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Abstract. Globin genes from theCaenorhabditisspe-
ciesbriggsaeandremaneiwere identified and compared
with a previously describedC. elegansglobin gene. The
encoded globins share between 86% and 93% amino acid
identity, with most of the changes in or just before the
putative B helix.C. remaneiwas found to have two
globin alleles,Crg1-1andCrg1-2.The coding sequence
for each is interrupted by a single intron in the same
position. The exons of the two genes are only 1% diver-
gent at the nucleotide level and encode identical poly-
peptides. In contrast, intron sequence divergence is 16%
and numerous insertions and deletions have significantly
altered the size and content of both introns. Genetic
crosses show thatCrg1-1 andCrg1-2 segregate as al-
leles. Homozygous lines for each allele were constructed
and northern analysis confirmed the expression of both
alleles. These data reveal an unusual situation wherein
two alleles encoding identical proteins have diverged
much more rapidly in their introns than the silent sites of
their coding sequences, suggesting multiple gene conver-
sion events.
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Introduction

Globins are widespread throughout phylogeny. Compari-
son of globin amino acid sequences across vertebrates,
plants, and nematodes shows sequence identity as low as
10% (Bashford et al. 1987). Yet the tertiary structures of
these globins are very much alike (Arutyunyan 1981,
Dickerson and Geis 1983). The recently solved crystal
structure ofAscarishemoglobin domain 1 appears strik-
ingly similar to that of sperm whale myoglobin despite
only 15% amino acid homology (Yang et al. 1995).
Vertebrate globins have been studied extensively; con-
sequently their structures and functions are well under-
stood (Dickerson and Geis 1983). The globins of inver-
tebrates are much more diverse, both in structure and
affinity for oxygen. Nematode globins, which appear to
have arisen from a common metazoan ancestor, are a
particularly unusual lot, characterized by tight oxygen
binding and diverse quaternary structure (Blaxter 1993).
They can be divided into three groups consisting of peri-
enteric hemoglobins, body-wall myoglobins, and cuticu-
lar globins (Blaxter 1993). Homology across groups is
typically 30–50%; members of the same group from dif-
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.
1994) and crystal structure solution (Yang et al. 1995)Correspondence to:D. Goldberg
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have illuminated the molecular mechanism of this tight
oxygen interaction, but a physiological function for this
enigmatic molecule remains undetermined, as do the
roles of all nematode globins.

Nematode globin gene structures are equally perplex-
ing. The two introns shared by both plant and animal
globin genes (Brown et al. 1984; Go 1981; Jensen et al.
1981) are generally accepted as remnants from the pri-
mordial globin gene, but the history of the middle intron
found in plants and subsequently in other kingdoms is
unclear (Dixon and Pohajdak 1992; Dixon et al. 1992;
Moens et al. 1992; Sherman et al. 1992; Stoltzfus and
Doolittle 1993). Hemoglobin genes from the nematodes
Ascaris suum(De Baere et al. 1992; Sherman et al. 1992)
andPseudoterranova decipiens(Dixon et al. 1992) en-
code unusual two-domain polypeptides in which the
gene sequences have the plant-like three-intron structure.
TheC. elegansglobin gene encodes a one-domain globin
(Kloek et al. 1993; Mansell et al. 1993; Sulston et al.
1992). Its lack of a secretory leader sequence and ho-
mology to theAscarismyoglobin (Blaxter et al. 1994)
suggest it is an intracellular body-wall globin. Unexpect-
edly, theC. elegansglobin gene contains only a middle
intron; neither of the two introns conserved throughout
vertebrate and plant globin genes is present. The middle
intron interrupts the sequence encoding the E helix in
each case, but its precise location is shifted between
Ascaris, Pseudoterranova, Caenorhabditis,plants, and
certain unicellular organisms (Stoltzfus et al. 1994;
Yamauchi et al. 1992). Whether these middle introns are
ancient relatives derived from a primordial globin gene
or multiple independent insertion events in the same re-
gion is the subject of much debate.

