
ORIGINAL PAPER

Abstract In eubacteria, the recA gene has long been rec-
ognized as essential for homologous recombination and
DNA repair. Recent work has identified recA homologs in
archaebacteria and eukaryotes, thus emphasizing the uni-
versal role this gene plays in DNA metabolism. We have
isolated and characterized two new recA homologs, one
from the basidiomycete Coprinus cinereus and the other
from the angiosperm Lycopersicon esculentum. Like the
RAD51 gene of Saccharomyces cerevisiae, the Coprinus
gene is highly induced by gamma irradiation and during
meiosis. Phylogenetic analyses of eukarotic recA homo-
logs reveal a gene duplication early in eukaryotic evolu-
tion which gave rise to two putatively monophyletic groups
of recA-like genes. One group of 11 characterized genes,
designated the rad51 group, is orthologous to the Saccha-
romyces RAD51 gene and also contains the Coprinus and
Lycopersicon genes. The other group of seven genes, des-
ignated the dmc1 group, is orthologous to the Saccharo-
myces DMC1 gene. Sequence comparisons and phyloge-
netic analysis reveal extensive lineage- and gene-specific
differences in rates of RecA protein evolution. Dmc1 con-
sistently evolves faster than Rad51, and fungal proteins of
both types, especially those of Saccharomyces, change rap-
idly, particularly in comparison to the slowly evolving ver-
tebrate proteins. The Drosophila Rad51 protein has under-
gone remarkably rapid sequence divergence.
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Introduction

The recA gene of Escherichia coli is necessary for homol-
ogous recombination and DNA repair (West 1992; Clark
and Sandler 1994; Camerini-Otero and Hsieh 1995). Bio-
chemical studies have shown that the RecA protein pro-
motes identification and exchange of regions of homology
(for reviews see Roca and Cox 1990; Kowalczykowski
1991; Clark and Sandler 1994; Camerini-Otero and Hsieh
1995), and the RecA protein is also central to the bacterial
recombinational DNA-repair system, which responds to
DNA damage (Cox 1993). recA genes have been isolated
and studied from a large number (>65) of diverse eubac-
teria (Eisen 1995) and, recently, from three diverse archae-
bacteria (Sandler et al. 1996). In the last few years, multi-
ple recA-like genes have been sequenced from several an-
imals, fungi, and plants (for references, see Materials and
methods).

In Saccharomyces cerevisiae four recA homology have
been identified. Three of these genes, RAD51, RAD55 and
RAD57, belong to the RAD52 epistasis group for DNA re-
pair. All three of these genes are involved in recombina-
tion and recombinational repair (Game 1993); mutants in
these genes are sensitive to DNA-damaging agents such as
methyl methanesulfonate and ionizing radiation, and are
defective in meiosis. The fourth recA homolog of Saccha-
romyces, DMC1, is required for meiosis, but does not ap-
pear to be involved in DNA repair (Bishop et al. 1992).
The Rad51 protein can form a helical filament on both sin-
gle- and double-stranded DNA, although the polarity of
this filament is opposite to that formed by recA (Ogawa
et al. 1993a; Sung and Robberson 1995). Also, like RecA,
the Rad51 protein can catalyze homologous DNA pairing
and strand exchange in an ATP-dependent manner (Sung
1994). The RAD51 transcript is inducible during meiosis
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(Shinohara et al. 1992), by irradiation with ultraviolet
light, gamma rays (Aboussekhra et al. 1992) or X-rays (Ba-
sile et al. 1992), and by treatment with methyl methane-
sulfonate (Shinohara et al. 1992). The DMC1 transcript is
induced during meiosis (Bishop et al. 1992), although not
by these DNA-damaging agents, and the Dmc1 and Rad51
proteins co-localize during meiosis (Bishop 1994).

We are currently studying the processes of meiosis and
DNA repair in the basidiomycete Coprinus cinereus. This
organism is particularly well suited for studies of meiosis,
because its meiotic cycle is long and naturally synchro-
nous (Raju 1972; Pukkila et al. 1984). Each mushroom cap
contains 106–107 meiotic cells, which can be studied by
light (Pukkila and Lu 1985; Zolan et al. 1988) and elec-
tron microscopy (Holm et al. 1981). We are using two com-
plementary approaches to the identification of Coprinus
genes which are involved in meiosis and DNA repair. The
first approach is to isolate mutants defective in both pro-
cesses. Using this strategy we have identified four genes
necessary both for the survival of gamma irradiation and
for meiosis (Zolan et al. 1988; Valentine et al. 1995). The
second approach is to use the polymerase chain reaction
(PCR) to amplify the Coprinus homologs of genes, such
as recA, known to be important in processes of meiosis and
DNA repair in other organisms.

