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Abstract. Globin genes from th€aenorhabditisspe-  Introduction
ciesbriggsaeandremaneiwere identified and compared
with a previously describe@. eleganglobin gene. The  Globins are widespread throughout phylogeny. Compari-
encoded globins share between 86% and 93% amino acisbn of globin amino acid sequences across vertebrates,
identity, with most of the changes in or just before thepjants, and nematodes shows sequence identity as low as
putative B helix.C. remaneiwas found to have two 109% (Bashford et al. 1987). Yet the tertiary structures of
globin allelesCrgl-1andCrg1-2. The coding sequence these globins are very much alike (Arutyunyan 1981,
for each is interrupted by a single intron in the samepickerson and Geis 1983). The recently solved crystal
position. The exons of the two genes are only 1% diver-structure ofAscarishemoglobin domain 1 appears strik-
gent at the nucleotide level and encode identical p0|y1n9|y similar to that of sperm whale myog|0bin despite
peptides. In contrast, intron sequence divergence is 16%nly 15% amino acid homology (Yang et al. 1995).
and numerous insertions and deletions have significantly/ertebrate globins have been studied extensively; con-
altered the size and content of both introns. Genetigequently their structures and functions are well under-
crosses show thatrgl-1 and Crgl-2 segregate as al- stood (Dickerson and Geis 1983). The globins of inver-
leles. Homozygous lines for each allele were constructegeprates are much more diverse, both in structure and
and northern analysis confirmed the expression of bOtraffinity for oxygen. Nematode g|0bins, which appear to
alleles. These data reveal an unusual situation Whereiﬁa\/e arisen from a common metazoan ancestor, are a
two alleles encoding identical proteins have divergedparticularly unusual lot, characterized by tight oxygen
much more rapldly in their introns than the silent sites Ofbmdmg and diverse quaternary structure (B|axter 1993)
their coding sequences, suggesting multiple gene converfhey can be divided into three groups consisting of peri-
sion events. enteric hemoglobins, body-wall myoglobins, and cuticu-
lar globins (Blaxter 1993). Homology across groups is
Key words:  Alleles — Evolution — Gene conversion typically 30-50%; members of the same group from dif-
— Introns — Nematode ferent species are more closely related than members of
different groups from the same species. The extracellular
hemoglobin ofAscarisis perhaps the best known, due to
its extremely high oxygen avidity (Davenport 1949; Gib-
son and Smith 1965; Okazaki and Wittenberg 1965).
Mutational analysis (De Baere et al. 1994; Kloek et al.
Correspondence taD. Goldberg 1994) and crystal structure solution (Yang et al. 1995)
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have illuminated the molecular mechanism of this tightTris-HCI (pH 8.2), 10 nw KCI, 6 mu (NH,);SO;, 2 mu MgCly, 0.1%
oxygen interaction, but a physiological function for this Triton X-100, 10pg/ml nuclease-free bovine serum albumin, and 0.2

. . . . M deoxynucleotides in a final volume of 0.1 ml. Reactions were
enigmatic molecule rema!ns undetermined, as do th‘%;/cled 30 times at 95°C for 1 min, 42—-48°C for 1 min, and 72°C for 2
roles of all nematqde globins. min.

Nematode globin gene structures are equally perplex-
Ing. .The two introns shared by both plant and animal  cioning and Sequencing of PCR ProducBCR products were
globin genes (Brown et al. 1984; Go 1981; Jensen et akloned directly using the TA Cloning Kit (Invitrogen). Plasmid DNA
1981) are generally accepted as remnants from the prisequencing was performed with the Sequenase Kit (United States Bio-
mordial globin gene, but the history of the middle intron Chfm(';a't_co”‘?-)D"’_‘”d thet_p“;duAclfs were resolved o Gsﬁ’hpo'yacry'am'de

