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While characterizing the hsp70 gene family from Caenorhabditis elegans we encountered an unusual member of this family.
Sequence data reveal that the Asp-2ps gene is a pseudogene of the constitutively expressed, heat-inducible hsp-1 gene. Two
stop codons generated near the 5” end of the sequence as well as several frameshift mutations and a farge internal deletion con-
firm the identification of ksp-2ps as a pseudogene. The nucleotide substitution rate of the third codon position was twice that of
the first and second codon positions, suggesting that the Asp-2ps gene was nonfunctional since the time of the duplication
event. The hsp-2ps gene duplicates a region of the Asp-I gene that lies exclusively within the transcribed region and retains the
introns. We feel that the hsp-2ps gene was produced by a transpositional duplication event, which occurred approximately

8.5 millicn years ago.
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Au cours de la caractérisation de la famille de génes hsp70 chez le Caenorhabditis elegans, wn membre inhabituel de cette
famille a été décelé. Les données séquentielles révélent que le gene Asp-2ps est un pseudogne du géne hsp-1 qui est inductible
par la chaleur et qui s'exprime de fagon constitutive. Deux codons d’arrét générés pres de I’extrémité 5, plusieurs mutations
transpositionnelles ainsi qu’une importante suppression interne, ont confirmé 1'identification du géne hsp-2ps en tant que
pseudogeéne. Le taux de substitution des nucléotides dans la localisation du troisidme codon a été de deux fois supérieur i ceux
des localisatians du premier et du deuxiéme codons, ce qui suggére que le géne Asp-2ps n’a pas été fonctionnel depuis 1'époque
ol sa duplication est sur venue. Le géne hsp-2ps duplique une région du géne hsp-1 qui n’est situde qu'a Iintérieur de la région

transcrite et qui retient les introns. Nous avangons donc que le géne hsp-2ps résulte d*un processus de duplication transposi-
tionnelle qui serait survenu il y a environ 8,5 millions d*années. :
Mots elés : choc de chaleur, pseudogéne, Caenorhabditis elegans, hsp70.

Introduction

All organisms often respond to a sudden elevation of
temperature or the introduction of physiological stress by syn-
thesizing a specific set of proteins called heat-shock profeins
(hsps). During heat shock, the synthesis of most proteins
normal to development is inhibited. The stress-induced pro-
teins are highly conserved throughout evelution in both size
and sequence. There are several closely related gene sequences
encoding the 70 000 dalton (Da) or hsp70 gene family within
each eukaryotic genome examined to date (reviewed in Craig
1985; Lindquist 1986). In addition to heat-inducible genes, the
hsp70 gene family encodes a number of isoforms of the hsp70
proteins termed heat-shock cognates (hsc70). The hsc70s are
normal constituents of the unstressed cell (Ingolia and Craig
1982; Craig et al. 1983). Until recently, little has been known
about the function of the hsp70 proteins, but recent advances
have given us clues to some properties of the hsp70 proteins
(Pelham 1986).

Caenorhabditis elegans is a relatively simple eukaryote ideal
for the study of both the genetics and the biochemistry of genes
and proteins, With this in mind, the members of our labor-
atory are trying to identify and characterize the hsp70 genes
to complement the genetic studies done on the unicell-
ular eukaryote Saccharomyces cerevisiae (Craig and Jacobsen
1984, 1985; Craig et al. 1987; Werner-Washbume et al.
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1987). The heat-shock response has been characterized in.