In this study we used PCR to identify and clone a Co-
prinus recA homolog which shares extensive sequence
identity with other fungal rad51 orthologs. Consistent with
a predicted role in both DNA repair and meiosis, the ex-
pression of Coprinus rad51 is induced after gamma irra-
diation of tissue and during meiosis. In order to further pur-
sue a phylogenetic study of eukaryotic recA homologs, we
used a hybridization approach to isolate a rad51 ortholog
from tomato (Lycopersicon esculentum). This gene repre-
sents the first plant rad51-like gene isolated, and its inclu-
sion in formal phylogenetic analyses facilitates the recog-
nition of two ancient, widely-distributed families of recA-
like genes in eukaryotes, orthologous to the RAD51 and
DMC1 genes of Saccharomyces. These analyses also re-
veal considerable variation in rates of RecA protein se-
quence evolution among eukaryotes, with fungal and Dro-
sophila sequences changing rapidly, and vertebrate se-
quences notably slowly.

Materials and methods

Strains. The primary C. cinereus strain employed in this study, used
both for genomic DNA isolation (Zolan and Pukkila 1986) and for
the Northern analysis shown in Fig. 4A, was Okayama-7 (O7; Wu
et al. 1983). Chromosome plugs were made as described (Zolan et al.
1992) from O7, Java-6 [J6, a wild-type strain (Binninger et al. 1987)],
and strain 218 (Binninger et al. 1987). A wild-type dikaryon (Valen-
tine et al. 1995) was the source of the dikaryotic and meiotic RNA
used for Fig. 4B. L. esculentum cv Evita seed was obtained from De
Ruiterseeds, Bleiswijk, The Netherlands; anthers from 3–4 mm-long
buds were used as a source of RNA for the construction of an anther
cDNA library.

Gene amplification. Amino-acid sequences of eukaryotic recA
homologs were aligned using the Clustal W program (Thompson

et al. 1994) and adjusted by visual inspection. Degenerate primers
were designed to amino-acid residues 125–131 [E(I/L/M)FGEFR;
primer sequence = GAGCTGTTCGGCGA(G/A)TT(T/C)(C/A)G]
and 165–160 [GETDIY; primer sequence = GAACGTTCCCTC
(A/G/T) GT(A/G)TC]. Ten-microliter PCR reactions were per-
formed with 15 ng of template (Coprinus O7 genomic DNA), 1 mM
MgCl2, 0.5 µM of each of the above primers, and 0.25 mM dNTPs
in an Idaho Technology Air Thermo-cycler. The PCR conditions
were: 4 min at 94 °C; followed by 40 cycles of 94 °C for 10 s, 55 °C
for 20 s and 72 °C for 60 s; and ending with 6 min at 72 °C. Products
were run on a 1.2% agarose gel, and major bands of sizes predicted
from the protein sequences (assuming no introns or approximately
one 50-bp intron per 200 bp of coding sequence; Skrzynia et al.
1989), were isolated using the Wizard PCR preps kit (Promega) and
cloned into the pCRII vector (Invitrogen). Several clones of each
PCR product were sequenced. A blast search at the NCB1 blast 
E-mail server (Altschul et al. 1990) was then used to identify clones
that were similar to recA and its eukaryotic homologs.