. . . . gels (National Diagnostics). sequences reported here were con-

found in pl_ants and SUbS_equently ”_1 O_ther klngdoms Iﬁ?rmed from at least two independent clones except for thenrans-
unclear (Dixon and Pohajdak 1992; Dixon et al. 1992;5ted regions and the first three codons for each gene, which were
Moens et al. 1992; Sherman et al. 1992; Stoltzfus andequenced once. The coding conservation in this region of the four
Doolittle 1993). Hemoglobin genes from the nematodesyenes (Met, Ser, Met) and successful amplification of gene fragments
Ascaris suunfDe Baere et al. 1992; Sherman et al. 1992)usmg oligonucleotides designed from these sequences support the ac-

and Pseudoterranova decipier{®ixon et al. 1992) en- curacy of the nucleotides reported for this short region.

code unusual two-domain poneptideS in which the Nucleic Acid Isolation and Northern Analysienomic DNA was
gene sequences have the plant-like three_mtron_ Strucuj"?s‘olated by standard protocols (Wood 1988). Total RNA isolation fol-
TheC. eleganglobin gene encodes a one-domain globin|gyed the procedure used by Goetinck and Waterston (Goetinck and
(Kloek et al. 1993; Mansell et al. 1993; Sulston et al. waterston 1994). TotaT. remaneiRNA was fractionated on a 2.2
1992)_ Its lack of a secretory leader sequence and hdermaldehyde-1.2% agarose gel (Sambrook et al. 1989). The RNA was
mology to theAscarismyogIobin (Blaxter et al. 1994) transferred to a nylon membrane (Micron Separations Inc.) and probed

L . . with radiolabeledC. remaneiglobin cDNA. The blot was washed to a
suggest it is an intracellular body-wall globin. Unexpect- stringency of 60°C in 0.25x SSC (SSC is 0.15NaCl/0.015m

edly, theC. elegangylobin gene contains only a middle na3. citrate pH 7.6)/0.1% SDS and analyzed by autoradiography.
intron; neither of the two introns conserved throughoutRNA markers (Gibco BRL) were used to calibrate the gel.
vertebrate and plant globin genes is present. The middle

intron interrupts the sequence encoding the E helix in 5 and 3 RACE.The 5 and 3 RACE systems (Gibco BRL) were
each case, but its precise location is shifted betweensed according to manufacturer’s specifications to amplify overlapping
Ascaris, Pseudoterranova, Caenorhabditsants, and fragments representing full-length cDNA for each gene (Frohman et al.

. . . .1988); 8 RACE was performed only o€. eleganRNA, and an SL1
certain unicellular organisms (Stoltzfus et al. 1994; o Trr)ATTACCCAAGTTTGAAG 3' was utilized in PCR to

Yamauchi et al. 1992). Whether these middle introns arébtain the 5 ends ofCrg1-2 and Chg1.

ancient relatives derived from a primordial globin gene

or muIt|pIe mdependent insertion events in the same re- Genetic Crossedsenetic crosses were performed to constct

gion is the subject of much debate. remaneilines homozygous fo€rgl-1andCrgl.2.Briefly, single pairs
We report here a comparison 6aenorhabditisglo- of worms consisting of one male and one sexually immature female

bin genesC. remanehas been found to have two alleles (larval stage L4) were placed together on NGM plates preparedgvith

. . . . coli strain OP50 and stored at 20°C until the appearance of progeny.
of a globin gene that have divergent introns, yet Contalr.ll'he adults were scored for globin genotype by single worm PCR and

hlghly conserved silent COd'ng positions. cataloged. Crosses involving two parent worms homozygous for the
same allele were noted and several of their progeny were screened to
ensure the exclusion of the other globin allele from the line.

Materials and Methods
Single-Worm PCRTo assess the globin genotypes@fremanei

. . . . individuals, single-worm PCR was performed (Williams et al. 1992).
Strains and Genbank Accession Numbers. C. briggsa@in AF16  giiefly individual worms were placed in 2,8l of lysis buffer (10 mu

and C. remaneistrain CB5161 were used in this study. It should be Tris-HCI [pH 8], 60 wg/ml proteinase K, 50 m KCI, 2.5 mv MgCl,
noted that the species nomenclature is currently being revised. 0.45% Tween 20, and 0.05% gelatin) and frozen at —=70°C for 15 min.
The sequences reported in this paper have been deposited in thg,e frozen pellet was overlaid with §0 of mineral oil and incubated