C. elegans (Smutch and Baillie 1983) and several members of
the hsp70 gene family have been isolated (Snutch 1984; Snutch -
et al. 1988). This family consists of at least nine genes. Two

of the genes, hsp-/ and Asp-2ps (heat shock protein; formerly

hsp 70A and hsp70B, respectively), cross hybridize underhigh

stringency conditions, suggesting that these two genes are’
closely related (Snutch et al. 1988). The hsp-1 gene has been

mapped to linkage group (LG) IV (right) (Snutch et al. 1988),

while hsp-2ps has been mapped to the left arm of LG X, using

in situ hybridizations (D. Albertson, personal communica-

tion). At the level of transcription, the Asp-I gene is constitu-

tively expressed and heat inducible, while no transcripts have

been detected for the hsp-2ps gene (Snutch et al. 1988). Only a

homolog of the hsp-/ gene and not the hsp-2ps gene has been

found in the sister species C. briggsae (Snutch 1984). Based

on these features, it was suggested that the Asp-2ps gene was a

pscudogene of hsp-1. Several pseudogenes from three different

C. elegans multigene families have been identified to date:

the Asp-70 family (Snutch er al. 1988), the vitellogenin (vif)

family (Spieth ef al. 1985a4) and the sperm-specific (msp)

family (Ward et al. 1988).

Here we describe the hsp-2ps gene and its DNA sequence.
The hsp-2ps gene is unusual in that it duplicates only a part of
the Asp-I transcription unit including the introns but does not
duplicate any of the flanking region. We present our arguments
suggesting that the Asp-2ps gene was nonfunctional from the
time of the duplication event.
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Materials and methods

Construction of plasmids for sequencing
The phage containing the hsp-2ps gene HSL 143 (Snutch er al.
1988) was digested with EcoRI and subcloned in the plasmid vector
pUC19 (Norrander et al. 1983). The plasmid containing the Asp-Zps
gene was identified from the other fragments by its restriction pattern.
Overlapping plasmid deletions were made using either exonuclease
1T (Henikoff 1987) or restriction enzymes.

Plasmid DNA preparation

Plasmid DNA for deletion and sequencing reactions was prepared
using the mini alkali lysis method (Maniatis et al. 1982) except that
(i) two phenol - chloroform extractions were done and (i) after the
first ethanol precipitation, the air-drded-pellet was resuspended in
0.25 M sodium acetate and reprecipitated with ethanol. After diges-
tion with RNase, the plasmid DNA samples were precipitated with
polyethylene glycol (Hattord and Sakaki 1986).

DNA sequencing and sequence analysis

Dideoxy sequencing was performed on collapsed plasmids (Sanger
et al. 1980; Chen and Seeburg 1985).

DNA sequences were analyzed with the computer program Micro-
genie (Beckman). Visual inspection and preparation of the DNA
sequences for publication were done with the aid of the computer
program ESSE (E. Cabot, personal communication).

Gel electrophoresis

Genomic DNAs (2 ug) were digested with 20 units of EcoRI for4 h
(Davis et al. 1980). The reactions were stopped by the addition of
1710 volume 50% sucrose, 25 mM EDTA, 2% bromophenol blue,
and 1x TBE (89 mM Tds, 89 mM boric acid, 2.5 mM EDTA
pH 8.3). The DNA was electrophoresed through a 0.7% agarose gel
containing 10 pg ethidium bromide/100 mL and 1x TBE. Marker
DNA was A (cI857 Sam7) HindIlI-digested DNA. The DNA was
visualized and photographed under a 300 nm wavelength trans-
illuminator.

DNA transfer, nick translation, and hybridizations

The DNA was transferred to nitrocellulose, nsing the bidirectional
method of Smith and Summers (1980). The nick translations were
done according to Davis et al. {1980). The reactions were stopped by
the addition of sodium dodecyl sulphate and EDTA to a final concen-
tration of 0.3% and 10 mM, respectively. The specific activity of the
resulting probes was approximately 1 x 10® cpm/ug DNA.

Hybridization of the filters to the **P-labelled probe was done
essentially according to the procedure outlined in Davis ef al. (1980)
except that the carrier DNA and formamide were omitted and 2.5 X
Denhardt’s (1 X = 0.02% bovine serum albumin, 0.02% Ficoll, and
0.02% polyvinylpyrrolidone) was used. All the hybridization and
posthybridization steps were carried out at 68°C. Posthybridization
washes were done using 1% SSPE (0.18 M NaCl, 10 mM NaH,PO,,
1 mM EDTA pH 7.0} instead of 2 X SSPE. The filters were air dried
and exposed to Kodak X-Omat K film at —70°C for 3 days.