DNA and genomic clone isolation. Poly A+ RNA was isolated from
mushroom caps at 1 h before and 1 h after karyogamy (see below).
From a mixture of these samples, a cDNA library was constructed
in the Uni-Zap XR vector (Stratagene). A lambda ZAP cDNA library
of mRNA from Lycopersicon anthers was made using the cDNA li-
brary construction kit (Stratagene). A Coprinus cDNA library was
screened by the method detailed in the Uni-Zap XR library instruc-
tion manual (Stratagene), using the insert portion of the cloned Co-
prinus rad51 PCR product as the probe. The same insert was used
to screen a genomic cosmid library of O7 DNA (May et al. 1991) us-
ing standard procedures for colony hybridizations (Sambrook et al.
1989), and genomic subclones were constructed using pBluescript
(SK+; Stratagene). The Lycopersicon cDNA library was screened
with a probe derived from Saccharomyces DMC1 (kindly provided
by D.K. Bishop; Bishop et al. 1992). For screening, hybridization
was done at 56 °C in 0.5 M NaPO4, 7% SDS and 1 mM EDTA 
(Church and Gilbert 1984). Washes were performed at the same tem-
perature with 0.75 M NaCl, 0.1 M Tris pH 7.8, 5 mM EDTA, 0.1%
SDS. Among 1.5 × 105 phage screened, 11 positive clones were iden-
tified, all of which had overlapping restriction-enzyme maps. One
clone was chosen for sequence analysis. For this purpose, several re-
striction enzyme fragments were subcloned in pBluescript (SK+;
Stratagene).

DNA sequencing. Sequencing of the Coprinus cDNA clone and ge-
nomic subclones was carried out on an automated sequencer (Li-Cor
model 4000) following reaction preparation with SequiTherm ther-
mostable DNA polymerase (Epicentre Technologies). Sequences
were assembled using the DNAsis program (Hitachi Software Engi-
neering Co.). The DyeDeoxy Terminator Cycle sequencing kit from
Perkin Elmer was used for the automated sequencing of the Lyco-
persicon cDNA subclones, and the cDNA sequence was assembled
using the University of Wisconsin GCG (version 7.0) sequence anal-
ysis package.

RNA isolation. For the examination of Coprinus rad51 RNA levels
after gamma irradiation, 25 ml of liquid YMG medium (Rao and Nie-
derpruem 1969) was inoculated with small chunks of O7 tissue. After
2 days of growth at 37 °C with shaking, the culture was ground in a
sterilized blender and added to 100 ml of fresh liquid YMG, allowed
to grow for 2 days, then ground again and added to 875 ml of liquid
YMG. After an additional 2 days of growth, the tissue was harvest-
ed onto Whatman filter paper by filtration through a Buchner fun-
nel. An unirradiated sample was immediately frozen in liquid nitro-
gen and the rest of the tissue was irradiated with 40 krad using a
137Cs irradiator (J.L. Shephard and Associates, model Mark I-68A).
The tissue was then returned to liquid YMG medium, and aliquots
were harvested at 1 h intervals for 6 h. Tissue was immediately fro-
zen in liquid nitrogen upon harvesting and stored at –80 °C. For
meiotic RNA samples, the cap tissue was separated from the stipe,
and samples were immediately frozen in liquid nitrogen and stored
at –80 °C. Frozen tissue was ground to a fine powder in a coffee grind-
er which had been pre-chilled with dry ice. Approximately 5 g of tis-
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sue was used for each haploid time point, and 0.5–1.0 g of cap or
stipe tissue was used for the meiotic time points. The extraction buf-
fer was made from the following RNase-free components: 0.5 M
NaCl, 0.2 M Tris-HCl, pH 7.5, 0.1 M EDTA, 1% SDS, 0.5% β-mer-
captoethanol and 0.5% diethylpyrocarbonate (DEPC). A volume of
extraction buffer equal to the volume of tissue was mixed with the
tissue in sterile Oak Ridge tubes. An equal weight of glass beads
(0.5–0.7 mm), which had previously been washed in nitric acid, was
added to the Oak Ridge tube along with a volume of phenol equal to
the volume of extraction buffer used. This mixture was vigorously
vortexed for 2 min. Another equal volume of phenol was then add-
ed along with an equal volume of SEVAG (chloroform:isoamyl al-
cohol, 24:1) and the tube was vortexed briefly. The tube was then
centrifuged at 15 000 rpm, in a SS34 rotor, for 15 min at 4 °C. The
aqueous phase was re-extracted with equal volumes of a 1:1 phe-
nol:SEVAG mixture until no white pellicle was seen at the interface.
A final extraction was then performed with an equal volume of 
SEVAG. The RNA was then precipitated with 2 volumes of 100%
ethanol and 0.05% DEPC for at least 30 min at –20 °C. The RNA
was collected by centrifugation and washed with 70% ethanol and
0.05% DEPC. The RNA was re-suspended in RNase-free TE (10 mM
Tris, pH 8.0, 1 mM EDTA) and stored at –80 °C. Poly A+ RNA was
isolated by the Poly AT-tract mRNA isolation system (Promega). Fro-
zen anthers (stored under liquid nitrogen) from Lycopersicon were
powdered in a Mikro-desmembrator II (Braun) for 1 min. The pow-
der was used for RNA isolation by a guanidine isothiocyanate/LiCl
method (Cathala et al. 1983). Poly (A)+ RNA was purified by affin-
ity chromatography on oligo (dT)-cellulose (Aviv and Leder 1972).