GenBank data base under the following accession numigl 1, 5t 6o°C and then 15 min at 95°C. The reaction was then cooled to
cDNA, U48289;Cbglgenomic, U48290 and U4829Crg1-1cDNA, 4°C and a standard PCR protocol was followed

U48292; Crgl-1 genomic, U48294,Crgl-2 cDNA, U48293; and
Crgl-2 genomic, U48295.

o ) ) Results
PCR Amplification of Globin Gene Fragmenglobin gene frag-

ments fromC. briggsae(strain AF16) andC. remaneiCB5161) were

obtained by PCR using oligonucleotides designed from knGuwel- Caenorhabditis Globin Gene Comparison

egansglobin gene sequences. Forward oligaafgtcgatgaaccgtcaag 3

(derived fromC. eleganscodons 1-6) and reverse oligd &gcatt- Oligonucleotides (see Materials and Methods) based on a
gaattcctttcc 3(derived fromC. eleganscodons 140-145) were effec- .

tive in amplifying globin gene fragments from each species. Final PCRknOWn sequence from tr@. eleganglobin gene (Kloek
conditions were as follows: 1.25 units AmpliTaq (Perkin Elmer Cetus), €t al. 1993; Mansell et al. 1993; Sulston et al. 1992) were

0.1 um oligonucleotide primers, 250 ng of genomic DNA, 2aum  used as primers for PCR usi@ remaneiandC. brigg-
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AAAAAAAAAAAAA . 1
C. elegans SHNROR T EDL T PR MG TER O L ENGRA DR P D Baere et al. 1994; Kloek et al. 1994) as a comparison
C. bri T Qe EK....TDKG.A...G..Q.... 1t i
C. remane: Clslillglilill EK. L., K.VD...G..0.. .. model for theCaenorhabditisglobins, none of the key
distal pocket residues or those making critical heme con-
Beceeeee DDDDDDDD EEEEEEEEEEEEEEEE tacts have been altered. Assuming that these very similar
C. elegans NFPDLRVYFKGAEKYTADDVKKSERFDKQGQRILLACHLL A N X L. . R .
C. briggsae  .....e........ S I globins still function in identical roles, the sites of amino
C. remanel = . iieeeeeiaenen B e e I . . . e . .
acid changes probably identify positions in these globins
EEE FFFFFFFFFFFFFFFFFFF  GGGGGGGGGGGGGEE which are most flexible to change while still maintaining
C. elegans ANVYTNEEVFKGYVRETINRHRIYKMDPALWMAFFTVFTG . . .
C. briggsae S Bt physiological function.
C. remanei = ... Ao, 27
GGGGGG  HHHHHHHHHHHHHHHHHHHH . . .
C. elegans YLESVGCLNDQQKAAWMALGKEFNAESQTHLKNSNLPHV Comparlson of the Two C. remanei Globin Genes
C. briggsae FR R = CVoeviinn. Y.H
C. remanei PR R A= T C.E........ Y.H

Fig. 1. Amino acid sequence comparison@&enorhabditigjlobins. The twoC. remanegmbm genes are a“%ned, in Fig. 2A.
Dotsindicate identity. The eight putative-helices A—H) are indicated The exon nucleotide sequences are 1% divergent, con-

by italicized lettersabove amino acid sequences and are derived fromtaining six silent third position changes (4% divergent at
alignment with theAscarishemoglobin domain 1 structure. synonymous sites) and thus encoding identical 160-
amino-acid globin polypeptides. Enumerating each inser-
éion and deletion as one event, equivalent to a single
nucleotide change, intron divergence is 16%. Further, the
size by roughly 200 bases far. remaneiDNA sequenc- size and prevalence of insertions and deletions _has sig-
nificantly altered the sequence content of the two introns.