Results and discussion

Characterization of the hsp-2ps gene sequence

The hsp-2ps gene was sequenced and homology with the
hsp-1 gene was determined to be 88%. A comparison of the
hsp-2ps gene with the hsp-I gene revealed that the hsp-2ps
sequence homology was truncated and missing the last one-
third of the sequence corresponding to the 3’ end of the Asp-/
gene (Fig. 1). Sequence homology between Asp-2ps and Asp-1
begins just upstream of the start of translation and ends within
the transcription unit. The homelogy extends through the
introns to a point two-thirds of the way down the hsp-I
sequence. At this point, the sequence shows no identity (i.e.,
approximately 25% identity) (Fig. 2). Sequences upstream of
the start of transcription, including the Asp-/ gene TATA box,

hsp-1
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1
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Fig. 1. Restriction maps of the hsp-1 and hsp-2ps genes. Limits of
homology are defined by the dotted lines (see Fig. 2). Coding regions
are solid. Transcribed, nontranslated regions are open. B, BamHI,
E, EcoRI; H, Hindlll; K, Kpnl, O, Xhol; S, Sall; X, Xbal.

were not conserved. Sequences corresponding to a 5' trans
spliced leader sequence (Krause and Hirsh 1987) found in the
hsp-1 cDNA (Heschl 1988) and mRNA (Bektesh et al. 1988)
were not seen at the 5' end of the hsp-2ps gene sequence.
No 3’ flanking sequences from the Asp-/ gene were found
flanking the fsp-2ps gene (Snutch 1984; Smutch et al. 1988).
There is a large internal deletion of 243 base pairs (bp), from
+723 to +966, of the corresponding hsp-1 sequence (Fig. 1).
There was one single-nucleotide insertion and a number of
single-nucleotide deletions and substitutions. These changes
are shown in Fig. 2. Two of the substitutions generated stop
codons occurring near the 5’ end of the sequence. These
features have led us to confirm the identification of Asp-2ps as
a pseudogene.

Estimation of time of divergence and inactivation of hsp-2ps

The rate of nucleotide substitution between the correspond-
ing coding regions was examined. The substitutions were not
randomly located with respect to the codon positions. Instead,
a substitution rate of 7.5% (23/306), 5.6% (17/306), and
13.3% (41/306) at the first, second, and third positions of the
codons, respectively, was observed. Determination of the
nucleotide substitution rate between a pseudogene and the
functional gene must take into account the fact that both
sequences have been accumulating nucleotide substitutions at
different rates. In a functional gene, there is very little selec-
tion pressure occurring at the third codon position, while there
is high selection pressure at the first and second codon posi-
tions. In a pseudogene, there is no selection pressure at any of
the three codon positions. Nucleotide substitutions will
accumulate randomly (with respect to the ancestral gene before
the duplication event) at the third codon positions in both
genes, whereas nucleotide substitutions will accumulate ran-
domly (with respect to the ancestral gene before the duplica-
tion event) at the first and second codon positions in the
pseudogene only. Therefore, if inactivation accompanied
duplication, we would expect the percent divergence at the
third codon position to be approximately double that of the first
or second codon positions. We observed a twofold difference
in the substitution rate at the third codon position with respect
to the first and second codon positions.

The nucleotide substitution rate of the introns was also
examined. Since most of the intron sequences are not under
selective pressure, we would predict that the nucleotide substi-
tution rate of the introns should be similar to that of the third
codon position. Taking into account the six nucleotides at the
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TATA
-122  GTCATCTAGTAAATTTGTTGAACTTCATTTCTCTATTTTTAATCATTGTTCTCGACGTCCTAATTTTTTATCTCCATT TGAGTGACTATTTCTTGATTTT
-115 TGTA. . .CACATACTT.G.A... . ATGT.TG.C.G.TC.GA.A.ATA.A. . A.GT .GCGAAACA AA AT, .G...CCTTTATCA.G.CA.AC.A

