is apparently essential. This might also applye®1
not completely inactivatingfkh-2 function. However, the andfkh-2 and characterization of these gene<Linbriggsae
expression patterns of these two genes, as revealed usiwgs initiated to explore the evolutionary conservation of
reporter gene fusions, do not appear to be identical, suggestiggnetic redundancy.
that eithempes-1does not function everywhere it is expressed, Functional redundancy was observed betweepdiseland
and/or there is yet another gene with overlapping functiorfkh-2homologues irC. briggsaeconfirming that, as suggested
Candidates might be identified on the basis of expressian the theoretical models, such redundancy can be
pattern data, as fdkh-2 evolutionarily stable (Nowak et al., 1997). This redundancy is,
Genetic redundancy could arise from simple gendiowever, not completely conserved betw€erleganandC.
duplication. Such redundancy might be expected to bbriggsae fkh-2 appears to have a much more important role
evolutionarily unstable because there would be no selection than pes-1in C. briggsaeembryogenesis and this may be
retain both copies. After the duplication, one of the copie$inked to the differences in sequence betwegipes-landce-
would acquire inactivating mutations through genetic drift angpes-1
this is the origin of numerous pseudogenes scattered throughOnly 44% amino acid identity is observed between ce-PES-
genomes. Althoughkh-2 and pes-1both encode forkhead 1 and cb-PES-1, 69% identity for the forkhead DNA binding
proteins, the degree of sequence divergence and the absencdahain. This represents a high divergence rate within the range
homology amongst neighbouring genes suggest this is not tiebserved for other genes for whiCh briggsaeandC. elegans
consequence of a recent gene duplication event. Furthermol®mologues have been sequenced (43-100%; De Bono and
both have function, so neither is a pseudogene. Alternativelfjodgkin, 1996; Kuwabara, 1996). However, evolutionary
if a gene with multiple functions is duplicated, genetic driftselection on protein sequence varies with the nature of protein
might result in loss of distinct functions from each copy. Inencoded and comparison within a gene family would be more
such a situation, while some functional overlap may bénformative. The amino acid identity between all four otGer
retained, full genetic redundancy is no longer present and boliniggsaeforkhead transcription factors, for which sequence is
copies can be maintained by selection (glp-1 andlin-12, available, and thei€. elegan®rthologues is, on average, 73%
Lambie and Kimble, 19915px-1 andlag-2, Gao and Kimble, in total and at least 96% over the forkhead domain (Table 2).



Evolution of genetic redundancy 4833

ce-pes-1::gfp ce-pes-1::gfp cb-pes-1::gfp cb-pes-1::gfp
in C. briggsae in C. elegans in C. briggsae in C. elegans

4-D cell stage

16-D cell stage

comma stage

Fig. 7.Interspecies comparison pés-1::gfpexpression. Expression oé-pes-1::gf{A-F) andcb-pes-1::gfg(G-L) reporter gene fusions were
observed irC. elegangD-F and J-L) and if€. briggsag/A-C and G-I). Anterior is to the left in all panels. The expression pattern directed by
ce-pes-1::gfpn C. eleganst (D) the 185-cell stage (expression is observed in the four D cell descendants and in several AB descendants more
anteriorly), (E) the 385-cell stage (expression is visible in the two clusters of 8 D cell descendants and is fadingdortioA@ént) and

(F) the comma stage (expression is visible in the two clusters of D cell descendants and in Z1 and Z4, only one of viathécim iiagocal

plane) is apparently identical to that directectbypes-1::gf@n C. briggsaeat the same stages (G,H and 1). The level of expression obtained in
reciprocal reporter gene fusion experimentses-1::gfanto C. elegangndce-pes-1::gfpnto C. briggsag is significantly lower than that
obtained in the non-reciprocal experiments for all components of the patterns. To allow visualization of the weaker coexprassits) in

the D component was adjusted to a similar intensity by increasing the exposure time. Two weak extra components areatirpeted:yfp

in C. briggsaefour cells in a row between the two clusters of D descendants at the 16 D-cell stage (B, arrow) and one cell at th&ppafsterior
the embryo at the comma stage (C, arrow). Expressiob-pés-1::gfgn C. eleganss also observed in cells around the D descendants at the 4
D-cell stage (J, arrow). Scale bar in L, if.

Clearly, ce-pes-landcb-pes-lare more divergent than might internal tandem duplication ircb-pes-1(83% nucleotide

be expected. sequence identity between exons 3 and 5) (Fig. 5B) could
The data suggest the following possible evolutionary historyeflect selection to increase the protein’s transcriptional

for pes-1 Functional redundancy betwedkh-2 and pes-1

would have been present in the last common ancestor to

briggsaeand C. elegansThe greater importance fékh-2in Table 2. Comparison of sequence@. briggsa€forkhead

C. briggsaemight suggest that the need to maintain, and the transcription factors with their C. elegansrthologues
selection forch-pes-lhas been diminished in ti& briggsae % Amino acid sequence identity between
ancestry, but not in th€. elegansancestry Consistent with C. elegansaandC. briggsaehomologues

this, ce-pes-lis located in a typical gene environment, Forkhead Outside of the

whereas, from the 45 kb of sequence availatiepes-1lis  Gene domain forkhead domain Total protein
located in a markedly gene poor region, surrounded byes-1 69 28 44
transposase genes (Fig. 5D). Perhaps, the genetic redundamt§c12.4 96 65 76
actually permitted the original mutation that reduced the rolégegﬁ; %97 %74 76%

of the ancestrath-pes-1 and this may even have been theyn, s’ 9% 65 71

rearrangement that placed the gene in its current environmentC . -
. I omparisons are based on FGENESH gene structure predictions.
No C. b”ggsaeorthc’IOgue of any gene \_Nlthm 100 kb od- *In comparison to that presented in ACeDB, FGENESH does not predict
pes-lhas been found as yet, although this may be because omlg 5 exon and predicts an extragkon for KO3C7.2. The same gene
10% of theC. briggsaegenome has been sequenced so far. Atructure is predicted for tf@ briggsaghomologue.
reduc“on |n |mp0rtance Of the ancestcbl_pes_lwould have FFGENESH predlcts three extra exons at thend@ of F26B1.7, as

allowed further genetic drift, leading to the observedf;”:ﬁ:éedbﬁ?gtggdﬁLenig:ggs(;” ACeDB. The same gene structure is predicted

divergence in sequence betV\./een@heleQanandC: briggsae §The comparison does not include the first exophaf4because the full
pes-lgenes, but some selection must have remalned-qnes- sequence is not yet available for thebriggsaehomologue (comparison is

1 to keep the gene functional. Indeed the apparently recerigr 491 residues out of 505).
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