We report here a comparison ofCaenorhabditisglo-
bin genes.C. remaneihas been found to have two alleles
of a globin gene that have divergent introns, yet contain
highly conserved silent coding positions.

Materials and Methods

Strains and Genbank Accession Numbers. C. briggsaestrain AF16
andC. remaneistrain CB5161 were used in this study. It should be
noted that the species nomenclature is currently being revised.

The sequences reported in this paper have been deposited in the
GenBank data base under the following accession numbers:Cbg1
cDNA, U48289;Cbg1genomic, U48290 and U48291;Crg1-1cDNA,
U48292; Crg1-1 genomic, U48294;Crg1-2 cDNA, U48293; and
Crg1-2genomic, U48295.

PCR Amplification of Globin Gene Fragments.Globin gene frag-
ments fromC. briggsae(strain AF16) andC. remanei(CB5161) were
obtained by PCR using oligonucleotides designed from knownC. el-
egansglobin gene sequences. Forward oligo 58 atgtcgatgaaccgtcaag 38

(derived fromC. eleganscodons 1–6) and reverse oligo 58 agcatt-
gaattcctttcc 38 (derived fromC. eleganscodons 140–145) were effec-
tive in amplifying globin gene fragments from each species. Final PCR
conditions were as follows: 1.25 units AmpliTaq (Perkin Elmer Cetus),
0.1 mM oligonucleotide primers, 250 ng of genomic DNA, 20 mM

Tris-HCl (pH 8.2), 10 mM KCl, 6 mM (NH4)2SO4, 2 mM MgCl2, 0.1%
Triton X-100, 10mg/ml nuclease-free bovine serum albumin, and 0.2
mM deoxynucleotides in a final volume of 0.1 ml. Reactions were
cycled 30 times at 95°C for 1 min, 42–48°C for 1 min, and 72°C for 2
min.

Cloning and Sequencing of PCR Products.PCR products were
cloned directly using the TA Cloning Kit (Invitrogen). Plasmid DNA
sequencing was performed with the Sequenase Kit (United States Bio-
chemical Corp.) and the products were resolved on 6% polyacrylamide
gels (National Diagnostics). All sequences reported here were con-
firmed from at least two independent clones except for the 58 untrans-
lated regions and the first three codons for each gene, which were
sequenced once. The coding conservation in this region of the four
genes (Met, Ser, Met) and successful amplification of gene fragments
using oligonucleotides designed from these sequences support the ac-
curacy of the nucleotides reported for this short region.

Nucleic Acid Isolation and Northern Analysis.Genomic DNA was
isolated by standard protocols (Wood 1988). Total RNA isolation fol-
lowed the procedure used by Goetinck and Waterston (Goetinck and
Waterston 1994). TotalC. remaneiRNA was fractionated on a 2.2M
formaldehyde–1.2% agarose gel (Sambrook et al. 1989). The RNA was
transferred to a nylon membrane (Micron Separations Inc.) and probed
with radiolabeledC. remaneiglobin cDNA. The blot was washed to a
stringency of 60°C in 0.25× SSC (SSC is 0.15M NaCl/0.015M

Na3 z citrate pH 7.6)/0.1% SDS and analyzed by autoradiography.
RNA markers (Gibco BRL) were used to calibrate the gel.

58 and 38 RACE.The 58 and 38 RACE systems (Gibco BRL) were
used according to manufacturer’s specifications to amplify overlapping
fragments representing full-length cDNA for each gene (Frohman et al.
1988); 58 RACE was performed only onC. elegansRNA, and an SL1
primer 58 TTTAATTACCCAAGTTTGAAG 38 was utilized in PCR to
obtain the 58 ends ofCrg1-2andCbg1.

Genetic Crosses.Genetic crosses were performed to constructC.
remaneilines homozygous forCrg1-1andCrg1.2.Briefly, single pairs
of worms consisting of one male and one sexually immature female
(larval stage L4) were placed together on NGM plates prepared withE.
coli strain OP50 and stored at 20°C until the appearance of progeny.
The adults were scored for globin genotype by single worm PCR and
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.