M S KHNAVGIDLGTTYSCVYGVFMHGE KV

-22  TAMATTATTTTTTACAGTAAAAATGAGTAAGCATAACGCTGTTGGAATCGATTTGGGAACTACCTACTCCTGCGTGGEAGTTTTCATGCACGGAAAGGTA

20 L Teoeee.... G...... mea..ALCAL AT L. Acervnnnnnnns Avivininnnnaas Govvrnnn Ao, PPN ¢ P
N T QY i C R

E I 1 ANDQGNRTTPSYVAFTDTETRTLTIGD AAIKTIENA GV
79 GAAATCATTGCCAACGATCAAGGAAACCGTACAACTCCATCATATGTGGCTT TCACCGACACCGAGCGTCTCATCGGAGATGCT GCCAAGAATCAAGT TG

4 Petseemviensestsranannasna temrumeeaeaan Giveurnnn T ttrerenaranncennsesnnnanns A
G *L
A M NP HNTVEF D AKRLTIG
179 CCATGAACCCACATAACACTGTTTTCGgtaagtgct taattttatatt-- ttcaacaateteaacgte - - tgtttEtcagATGCCAAACGTCTTATTGGA
79 ... sarereasassaaaane Teeenans “-8.....8.0.t00t9..9.t.....a. .. taact. L.l ATT.C......
T ) E V T

R K FDDPAVOISDMEKUH®WPTFIKVYISAETG GAIKEPIEKVYA QYVESY
275 CGCAAGTTCGACGATCCAGCAGTTCAGTCTGACATGAAGCATTGGCCATTCAAGGTCATCTCTGCCGAAGRAGE TAAGCCAAAGGTCCAAGT TGAGTACA
277 ..., C..GT.G...... A cirrnnieiiiaes | SR Hertsrraneeerenravenntnans Teevaterrvans L
N L # T 1
BamH1

K 6 ENKIFTPEETILSSMVLLKMEKTEKTAEHATFLEPTVYEKTD
375 AAGGAGAGAACAAGATCTTCACTCCAGAAGAGATCTCCTCAATGGT TCTGCTGAAGAT GAAGAAGACT GCCGAGGCTTTCCTTGAACCGACCGT CAAGGA
377 G..Ceee..... P g Y T I G....Coumunns C.......G.A.C..... Toerns
R A ¥ K AL E G T

AVVTVPTYFNDSQ RQATIKDAGATI AGLUNVILRTITIN

475  TGCCGTTGTCACTGTCCCGACTTACT TCAACGACTCGCAG-CGTCAAGCCACCAAGGATGCCGGAGCTCATCGCT GGACTCAACGTTCTCCGTATCATCAA

477 ..., Ao.... B Y S T ¢ O T [P | P
1 S A L E

Kpni
EPTAAAI A Y GLDXKGHGETRNVLTITFDLGEGEGTFDYV
574  CGAGCCAACCGCTGCAGCTATCGCTTACGGACTTGACAAGAAGGGACACGGAGAACGEAACGTTCTTATCTTCGATCTTGGAGGTGGTACCT TCGATGTC
576 ciiiiiaiiiiinas [ [ 6] (P (R Teeieerenaaanansan G rierreaaannsannss

Kpnl

$ I L ¥TIEDGTITFEVKSTAGDTHLGGETDTFTDNRMKYNIH
674 TCCATTCTTACCATTGAGGACGGAATCTTCGAAGTCAAGT CTACCGCTGGAGACACTCATCTTGGAGGAGAGGACT TCGATAACCGCATGGTGAACCACT
T T T T A b b e et L L L LR R LR e
T .
FCAEFKRIEKMHKE KXDTLASNPRALRRLRTACETRANTETILL
774 TCTGTGCCGAGT TCAAGCGCAAGCACAAGAAGGATCTTGCTTCCAACCCACGTGCTCTTCGTCGTCTTCGTACCGCCT GEGAGCGCGCAAACGAGACTLT