ing of the cloned PCR products identified all three as_. . : i
globin gene fragments. Full-length cDNA sequencesFIgure 2B, shows a graphic comparison@igl-1 and

were generated from overlappind and 3 RACE Crg1-2. Since ?t Is impos_sible t(.) know whether these
. changes were insertions in one intron or deletions in the

clones. The twdC. remanegenes Crgl-1 (Caenorhab- other, all the variations are shown as insertions
ditis remanei ¢pbin) andCrg1-2,as well as the&. brigg- ' '
saegene,Cb§1(gaenorhabditis_tiggsae_gobin), were
found to be homologous to the previously repor@d  Comparison of 5and 3 Untranslated Sequences
elegangylobin gene, in each case consisting of a 480-bp
open reading frame interrupted after nucleotide 194 by &he SL1 trans-spliced leader common to many nematode
single intron. Compared to th€. elegansglobin gene messages was found at thé &nd of theC. elegans
intron of 298 nucleotides, th€bg1l intron is approxi- globin message by’ RACE (data not shown). The SL1
mately 700 nucleotides, while thérgl-1 and Crgl-2  sequence is separated from the putative initiator methi-
introns are 747 and 939 nucleotides, respectively, acenine codon by only six nucleotides. PCR performed on
counting for the PCR doublet. The intron sizes are uncDNA from C. remaneiandC. briggsaeusing an oligo-
usually large folcCaenorhabditigyenes, where the typical nucleotide containing the SL1 sequence was used to
intron length is only about 50 nucleotides (Fields 1990).amplify the 3 ends of theCbglandCrg1-2.These mes-
The deduced amino acid sequence<Cofbriggsae, C. sages are similarly trans-spliced very close to the initia-
remanei,and the previously describ&tl eleganglobin  tor codon, with four nucleotides separating SL1 from
are aligned in Fig. 1. Remarkably, the tv® remanei  coding sequence ibgland 7 nucleotides i€rgl-2.
gene encode identical globins. Tk briggsaeand C. Past studies have indicated tl@atelegans, C. rema-
remaneiglobins are 93% identical to each other and 86%nei, and C. briggsaehave existed as separate species
to 87% identical to th€. eleganglobin. Notably, amino  long enough such that unconstrained sequences have di-
acid changes are clustered in and just before the sererged considerably, and most highly conserved se-
guence assigned to the B helix in the globin from thequences are actively transcribed or represent functional
related nematodéscaris (Yang et al. 1995). This is regulatory elements (Heine and Blumenthal 1986; He-
somewhat unexpected, as the B helix is known to line theschl and Baillie 1990; Kennedy et al. 1993; Prasad and
critical oxygen-binding pocket and play a role in inter- Baillie 1989; Thomas and Wilson 1991; Zucker-Aprison
acting with ligand to enhance oxygen avidity in the-  and Blumenthal 1989). Comparison of thé thtrans-
caris hemoglobin. It is possible that this helix plays a lated sequences of these globin genes provides an oppor-
largely structural role, placing the B10 tyrosine in ap- tunity to identify potential regulatory elements. The glo-
propriate position to hydrogen-bond to heme-bound oxy-bin gene 3 untranslated regions range in size from 80 to
gen. Substitution of side chains may be well tolerated ad440 nucleotides and share little sequence homology be-
long as they do not interfere with this positioning. More- tween species. The sequences were aligned and exam-
over, many of the replacements spread throughout thedaed for conserved motifs. The consensus sequence aat-
genes are conservative. gagctttga, containing the four-base palindrome agct,

Employing theAscarisD1 crystal structure (Yang et could be identified in each gene 40-45 nucleotides up-
al. 1995) and corresponding mutagenesis studies (Dstream from the putative polyadenylation sequence