Electrophoresis and hybridizations. 2.5 µg of Coprinus O7 genom-
ic DNA was digested with the indicated restriction enzymes, and the
fragments were separated on a 0.8% agarose gel in TBE buffer
(90 mM Trizma-base, 90 mM Boric acid, and 2 mM EDTA). Indi-
vidual chromosomes were separated using 1% LE agarose (Beck-
man) for small chromosomes or 0.9% chromosomal grade agarose
(BioRad) for large chromosomes (Zolan et al. 1992). Fragments or
chromosomes were transferred to Magnagraph nylon membranes
(MSI) and fixed by exposure to ultraviolet light. Membranes were
pre-washed for 1 h or more in 1 × SSC, 0.5% SDS at 65 °C. Pre-hy-
bridization and hybridization were carried out in 4 × SSC, 1% SDS,
and 0.5% non-fat dry milk. Probes were made by random priming
(Sambrook et al. 1989) using exonuclease-minus Klenow (Strata-
gene); specific activities were greater than 1 × 109 µg. Membranes
were hybridized for at least 16 h and then washed twice at room tem-
perature for 5 min in 2 × SSC, 0.5% SDS and then twice for 1 h at
65 °C, in 0.2 × SSC, 0.1% SDS. For the Coprinus Northerns, each
lane contained 25 µg of glyoxal-treated total RNA, run on a 1% ag-
arose gel in 10 mM of sodium phosphate buffer (Sambrook et al.
1989). RNA was transferred to a Magnagraph (MSI) membrane in
20 × SSC and fixed to the membrane by UV. Membranes were pre-
washed for more than 1 h in 1 × SSC, 0.5% SDS at 65 °C. Pre-hybrid-
ization and hybridization were carried out in 1 M NaCl, 1% SDS,
5% dextran sulfate. Probes were made using the same procedure used
to generate probes for Southerns. Blots were hybridized for 48 h or
more and then washed twice at room temperature for 5 min in
2 × SSC, 0.5% SDS and then once in the same solution at 65 °C for
at least 1 h. A final wash was then done with 1 × SSC, 0.1% SDS for
at least 1 h at 65 °C.

Sequence comparisons and phylogenetic analyses. Sources of the 
23 RecA sequences analyzed in this study are as follows (in order
from top-to-bottom as presented in Figs. 6–8, and using the original
protein names; cf. to Fig. 7): Coprinus cinereus Rad51, this report;
Saccharomyces cerevisiae Rad51, Basile et al. (1992), Shinohara
et al. (1992); Schizosaccharomyces pome Rad51, Muris et al. (1993),
Shinohara et al. (1993), Jang et al. (1994); Neurospora crassa Mei3,
Cheng et al. (1993), Hatakeyama et al. (1995); Homo sapiens Rad51,
Shinohara et al. (1993), Yoshimura et al. (1993); Mus musculus
Rad51, Morita et al. (1993), Shinohara et al. (1993); Gallus gallus
Rad51, Bezzubova et al. (1993); Xenopus laevis Rad51.1 and
Rad51.2, Maeshima et al. (1995); Drosophila melanogaster Dmr1,
Akaboshi et al. (1994), McKee et al. (1996); Lycopersicon esculent-