§$ Ss$SCCQAS51ETIDSLFEGIDTFYTNTITRAREFTETETLTECA
876  TTCGTCGTCTTGCCAGGCTTCGATTGAGATCGATTCTCTCTTCGAAGGAATTGACT TCTACACCAACATCACTCGTGCTCGT TTCRAGGAGCTETGCGET

L B et It TSR DR

D LFRSTMD®PVYEIKTSTILRDAKMDTEKSTSHa Q
974 GATCTCTTCAGATCCACCATGGACCCAGTCGAGAAGTCTCTCCGTGACGCCAAGATGGACAAGAGCCAAgtaagtt ttcaagaaaatttgtgttgt tagt

728 ... Coveernnnnnnas ) P | I [ (N - U tg9....c---gt.t..... t..
1 S #
1074 ctgcttatcctettetgttoeggettegatteccgtagttittgecgatataasatgaggaaatataactctggeataaccctactgttgegettttaty
825 ...... Coverennnans tetesereancannaas Civnnenanannna PP - P R - T B - DO
Bami1

VDI VLVGEGEGS TR
1174 tgttgtctgtitcttagtegoctgtacaattaatgeaataaaatctastttgataattttcagGTTCATGACATCGTCCTTGTCGGAGGATCCACTCGTA

b+ [N Bivvivrrnnna L T T I T eeeevrrresanaanes LIPS PO
C

I P XKV aeKLLSDLFSGKETLMNIEKTSTINPDEA ALATGAALVa

1274 TCCCAAAGGTCCAGAAACTTTTGTCCGATCTCTTCTCAGGAAAGGAAT TGAACAAGTCCATCAACCCAGATGAGGCGT TAGCCTACGGAGCTGCCGTCCA

1016 .oeva.... C..... B T o O T T LT P T..
A P

FiG. 2. Nucleotide sequence comparison of the hsp-2ps and hsp-I genes, The hsp-2ps sequence is on the bottom line and part of the hsp-i
sequence is on the upper line. Introns are shown in lower case letters. Nucleotide matches are indicated by a dot (.), deletions with a dash ().
In-frame stop codons are indicated with a #. The putative TATA box and polyA addition signal of the Asp-I gene are indicated to show the extent

of hsp-1 transcription (Snutch er al. 1988).
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A Al LSGDKSEAVQDLLLLDY APLSLGIETAGTSGV
AGCCGCTATCCTCTCCGGAGACAAGTCTGAGGCTGTCCAGGATCTTCTTCTTCTTGACGTTGCCCCACTTTCCCTTGGTATTGAGACCGCTGGAGGAGTC