saegenomic DNA as template. These reactions produce
a single band fo€. briggsaeand two bands differing in
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ATGTCGATGAGCCGTCAAGAGATCCAAGACTTGTGTGTCAAGTCTTTGGAAGAGAAAATGGTTGGAACTGAGGCGAAAAACGTGGA 86
.......................................................... B 172
TAACGGCAATGGATTCTATCAATACTTCTTCACCAACTTCCCCGATCTTCGCGTCTATTTCAAGGGTGCGGAAAAGTATACCGCCG 172
........................ - .a..g.t..t. .cc.....aa...g...g...t.t.a............ .. 255
AGGATGTGAAGAAGAGTGAGAGgtgagaagttactattggttttggttccgtttctagaataactacgaaacagtagcctaacaag 258
a.s.g..oteai a.g..Co.... [+ T eesrecrsenae a. Cuvinnn | o TR 340
gggatttttctctcacatggattaggaataaagtagctctccctgtgagtggattctgaaa tttctagccctcactggagcctga 343
it Y - O « P Covvnn t. 424
gagtctcgaaatcttcctctcttgatttccaatgctatgtcc atatggcgacgttcagatgaagatttccagactcttaggctcc 428
I T t.t. cA...> ..... t. - Covennn a.a.cg..... Covinnn F- t..... 510
agtgagggctggaatcttgagaatccac cacagggacagctaatttcaggccaacaatttgtagaaagttcctaaaatacgtgag 513
B T ttagcgatagtggataca........ [T t....t..g.. 585
aaaagcatttcc ttgtgag---------—-~------- ccttctag- gataaagtcagaggttatccggcaaaaaatgaatgcgtt 579
................................................... t.......a..tc..at.caaa...c....g.-.. 648
attgcctgctcaagcgctattattgectgetcaageccaaattttggecactecgggcaat-gg-agacct----agt-ggatataga 658
.ga...t.g...c.aaa.--a....g.t..... Boves s mmmmmmrrmm e ——— e t..... a.a..g...... g--. 708
aattttagaattta———tgtgagat—aatccct tgaaaaagatgaaaaagatccctgactacaggcttcgttaacacgaaaaaaa 739
JO A A« (RS - T - S a.a.Covvvnnn t..a.t......., a. PR A SN 794
aagcgctttaagagctaaaaaatccatttttcaccaaaaatttt ggtttttggtca- tttttgagtttttgctgaaaatgagcaa 823
————————————————— 1 B ittt bttt il IPEPIPEIITE S it P IIEPI 831
caaatgatttccagttgcccacaaaaggttttcagcacgattacaataactcacaaacgtgtgcctgtaaaaagagaccaaaaaat 909
.aaaaaaaataaaccctc....c...... (- XXXK.ooov v t..... L 964
aa--—-—-—-——————=-=—= gccccttgtgactaaaatXXXtttttgcaaaacttgttttttcagATTTGACAAACAAGGTCAACGTA 1156
................ L 1050

TCCTCCTTGCCTGCCATCTCATCGCTAATGTCTACACCAACGAGGAAGTGTTCAAGGCGTACGTTCGTGAAACCGTCAACCGTCAC 1242

...................................................................................... 1136
CGTATTTACAAAATGGACCCAGCCCTCTGGATGGCCTTTTTCACTGTGTTCACCGGATATCTCGGATCAACTGGTTCGTTGACTGA 1328

............................................................... Co A 1222
TCAACAGAAAGCTGCATGGATGGCACTCGGAAAAGAATTCAATGCCGAATGTCAGGAGCATCTAAAGAACTCGAATCTTCCTTATG 1414

............................ L £« (R < T - SN 1302
TCCACTAAaaaaaatggtatttctgatt———gaaagtattttcaaagagctttgaatacatgcatttatgattgttttactctcaa 1497

........... 1313
tttttgtacagaataaactgtatccga 1524

XXX Crgl-1
ttgggtttatgatctgaaattgaaaataaacaaaccgatttcttatttttt

Crgl-2
cctttccgaaacggttacgggtcctgaaaagecgtacaaccectttccatttttagtgagegt
atggtctaaaaatgagattgatcaaatataattcttccagattggaaaataatttccegetg
atccttttctagectttgaaaatgcattaagaagaaaaaaaacctgagcagagttcgta

B

51
18 mv
Crg1-1| 194 } VA AV E—
335 38 | 100 112 19 8 9 18 23 82

32 22 17 20 12

crg1-2 | 194 : vvvvv

338 37 91 112 19 82

Fig. 2. Comparison ofCrgl-1andCrgl-2. A Nucleotide alignment  matic difference in size, the sequences represented by the gap are
of Crgl-1landCrgl-2. Crgl-1is represented by thep lineandCrg1-2 shown at thébottom.B Schematic representation 6fg1l-1andCrgl-

the bottom line. Dotdndicate identity,dashedndicate gaps in optimal 2. Exons are represented esctangleswith size in nucleotides indi-
alignment. Coding sequences are showrufipercase;nontranslated  cated inside. Introns are representedhas lines;insertions asnverted
sequences ifowercase.The XXX denotes a gap in the comparison of triangles. Numbersepresent sizes of regions in nucleotides.