um Rad51, this report; Candida albicans Dlh1, Diener and Fink
(1996); Saccharomyces cerevisiae Dmc1, Bishop et al. (1992);
Schizosaccharomyces pombe Dmc1, A. Shinohara and A. Yamaza-
ki, personal communication; Homo sapiens Dmc1/Lim15, Sato et al.
(1995a), Habu et al. (1996); Mus musuclus Dmc1/Lim15, Sato et al.
(1995b), Habu et al. (1996); Arabidopsis thaliana Lim15, Sato et al.
(1995c); Lilium longiflorum Lim15, Kobayashi et al. (1994); Me-
thanococcus jannaschii RadA and Sulfolobus sofataricus RadA, San-
dler et al. (1996); Escherichia coli RecA, Bacillus subtilis RecA, and
Thermus aquaticus RecA, Eisen (1995). The RecA alignment shown
in Fig. 6 was generated by starting with the alignment of Sandler
et al. (1996), which included a total of seven representative eubac-
terial, archaebacterial and eukaryotic sequences, and manually add-
ing the additional sequences included here. This resulted in an align-
ment which is virtually identical to that of Sandler et al. (1996). Se-
quences of the RecA-homologous Saccharomyces proteins Rad55
and Rad57 were excluded from the alignments since they are high-
ly divergent (Lovett 1994) and therefore extremely difficult to align
with confidence. Similarly, the Rec2 protein of Ustilago maydis was
excluded since its similarity to other RecA homologs is extremely
limited (Heyer 1994). A recA-like, expressed-sequence-tag cDNA
sequence from Caenorhabditis elegans (clone CEMSE, McCombie
et al. 1992) was excluded because it is grossly incomplete (approx-
imately 40% of the vertebrate rad51 gene length). The termini of eu-
bacterial RecA sequences do not align with the eukaryotic sequenc-
es and were therefore excluded. The regions of the RecA amino-ac-
id alignment marked in Fig. 6 were used for phylogenetic analyses
with maximum parsimony and neighbor joining, while the first and
second codon positions of the corresponding nucleotide alignment
were used in analyses with these two methods and with maximum
likelihood. All phylogenetic analysis were carried out using PAUP
version 4.Od47 (Swofford 1996). Default parameters were used on
all analyses, except that the parsimony trees were built using the
steepest-descent option. For bootstrap re-sampling (Felsenstein
1985; Swofford et al. 1996), 100 replicates were performed with ten
random taxa additions per replicate.

Results and discussion

Isolation of a recA homolog from Coprinus

A conserved domain of RecA and its homologs, called the
“homologous core” (Ogawa et al. 1993b), includes por-
tions of the RecA protein known to be involved in UV-re-
sistance, recombination, active oligomer formation, and
ATP binding (Ogawa et al. 1992). In order to isolate Co-
prinus recA homologs, two degenerate PCR primers (see
Materials and methods) were used in PCR reactions with
Coprinus genomic DNA as template. This primer pair pro-
duced a 123-bp product which showed strong sequence
similarity to rad51-type recA homologs. This PCR prod-
uct was used as a probe to isolate cDNA and genomic
clones of the complete Coprinus rad51 gene by hybridiza-
tion screening of cDNA and genomic libraries. The two
cDNA clones isolated contained 1.2-kb inserts, one of
which was completely sequenced. Four overlapping ge-
nomic clones were identified, and the genomic region sur-
rounding the rad51 gene was mapped (Fig. 1A). Using the
cDNA clone as a probe, we identified a 1.8-kb EcoRI-
BamHI genomic fragment which contains the entire Co-
prinus rad51 gene. This 1.8-kb region was subcloned into
three SacI fragments (Fig. 1A), which were completely se-
quenced (Fig. 1B, GenBank accession number U21905).
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The Coprinus rad51 cDNA sequence contains a 
1032-bp open reading frame (Fig. 1B) which, according to
our sequence alignments and phylogenetic analyses (see
below), encodes the Coprinus ortholog of Saccharomyces
RAD51. Comparison of Coprinus rad51 cDNA and ge-
nomic sequences revealed that the coding region of the
gene is interrupted by five introns (Fig. 1A). The first of
these introns is identical in position to an intron in the Neu-
rospora crassa rad51 (mei-3) gene (Cheng et al. 1993; 
Hatakeyama et al. 1995), while the second Coprinus intron
is identical in position to the sixth intron in Arabidopsis
dmc1 (Sato et al. 1995c). The exons of Coprinus rad51
range in size from 126 to 301 bp, while the introns range
in size from 49 to 66 bp. The presence of numerous short
introns is consistent with the structure of five other Copri-
nus genes (Ccbetal-1, Tymon et al. 1992; Ccras, Genbank
X70789; cip, Genbank D13295 and D13226; tpi, Logsdon
et al. 1995; trp1, Skrzynia et al. 1989). The 43 introns in
these six genes range in size from 44 to 172 bp (average
size = 59 bp), and the coding regions of the exons are 9 to
577 bp in size (average size = 177 bp). The 5′ and 3′ intron
boundaries of the Coprinus rad51 introns (Fig. 1B) agree
well with the consensus sequence seen for the other Co-
prinus genes, 5′-G70/G100T100R86M77G95T67 · · · Y95A100
G100/–3′ (where for XNNN, the subscript is the percentage
of introns with the given nucleotide X). This consensus se-
quence is consistent with those previously found in other