1374
L - T Nhisbeneiadsinrvaenaneren AC.C.A....G.....AGC,GGAC, . T.CT, A, TT..CA T.CTCCG.C.GA. .ACAA.TTTC.TAG
D K E A G HF ST F HF SV G T Q VS #
M T AL 1P KRNTTI!IPTIKTAOQQTVFTTY SDNGQPOCGVY LT QV
1474  ATGACTGCTCTCATCAAGAGAAACACCACCATCCCAACCAAGACCGCTCAGACCTTCACAACCTATTCTGATAACCAACCAGGAGTGTTGATCCAGGTTT
1216  TCA..CT,.AATY,..GT..TGTTGTGT.G.CAAGCC.A.CT..... GTC.TTGCCGE.TC. A, .CAAG.CCTC,TTGTGCCTTA.T..CTC..CCC.GG
Sall
Y EGERAMTIKDNNLLSGKT FEFELSGI PP APRGVZPAQIEV
1574  ACGAAGGAGAACGTGCCATGACCAAGGACAACAACT TGCTCGGAAAGTTCGAGETCTCCGGAATCCCACCAGCACCACGCGGAGT CCCACAAATLGAAGT
1316 T.ATC!C.TC.ATC.TGTCA.YGCCACTA..ATCG..TAGT.AC.TT..T.TAA.TGAT....A.TT.TGGTG..T.GAGCT.TAGAGCTT.G.T..TTG
T FD I DANGILNVY S ATTDK ST GEKAKOQTITTITNDIKT DR
1674  CACTTTCGATATTGACGCCAACGGAATCTTGAACGTCTCTGCCACT GACAAGTCCACCGGAAAGGCAAAACAGATCACCATCACCAACGACAAGGATCGE
1416  TGAAAGTAG.T.CATT.AAGC.CACCGTGG.TT.A. .A.C.A...GAG..CCGTACT.TACTCC.AC. .TA.CGAG.TG.CA. .TGT.A.ACTATGG.AT
: Xhol
F S KD D I E R MV NEAETKYIKADT DEAQKTDZRTIGAIKNTGIL
1774  TTTTCCAAGGATGACATTGAACGCATGGTCAACGAAGCTGAGAAATACAAGGCTGACGATGAGGCCCAAAAGGACCGTAT TGGAGCCAAGAACGGACTCG
1516 CG..T.CG.CT.ATAT.GCCGTTGTC.CAA. .. ATTT.CT.TGCCACTGTACTGATTTCGATATGTAT . T.T.TA.C.C.CCCCAGT . TTC. TCA.T.AT
ES Y A FNLKOQTTIT EDEK
1874  AGTCATACGCCTTCAACCTTAAGCAGACCATTGAGGACGAGAAGgttagttaattaatttatattttgtcaacaagtttttaatttecatttttttcagl
1616  GA.AGCGATT.GC.CCTT.CGTC. .CTTT.. A.T.TGATTTCYT.C.CC.CT.CT..A.TA.. .ACTCTTTTITCC..G. .. TCAGTTCGA. . .G.A.AT
L K DKI1 $PEDI KK KT TIEDKT CDETITULIKWLDSNGTTATETKTEE
1974 TCAAGGATAAGATCAGCCCAGAAGACAAGAAGAAGATCGAGGACAAGT GCGACGAGATCT TGAAGTGGCTCGACAGCAACCAGACCGCAGAGAAGGAGGA
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1716 .TGGAATGTCCCAT.C.TTCCTCATGTTC, (A,  ATCG.GCCT.TTT.TTTTTA.AT...GCTCT..CLATYT..C.GTTTG.. . . ATT. .ATTC

EcoRl
HindII1

F ES Q@ Q@QKUDU Lt EGLAKPDLSIKTLY®SAGSGAPPGAATPSG
2074  GTYTCGAGTCACAACAGAAGGAT TTGGAAGGAT TGGCCAAGCCCGATCTTTCCAAGCTTTACCAGAGTGCCGGAGRAGCCCCACCAGGTGCTGETCCAGGA

sall

G AAGGAGG?®PTTIETEUVD

2174 GGAGCCGCCGGAGGAGLTGGAGGACCAACGATCGAGGAGGTCGACTAATTATTTATCTTCTTTTTTGATCTCGGTTTTTATCTTTATTCTCTTITTCCCCC

poly A

2274  AAATCCCCTATATAATCGATCTTCTGCCCCCTTCCCTGTCACCCACCCAAACCGTTATTACGCCTAGAATGGTGAACAATAAAAAAATTAMAATAATCCA

2374 AGTTGTTTGCTTTCGTGTTCTTTCCAGCAGAATCGGYTTTAAGGATGGCAGCTTTTTT TCACAATCGGCATATTTGTGTGACGTCTTGATGETTCTAATC

2674 GTCTTGACAAGCAAAGAAATGGATAAAATTCAACTCTACACG

Fig. 2 {(concluded).

5" and 3’ ends of the intron which are highly conserved (Karn
et al. 1983; Spieth et al. 1985h) the nucleotide substitution
rate for the two introns was found to be 12.2% (26/212). The
nucleotide substitutions occurred randomly regardless of
“‘codon position.’” This percentage divergence is similar to the
percent divergence of 13.3% calculated for the third codon
position. Based on these arguments and the structure of the
hsp-2ps gene, we conclude that the hsp-2ps gene has been non-
functional since the duplication event.