the two alleles where the sequences do not align. Because of the dra-

aataaa and may represent a site for regulation at the lev&Vith intron identity betweerCrgl-1andCrgl-2at 84%,

of polyadenylation or translation. the 3 untranslated regions are unexpectedly similar,
The 3 untranslated sequences®@fgl-1andCrgl-2 even considering the presence of regulatory elements.

are 94% identical, approaching the 96% identity reportedrable 1 displays sequence similarity between regions of

for the synonymous positions of the coding sequencesCrgl-1andCrgl-2.
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Table 1. Comparison ofCrg1l-1andCrgl-2 homologous regions

Region Identify %
Exons 474/480 98.8
Exons (synonymous sites) 146/152 96.0
Intron 566/676 83.7
3’ untranslated 77182 93.9

Fig. 3. Globin genotype analysis df. remanei.Single-worm PCR
was performed using oligonucleotides flanking the intron position in
Crgl-landCrgl-2.TheCrg 1-2PCR product is 192 base pairs larger
than theCrg1-1product. Individual 1 contains onlgrgl1-2(one larger
band). Individuals 2 and 3 contain on@§rgl-1 (one smaller band).

. o . Individual 4 contains both genes (two bands).
Gene duplication is one possibility for the existence of

two closely related genes originating from the same spe-
cies. If Crgl-1 and Crgl-2 had arisen through a dupli- and examined by visual inspection as well as northern
cation event, both genes would be present within anyanalysis. No obvious physical differences were apparent
given individualC. remaneiworm. This possibility was between the two lines. Figure 5 shows a northern blot
addressed through single-worm PCR (Williams et al.containing RNA from both homozygous lines hybridized
1992). In this procedure, singlé. remaneiare used as with a radiolabeled fragment @rg1-2 cDNA. The au-
template in separate PCR reactions and the genotype ¢dradiograph shows both messages to be present and
each individual can be clearly assessed. Care must k&milar in size (around 600—700 nucleotides) in each line.
exercised in the selection of female individuals as devel-
oping embryos within a mated female will also contain
paternal genomic DNA and can lead to incorrect geno-Discussion
type scoring. To address this, sexually immature L4 fe-
males were selected along with adult males. Due to thdt is unusual that the single introns 6fg1-1andCrgl-2
192-nucleoctide difference betwe&@rgl-1andCrgl-2, have undergone such extensive changes with respect to
the presence of one or both genes easily could be scorazhch other, yet the’ 2intranslated and coding sequences
by PCR amplification using primers flanking the intron have been maintained virtually unchanged. Studies of
and fractionation of the products on agarose gels. Thenammalian globin genes show the level of divergence in
results are shown in Fig. 3. The four individuals depictedexonic silent third position sites generally approaches
provide examples of the three globin genotypes identithat of the noncoding sequences (Efstratiadis et al. 1980;
fied. Individual 1 contains onlyCrgl-2, individuals 2  Koop et al. 1986; Li and Gojobori 1983; Marks et al.
and 3 contain onl¥rgl-1,and the fourth worm contains 1986). This is not the case f@rgl-1 and Crgl-2. Of
both globin genes. The two genes were very common irl52 allowable silent third position changes, only six are
the population and examples of each genotype could bpresent (4% divergence). This similarity is far higher
detected by sampling as few as ten worms. than the minimum of 16% divergence between the in-
To address the inheritance pattern of the two genedyons. Inspection of codon usage in the two alleles shows
genetic crosses were carried out and the parents and offittle preference, suggesting that codon bias is not the
spring were then subjected to PCR analysis. Figure 4/source of the conservation of the silent third positions.
shows the results of a single-worm PCR analysis of aHowever, the possibility that these third positions are
genetic cross involving a female carrying orrgl-2  under some form of selective pressure cannot be entirely
and a male carrying onlgrg1-1.Six F1 offspring of the  ruled out.
mating were scored and all but one were shown to con- Considering the flexibility of globin sequences in ac-
tain both genes. The one reaction that failed to generateumulating replacement mutations while retaining the
either globin band may have resulted from inadvertenpverall globin fold, we expected that some nonsynony-
loss of the worm in the transfer from the plate to the PCRmous mutations would have occurred betweengl-1
tube. Figure 4B shows the results of a cross between and Crgl-2; none were observed. In view of this, the
female carrying bothCrgl-1 and Crgl-2 with a male  absence of such changes seems more likely a result of
containing onlyCrg1-2.Seven offspring were scored and genetic mechanisms than natural selection against
all showed one of the two genotypes of the parents. Adehange. We view the surprisingly high identity@fg1-1
ditional crosses of parents containing one or both geneand Crg1-2 in the exons and '3untranslated region as
produced good Mendelian ratios of offspring. All told, evidence that multiple gene conversion events have oc-
over 40 genetic crosses were performed and the resulurred between these alleles. A gene conversion event
were always consistent with allelic segregation. An ad-can involve a single-stranded attack on a locus from any
ditional culture ofC. remaneifrom the Caenorhabditis juxtaposed strand of DNA containing similar sequences,
Genetic Center exhibited the same two-allele structure.leading to the replacement of all or portions of the at-
Crgl-1 and Crgl-2 homozygote lines were isolated tacked gene with sequences from the neighboring posi-