Single-Worm PCR.To assess the globin genotypes ofC. remanei
individuals, single-worm PCR was performed (Williams et al. 1992).
Briefly, individual worms were placed in 2.5ml of lysis buffer (10 mM
Tris-HCl [pH 8], 60mg/ml proteinase K, 50 mM KCl, 2.5 mM MgCl2,
0.45% Tween 20, and 0.05% gelatin) and frozen at −70°C for 15 min.
The frozen pellet was overlaid with 60ml of mineral oil and incubated
1 h at 60°C and then 15 min at 95°C. The reaction was then cooled to
4°C and a standard PCR protocol was followed.

Results

Caenorhabditis Globin Gene Comparison

Oligonucleotides (see Materials and Methods) based on a
known sequence from theC. elegansglobin gene (Kloek
et al. 1993; Mansell et al. 1993; Sulston et al. 1992) were
used as primers for PCR usingC. remaneiandC. brigg-
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saegenomic DNA as template. These reactions produced
a single band forC. briggsaeand two bands differing in
size by roughly 200 bases forC. remanei.DNA sequenc-
ing of the cloned PCR products identified all three as
globin gene fragments. Full-length cDNA sequences
were generated from overlapping 58 and 38 RACE
clones. The twoC. remaneigenes,Crg1-1 (Caenorhab-
ditis remanei globin) andCrg1-2,as well as theC. brigg-
saegene,Cbg1 (Caenorhabditis briggsae globin), were
found to be homologous to the previously reportedC.
elegansglobin gene, in each case consisting of a 480-bp
open reading frame interrupted after nucleotide 194 by a
single intron. Compared to theC. elegansglobin gene
intron of 298 nucleotides, theCbg1 intron is approxi-
mately 700 nucleotides, while theCrg1-1 and Crg1-2
introns are 747 and 939 nucleotides, respectively, ac-
counting for the PCR doublet. The intron sizes are un-
usually large forCaenorhabditisgenes, where the typical
intron length is only about 50 nucleotides (Fields 1990).
The deduced amino acid sequences ofC. briggsae, C.
remanei,and the previously describedC. elegansglobin
are aligned in Fig. 1. Remarkably, the twoC. remanei
gene encode identical globins. TheC. briggsaeandC.
remaneiglobins are 93% identical to each other and 86%
to 87% identical to theC. elegansglobin. Notably, amino
acid changes are clustered in and just before the se-
quence assigned to the B helix in the globin from the
related nematodeAscaris (Yang et al. 1995). This is
somewhat unexpected, as the B helix is known to line the
critical oxygen-binding pocket and play a role in inter-
acting with ligand to enhance oxygen avidity in theAs-
caris hemoglobin. It is possible that this helix plays a
largely structural role, placing the B10 tyrosine in ap-
propriate position to hydrogen-bond to heme-bound oxy-
gen. Substitution of side chains may be well tolerated as
long as they do not interfere with this positioning. More-
over, many of the replacements spread throughout these
genes are conservative.

Employing theAscarisD1 crystal structure (Yang et
al. 1995) and corresponding mutagenesis studies (De

Baere et al. 1994; Kloek et al. 1994) as a comparison
model for theCaenorhabditisglobins, none of the key
distal pocket residues or those making critical heme con-
tacts have been altered. Assuming that these very similar
globins still function in identical roles, the sites of amino
acid changes probably identify positions in these globins
which are most flexible to change while still maintaining
physiological function.

Comparison of the Two C. remanei Globin Genes

The twoC. remaneiglobin genes are aligned in Fig. 2A.
The exon nucleotide sequences are 1% divergent, con-
taining six silent third position changes (4% divergent at
synonymous sites) and thus encoding identical 160-
amino-acid globin polypeptides. Enumerating each inser-
tion and deletion as one event, equivalent to a single
nucleotide change, intron divergence is 16%. Further, the
size and prevalence of insertions and deletions has sig-
nificantly altered the sequence content of the two introns.
Figure 2B, shows a graphic comparison ofCrg1-1 and
Crg1-2. Since it is impossible to know whether these
changes were insertions in one intron or deletions in the
other, all the variations are shown as insertions.