To estimate the time since duplication, the number of codons
that could allow all four nucleotide substitutions without an
amino acid change was determined. There are 157 of these
codons shared between the Asp-I and hsp-2ps genes, 24 of
which are substituted at the third position. A percent
divergence of these codons was calculated to be 15.3%. This
proportion was corrected for multiple hits by assuming a
Poisson distribution of mutations {—3/4ln(1 — 4/3f, where f =
15.3%) (Ochman and Wilson 1987). The comrected percent
divergence is 17.1%. A rate of 1% divergence per million
years at synonymous sites has been estimated for the hsp§2
genes in Drosophila (Blackman and Meselson 1986) as well as
frogs, sea urchins, plants, mammals, and bacteria (Ochman
and Wilson 1987). If this is used, then we estimate that the

hsp-1 and hsp-2ps genes have been diverging for approxi-
mately 17 million years. This suggests that the duplication
event probably occurred approximately 8.5 million years ago.
G. Poinar has estimated that the time of separation of
C. elegans and C. briggsae, based on taxonomy, the fossil
record, and plate tectonics, occurred 20 —40 million years ago
(personal communication). Our estimate of the time of dupli-
cation falls well after the estimated point of species divergence
and is consistent with the results of DNA hybridizations
involving the hsp-1 and hsp-2ps genes to C. briggsae (Snutch
1984).

Hybridization of the hsp-2ps gene to several C. elegans
strains collected from different geographical locations indi-
cates that the hsp-2ps gene is present in all laboratory strains
tested (Fig. 3). Thus, it appears these straing have originated
since the duplication event occurred.

Generation of the hsp-2ps gene

The hsp-2ps gene is unlike the vitellogenin pseudogene,
vit-1 (Spieth er al. 1985a) and the msp pseudogenes (Klass
et al. 1988; Ward et al. 1988). These pseudogenes are found
within their respective multigene family clusters. The 5' flank-
ing DNA corresponding to the regulatory region is also
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FiG. 3. Hybridization of ksp-2ps to different C. elegans strains. The hsp-2ps plasmid, pCesd40, was hybridized to EcoRI-digested genomic
DNAs of various C. elegans laboratory strains. The strain designations are indicated on the autoradiograph. The 5.4 kbp hsp-2ps band and the
cross hybridizing 6.6 kbp Asp-1 band are indicated. Hybridizations were done at 68°C in 5x SSPE, 0.3% SDS, and 2.5 X Denhardt’s (Davis

et al. 1980).

conserved between these pseudogenes and their functional
counterparts. We propose two possible models for the origin of
the hsp-2ps gene. First, the hsp-2ps gene could have arisen
through an RNA intermediate, since it has only transcribed
DNA sequences from the ancestral gene, It is known that in
Drosophila, if the heat stress is great enough, introns of all
transcripts are not excised (Yost and Lindquist 1986). Based
on this, it is possible that the ancestral genome underwent a
heat stress great enough to induce heat-shock transcription of
the hsp-1 gene without intron excision. The unprocessed pre-
mRNA would then be available to be reversed transcribed.
Integration of the ¢cDNA into the DNA of the X chromosome
would result in the duplication of the Asp-F gene. Second, the
hsp-2ps gene could have arisen by a DNA duplication event
involving a transposition of a copy of the Asp-1 (LG 1V) DNA
to LG X. A high amount of restriction fragment length differ-
ences has been observed around the hsp-1 gene between the
Bristol and Bergerac strains (Snutch and Baillie 1984). This
suggests that the hsp-I gene region is prone to nucleotide
changes and DNA damage. As such, a stretch of DNA corre-
sponding only to the Asp-I gene may have been excised and
then transposed to the X chromosome. This may also account
for the large internal deletion seen in the hsp-2ps gene. Either
model could explain the duplication of the ksp-I gene. How-
ever, as a result of the lack of a proven reverse transcriptase
activity in C. elegans, it is more likely that the hsp-2ps gene
arose as an unusual DNA-mediated transposition —duplication
event of the hsp-I gene.
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