Crgl-1 and Crgl-2 Are Alleles



44— Crgl-2

“4— Crgl-1
B
Fig. 4. Genetic crosse#\ Single-worm PCR analysis of a female both Crg1-1 and Crgl-2 crossed with a male carrying onigrgl-2.
remaneicarrying onlyCrgl-2crossed with a male carrying onGrg1- Four of seven offspring ar€rgl-1/Crgl-2heterozygotes and three of

1. Five of six offspring scored received both genes. Reaction fiveseven areCrgl-2 homozygotes in accordance with the 50/50 ratio
failed. B Single-worm PCR analysis of a femal: remaneicarrying expected for the cross.

1 2 mammaliary-globin loci (Hill et al. 1984; Powers and
; Smithies 1986; Shen et al. 1981, Slightom et al. 1980,
1985, 1987; Smithies and Powers 1986). A hallmark of
these conversions is the presence of simple dinucleotide
repeats consisting of alternating purine-pyrimidine se-
guences around the apparent boundaries of the conver-
sions (Powers and Smithies 1986; Shen et al. 1981;
Slightom et al. 1980, 1985, 1987; Smithies and Powers
1986). It has been suggested that under the appropriate
conditions these tracts could form unusual DNA confor-
mations, such as Z-DNA, which could facilitate strand
breakage and serve as recognition sites for recombina-
tion machinery (Arnott et al. 1980; Shen et al. 1981;

: : Slightom et al. 1980; Wang et al. 1979, 1981). No such
Fig. 5. Northern blot analysisCrg1-1andCrgl-2homozygote lines  repetitive sequences could be identified anywhere within
were established and total RNA was isolated from mixed stage poputhe intron or proximal exon sequences ©fgl-1 and

lations of each. North analysis was performed on each sample an@:rgl-Z Suggesting a different mechanism of recognition
expression of both alleles was confirmed by hybridization with radio- and ini'Eiation

labeledCrg1-2cDNA. Lane 1contains RNA fronCrg1-2homozygote ) ) . .
lines andlane 2contains RNA fromCrg1-1 homozygote lines. An alternative explanation for the disparity between