Comparison of 58 and 38 Untranslated Sequences

The SL1 trans-spliced leader common to many nematode
messages was found at the 58 end of theC. elegans
globin message by 58 RACE (data not shown). The SL1
sequence is separated from the putative initiator methi-
onine codon by only six nucleotides. PCR performed on
cDNA from C. remaneiandC. briggsaeusing an oligo-
nucleotide containing the SL1 sequence was used to
amplify the 58 ends of theCbg1andCrg1-2.These mes-
sages are similarly trans-spliced very close to the initia-
tor codon, with four nucleotides separating SL1 from
coding sequence inCbg1and 7 nucleotides inCrg1-2.

Past studies have indicated thatC. elegans, C. rema-
nei, and C. briggsaehave existed as separate species
long enough such that unconstrained sequences have di-
verged considerably, and most highly conserved se-
quences are actively transcribed or represent functional
regulatory elements (Heine and Blumenthal 1986; He-
schl and Baillie 1990; Kennedy et al. 1993; Prasad and
Baillie 1989; Thomas and Wilson 1991; Zucker-Aprison
and Blumenthal 1989). Comparison of the 38 untrans-
lated sequences of these globin genes provides an oppor-
tunity to identify potential regulatory elements. The glo-
bin gene 38 untranslated regions range in size from 80 to
140 nucleotides and share little sequence homology be-
tween species. The sequences were aligned and exam-
ined for conserved motifs. The consensus sequence aat-
gagctttga, containing the four-base palindrome agct,
could be identified in each gene 40–45 nucleotides up-
stream from the putative polyadenylation sequence

Fig. 1. Amino acid sequence comparison ofCaenorhabditisglobins.
Dots indicate identity. The eight putativea-helices (A–H) are indicated
by italicized lettersabove amino acid sequences and are derived from
alignment with theAscarishemoglobin domain 1 structure.
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aataaa and may represent a site for regulation at the level
of polyadenylation or translation.

The 38 untranslated sequences ofCrg1-1andCrg1-2
are 94% identical, approaching the 96% identity reported
for the synonymous positions of the coding sequences.

With intron identity betweenCrg1-1andCrg1-2at 84%,
the 38 untranslated regions are unexpectedly similar,
even considering the presence of regulatory elements.
Table 1 displays sequence similarity between regions of
Crg1-1andCrg1-2.

Fig. 2. Comparison ofCrg1-1 andCrg1-2.A Nucleotide alignment
of Crg1-1andCrg1-2. Crg1-1is represented by thetop lineandCrg1-2
thebottom line. Dotsindicate identity;dashesindicate gaps in optimal
alignment. Coding sequences are shown inuppercase;nontranslated
sequences inlowercase.TheXXXdenotes a gap in the comparison of
the two alleles where the sequences do not align. Because of the dra-

matic difference in size, the sequences represented by the gap are
shown at thebottom.B Schematic representation ofCrg1-1andCrg1-
2. Exons are represented asrectangleswith size in nucleotides indi-
cated inside. Introns are represented asthin lines; insertions asinverted
triangles. Numbersrepresent sizes of regions in nucleotides.
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Crg1-1 and Crg1-2 Are Alleles

Gene duplication is one possibility for the existence of
two closely related genes originating from the same spe-
cies. If Crg1-1 andCrg1-2 had arisen through a dupli-
cation event, both genes would be present within any
given individualC. remaneiworm. This possibility was
addressed through single-worm PCR (Williams et al.
1992). In this procedure, singleC. remaneiare used as
template in separate PCR reactions and the genotype of
each individual can be clearly assessed. Care must be
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-
type scoring. To address this, sexually immature L4 fe-
males were selected along with adult males. Due to the
192-nucleotide difference betweenCrg1-1 andCrg1-2,
the presence of one or both genes easily could be scored
by PCR amplification using primers flanking the intron
and fractionation of the products on agarose gels. The
results are shown in Fig. 3. The four individuals depicted
provide examples of the three globin genotypes identi-
fied. Individual 1 contains onlyCrg1-2, individuals 2
and 3 contain onlyCrg1-1,and the fourth worm contains
both globin genes. The two genes were very common in
the population and examples of each genotype could be
detected by sampling as few as ten worms.