fungi (Gurr et al. 1987; Rymond and Rosbash 1992; Edel-
mann and Staben 1994) and in mammals (Rymond and
Rosbash 1992).

Chromosomal location and copy number 
of Coprinus rad51

Haploid strains of C. cinereus have 13 chromosomes,
which range in size from 1 to 5 megabases (Pukkila and
Casselton 1991). The Coprinus rad51 gene was mapped to
chromosome 1 by hybridization of a genomic rad51 clone
to Southern blots of pulsed-field gels resolving either small
or large chromosomes (the latter separation is shown in
Fig. 2). In previous work, we identified by mutagenesis
four genes, rad3, rad9, rad11 and rad12, which are part of
the same pathway for the survival of gamma irradiation
and which are also required for meiosis in Coprinus (Zo-
lan et al. 1988; Valentine et al. 1995; Zolan et al. 1995).
One of these genes, rad9, has been sequenced (Seitz et al.
1996) and all four have been mapped (Zolan et al. 1992;
1993). None of these rad genes maps to chromosome 1,
and there is no sequence similarity between rad9 and
rad51. Therefore, rad51 is a fifth Coprinus gene likely to
be required for both DNA repair and meiosis. The con-
struction of a mutant of the Coprinus rad51 gene will al-
low us to determine whether it is indeed part of the same
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Fig. 1 Genomic structure (A) and sequence (B) of the Coprinus
rad51 gene (GenBank accession number U21905). A thin lines rep-
resent flanking and intron sequences, and thick lines represent 5′ and
3′ UTR sequences in the sequenced cDNA clone. Exons are depict-
ed as open boxes, the five introns are numbered a–e, and the two
ATP-binding motifs are shown as hatched boxes. All numbers cor-
respond to the nucleic acid and amino-acid (aa) numbers in B. B The
positions of the beginning and end of the cDNA clone sequence are
circled. The coding sequence is in capital letters, and the flanking
and intron sequences are in small letters. ATP-binding motifs are
underlined, and the stop codon is denoted by an asterisk. The num-
bers on the left indicate the cumulative length in nucleotides, while
the numbers on the right indicate the length in amino acids



DNA repair and meiotic pathways as the rad genes previ-
ously identified.

Coprinus rad51 appears to be a single-copy gene. DNA
from the strain used for cloning was digested with three
enzymes which do not cut within the gene. A Southern blot
of the gel was hybridized with the rad51 cDNA, and in
each case one band of hybridization was seen (Fig. 3).
Therefore, if other recA homologs are present within the
Coprinus genome, they are divergent enough to be unde-
tectable using the high-stringency conditions we em-
ployed.

Expression pattern of Coprinus rad51

Since Coprinus rad51 is orthologous to the Saccharomyces
RAD51 gene, we predicted that its expression would be in-
duced after gamma irradiation and during meiosis, as found
for the yeast gene (Shinohara et al. 1992). Time-course
studies of tissue after irradiation and during meiosis
showed a dramatic induction of rad51 expression in 
Coprinus (Fig. 4). We probed Northern blots of RNA iso-
lated from irradiated and meiotic tissue and observed a 30-
fold induction of a 1.2-kb transcript after 2 h of growth 
following irradiation (Fig. 4A) and a greater than 50-fold
induction, of a transcript of the same size, at 6 h post-kar-
yogamy (Fig. 4B). A second transcript, of 1.5 kb, was de-
tected in irradiated but not meiotic tissue when the North-
erns were probed with the complete cDNA. We believe the
smaller, 1.2-kb, transcript is the Coprinus rad51 message
for three reasons. First, the 1.2-kb transcript is induced in
both irradiated and meiotic tissue, as expected for a RAD51
homolog. Second, the 1.5-kb transcript was not seen when
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Fig. 2A, B Chromosomal 
location of Coprinus rad51. 
A a 0.9% chromosomal-grade
agarose gel was run at 60 V for
144 h with a pulse time of
22 min. B the gel was blotted
and hybridized with a Coprinus
rad51 genomic clone