intron and exon conservation would be that the identity

shared betwee@rgl-1andCrgl-2 synonymous sites of
tion (Alberts et al. 1994). As allele§rgl-1andCrgl-2  exons actually reflects a short period of evolutionary
probably come into close proximity during meiotic chro- divergence and that the introns have undergone particu-
mosome pairing and could have undergone several codarly rapid evolution. As is apparent in Fig. 2, both in-
version events with one another. In fact, Smithies androns have incurred numerous insertions and deletions
co-workers have proposed that pairing of homologouswith respect to each other, making precise alignment and
sequences may facilitate chromosomal synapsis duringssessment of evolutionary distance difficult. These in-
meiosis (Powers and Smithies 1986; Smithies and Powtrons (and possibly others @. remanéi may contain hot
ers 1986). Throughout the course of their evolution, in-spots for rapid evolution, and assessment of evolutionary
sertion and deletion events in the introns@fl-1and divergence based on these sequences could overestimate
Crg1-2could have disrupted base pairing and eventuallythe time of divergence dfrgl-1andCrgl-2.Moreover,
prevented conversion of the intervening sequences anthe conservation of the’ duntranslated sequences may
limited the conversion events mainly to the exons. Evi-derive more from functional constraints than is apparent.
dence of gene conversions limited to coding sequence$he fact that there are numerous single-base substitu-
has been reported in other systems (Hill et al. 1984tions spread through most of the intron makes this alter-
Slightom et al. 1985). In addition, conversion eventsnative explanation unlikely.
have been shown to occur over regions as small as tens The finding of two divergent alleles i@aenorhabdi-
of bases (Mellor et al. 1983), lending support to the ideatis would be unexpected as most strains used in labora-
that even short exons can serve as template for conveteries are known inbred lines. In addition, a study of
sion. calmodulin-like genes from 11 different strains 6Gf

Gene conversion events are well documented in theleganscollected around the world showed no sequence
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differences, even in introns (Thomas and Wilson 1991). oxygen molecule imiscarishemoglobin. Proc Natl Acad Sci USA

Our finding of two divergent alleles i€. remaneisug- 91:1594-1597
gest that theC. remaneispecies may exhibit a more Dickerson RE, Geis | (1983) Hemoglobin: structure, function, evolu-
variable population structure than that 6f elegans. tion, and pathology. Benjamin Cummings, Menlo Park, CA

Currently only common lab strains d&. remaneiare Dixon B, Pohajdak B (1992) Did the ancestral globin gene of plants and
available. Considering the extensive inbreeding of these @animals contain only two introns? Trends Biochem Sci 17:486-488
strains, it is surprising to find a heterozygous locus. ~ Dixon B, Walker B, Kimmins W, Pohajdak B (1992) A nematode

When comparing sequences suspected to have under- hemoglobin gene contains an intron previously thought to be

. . . . unique to plants. J Mol Evol 35:131-136
gone gene conversions, the most divergent regions in the =~ o
alignment are expected to best define the evolutionar)FfStSrztr':S'; AA' gg;?ekioj‘iz J;’Zig'\:tag'gt'svae'isLs"’r‘:’]V;n RS,\:/I C;I%%TSEJIJIC:
distance. The divergence of intron sequences in the tWo g o1 AE Spmithies O, Baralle FE, Shoulders CC, Proudfoot NJ
alleles suggests that both aIIeIss heive eX|steq for millions  (1980) The structure and evolution of the hum@globin gene
of years. Since they encode identical proteins, any ad- family. Cell 21:653-668
vantage denveq by mamten"?\nce of both alleles mUSFieIds C (1990) Information content Gfaenorhabditis elegansplice
come from outside of the coding sequences. One possi- site sequences varies with intron length. Nucleic Acids Res 18:
bility is that selection is not based on the globin genes at 1509-1512
all. Another locus, tightly linked to the globin gene po- Frohman MA, Dush MK, Martin GR (1988) Rapid production of full-
sition, may be affecting the survival and distribution of  length cDNAs from rare transcripts: amplification using a single
Crgl-1 and Crgl-2 through its own selective effects. gene-specific oligonucleotide primer. Proc Natl Acad Sci USA 85:
. : 8998-8992
However, both globin alleles are expressed and, in short- _ _ , _
term culture, homozygotes survive and reproduce as Weﬁalbson Q, Smith M (1965) Rates of reactionAdgcarishaemoglobins
' . . with ligands. Proc R Soc Lond [Biol] 163:206-214
as heterozygotes. Thus, we have an unusual situation 9 ) [ ] i ) )
wherein two ancient alleles encoding identical proteinsGO M (1981) Correlation of DNA exonic regions with protein struc-
tural units in haemoglobin. Nature 291:90-92

have been maintained in a nematode population despitg inck S. Waterston RH (1994) Tlsenorhabditis el |
unclear heterozygote benefit. oetinck S, Waterston ( ) enorhabditis eleganmsuscle-

affecting gene unc-87 encodes a novel thin filament-associated pro-
tein. J Cell Biol 127:79-93
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