To address the inheritance pattern of the two genes,
genetic crosses were carried out and the parents and off-
spring were then subjected to PCR analysis. Figure 4A
shows the results of a single-worm PCR analysis of a
genetic cross involving a female carrying onlyCrg1-2
and a male carrying onlyCrg1-1.Six F1 offspring of the
mating were scored and all but one were shown to con-
tain both genes. The one reaction that failed to generate
either globin band may have resulted from inadvertent
loss of the worm in the transfer from the plate to the PCR
tube. Figure 4B shows the results of a cross between a
female carrying bothCrg1-1 and Crg1-2 with a male
containing onlyCrg1-2.Seven offspring were scored and
all showed one of the two genotypes of the parents. Ad-
ditional crosses of parents containing one or both genes
produced good Mendelian ratios of offspring. All told,
over 40 genetic crosses were performed and the results
were always consistent with allelic segregation. An ad-
ditional culture ofC. remaneifrom the Caenorhabditis
Genetic Center exhibited the same two-allele structure.

Crg1-1 andCrg1-2 homozygote lines were isolated

and examined by visual inspection as well as northern
analysis. No obvious physical differences were apparent
between the two lines. Figure 5 shows a northern blot
containing RNA from both homozygous lines hybridized
with a radiolabeled fragment ofCrg1-2 cDNA. The au-
toradiograph shows both messages to be present and
similar in size (around 600–700 nucleotides) in each line.

Discussion

It is unusual that the single introns ofCrg1-1andCrg1-2
have undergone such extensive changes with respect to
each other, yet the 38 untranslated and coding sequences
have been maintained virtually unchanged. Studies of
mammalian globin genes show the level of divergence in
exonic silent third position sites generally approaches
that of the noncoding sequences (Efstratiadis et al. 1980;
Koop et al. 1986; Li and Gojobori 1983; Marks et al.
1986). This is not the case forCrg1-1 andCrg1-2.Of
152 allowable silent third position changes, only six are
present (4% divergence). This similarity is far higher
than the minimum of 16% divergence between the in-
trons. Inspection of codon usage in the two alleles shows
little preference, suggesting that codon bias is not the
source of the conservation of the silent third positions.
However, the possibility that these third positions are
under some form of selective pressure cannot be entirely
ruled out.

Considering the flexibility of globin sequences in ac-
cumulating replacement mutations while retaining the
overall globin fold, we expected that some nonsynony-
mous mutations would have occurred betweenCrg1-1
andCrg1-2; none were observed. In view of this, the
absence of such changes seems more likely a result of
genetic mechanisms than natural selection against
change. We view the surprisingly high identity ofCrg1-1
andCrg1-2 in the exons and 38 untranslated region as
evidence that multiple gene conversion events have oc-
curred between these alleles. A gene conversion event
can involve a single-stranded attack on a locus from any
juxtaposed strand of DNA containing similar sequences,
leading to the replacement of all or portions of the at-
tacked gene with sequences from the neighboring posi-

Table 1. Comparison ofCrg1-1andCrg1-2homologous regions

Region Identify %

Exons 474/480 98.8
Exons (synonymous sites) 146/152 96.0
Intron 566/676 83.7
38 untranslated 77/82 93.9

Fig. 3. Globin genotype analysis ofC. remanei.Single-worm PCR
was performed using oligonucleotides flanking the intron position in
Crg1-1andCrg1-2.TheCrg 1-2PCR product is 192 base pairs larger
than theCrg1-1product. Individual 1 contains onlyCrg1-2(one larger
band). Individuals 2 and 3 contain onlyCrg1-1 (one smaller band).
Individual 4 contains both genes (two bands).
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tion (Alberts et al. 1994). As alleles,Crg1-1andCrg1-2
probably come into close proximity during meiotic chro-
mosome pairing and could have undergone several con-
version events with one another. In fact, Smithies and
co-workers have proposed that pairing of homologous
sequences may facilitate chromosomal synapsis during
meiosis (Powers and Smithies 1986; Smithies and Pow-
ers 1986). Throughout the course of their evolution, in-
sertion and deletion events in the introns ofCrg1-1and
Crg1-2could have disrupted base pairing and eventually
prevented conversion of the intervening sequences and
limited the conversion events mainly to the exons. Evi-
dence of gene conversions limited to coding sequences
has been reported in other systems (Hill et al. 1984;
Slightom et al. 1985). In addition, conversion events
have been shown to occur over regions as small as tens
of bases (Mellor et al. 1983), lending support to the idea
that even short exons can serve as template for conver-
sion.

Gene conversion events are well documented in the

mammaliang-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-
quences 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
repetitive sequences could be identified anywhere within
the intron or proximal exon sequences ofCrg1-1 and
Crg1-2,suggesting a different mechanism of recognition
and initiation.

An alternative explanation for the disparity between
intron and exon conservation would be that the identity
shared betweenCrg1-1andCrg1-2synonymous sites of
exons actually reflects a short period of evolutionary
divergence and that the introns have undergone particu-
larly rapid evolution. As is apparent in Fig. 2, both in-
trons have incurred numerous insertions and deletions
with respect to each other, making precise alignment and
assessment of evolutionary distance difficult. These in-
trons (and possibly others inC. remanei) may contain hot
spots for rapid evolution, and assessment of evolutionary
divergence based on these sequences could overestimate
the time of divergence ofCrg1-1andCrg1-2.Moreover,
the conservation of the 38 untranslated sequences may
derive more from functional constraints than is apparent.
The fact that there are numerous single-base substitu-
tions spread through most of the intron makes this alter-
native explanation unlikely.

The finding of two divergent alleles inCaenorhabdi-
tis would be unexpected as most strains used in labora-
tories are known inbred lines. In addition, a study of
calmodulin-like genes from 11 different strains ofC.
eleganscollected around the world showed no sequence

Fig. 4. Genetic crosses.A Single-worm PCR analysis of a femaleC.
remaneicarrying onlyCrg1-2crossed with a male carrying onlyCrg1-
1. Five of six offspring scored received both genes. Reaction five
failed. B Single-worm PCR analysis of a femaleC. remaneicarrying

both Crg1-1 andCrg1-2 crossed with a male carrying onlyCrg1-2.
Four of seven offspring areCrg1-1/Crg1-2heterozygotes and three of
seven areCrg1-2 homozygotes in accordance with the 50/50 ratio
expected for the cross.

Fig. 5. Northern blot analysis.Crg1-1andCrg1-2homozygote lines
were established and total RNA was isolated from mixed stage popu-
lations of each. North analysis was performed on each sample and
expression of both alleles was confirmed by hybridization with radio-
labeledCrg1-2cDNA. Lane 1contains RNA fromCrg1-2homozygote
lines andlane 2contains RNA fromCrg1-1homozygote lines.
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differences, even in introns (Thomas and Wilson 1991).
Our finding of two divergent alleles inC. remaneisug-
gest that theC. remaneispecies may exhibit a more
variable population structure than that ofC. elegans.
Currently only common lab strains ofC. remaneiare
available. Considering the extensive inbreeding of these
strains, it is surprising to find a heterozygous locus.

When comparing sequences suspected to have under-
gone gene conversions, the most divergent regions in the
alignment are expected to best define the evolutionary
distance. The divergence of intron sequences in the two
alleles suggests that both alleles have existed for millions
of years. Since they encode identical proteins, any ad-
vantage derived by maintenance of both alleles must
come from outside of the coding sequences. One possi-
bility is that selection is not based on the globin genes at
all. Another locus, tightly linked to the globin gene po-
sition, may be affecting the survival and distribution of
Crg1-1 and Crg1-2 through its own selective effects.
However, both globin alleles are expressed and, in short-
term culture, homozygotes survive and reproduce as well
as heterozygotes. Thus, we have an unusual situation
wherein two ancient alleles encoding identical proteins
have been maintained in a nematode population despite
unclear heterozygote benefit.
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