Fig. 3 Southern analysis of
Coprinus O7 genomic DNA. A
filter-blot containing total DNA
digests with BamHI (B), EcoRI
(E), or HindIII (H) was probed
with the Coprinus rad51 cDNA
clone. The sizes of the genomic
fragments are indicated on the
left and were determined by
comparison to lambda EcoRI-
HindIII double-digest frag-
ments (M)

Fig. 4A, B Northern-blot analysis of Coprinus rad51 RNA. A 25 µg
of total RNA isolated from strain O7 tissue before (Un) or after ir-
radiation and return to growth for 1 to 6 h was probed with the Co-
prinus rad51 cDNA clone (CCrad51). B 25 µg of total RNA isolat-
ed from caps and stipes during the course of meiosis was probed with
the same clone. Vegetative dikaryon (VD) tissue was used as a con-
trol for induction of the rad51 during the course of meiosis in cap
(C) tissue and stipe (S) tissue at 1 h before karyogamy (CK-1 and
SK-1), at karyogamy (CK + 0 and SK + 0), and at 1, 6 and 12 h after

karyogamy. As a loading control, the same blots were hybridized
with a probe made by labelling a clone of the Coprinus ribosomal
RNA gene repeat (Wu et al. 1983). Both hybridizations were quan-
tified by use of a phosphorimager (Molecular Dynamics), and the
amount of rad51 hybridization in each lane was normalized using
the control data. Graphs represent the level of rad51 induction com-
pared to the samples from unirradiated tissue (Un) for panel A, and
compared to a vegetative dikaryon (VD) for panel B



the Northern in Fig. 4A was probed with the original, 
123-bp, PCR product, which represents the most conserved
part of the recA homologs (Figs. 1A and 6). Third, a SacI-
BamHI clone (Fig. 1A) containing the 3′ end of the Copri-
nus rad51 coding region and 131 bp of flanking non-cod-
ing sequence hybridized more strongly to the larger, 
1.5-kb transcript than to the 1.2-kb transcript, while a 
1.4-kb BamHI genomic fragment directly downstream
from rad51 (Fig. 1A) hybridized exclusively (and strongly)
to the 1.5-kb transcript (data not shown). Therefore, we 
hypothesize that the 1.5-kb transcript is derived from a
gene which abuts, or perhaps partially overlaps, rad51 and
which is similarly regulated after irradiation but not dur-
ing meiosis.

Isolation and expression of Lycopersicon rad51

To isolate a recA homolog from tomato (L. esculentum), a
cDNA library was constructed using RNA isolated from
anthers. This library was screened (as described in Mate-
rials and methods) at lowered stringency using a Saccha-
romyces DMC1 probe (Bishop et al. 1992). Analysis of the
cDNA clone chosen for sequencing revealed an open read-
ing frame of 1026 nucleotides (Fig. 5, GenBank accession
number U22441), which, according to our sequence align-
ments (Fig. 6) and phylogenetic analyses (see below), en-
codes the Lycopersicon ortholog of rad51. Northern anal-

ysis showed that this gene is expressed in both leaf and an-
ther tissue (data not shown).

Phylogenetic analysis of eukaryotic recA homologs

A number of genes with amino-acid-sequence similarity to
eubacterial RecA have recently been identified in eukar-
yotes, including the two new sequences reported here. To
elucidate their evolutionary history, especially that of gene
duplication, we carried out molecular phylogenetic analy-
ses of proteins encoded by members of this gene family.
In Saccharomyces, four RecA-homologs have been iden-
tified, Rad51, Rad55, Rad57 and Dmc1. Although Rad51
and Dmc1 share considerable sequence identity (49%, 
Fig. 7), Rad55 and Rad57 are much more divergent [both
show only about 31% and 17% identity to Rad51 and
Dmc1, respectively, according to the alignment of Lovett
(1994)]. Because of the low level of sequence similarity of
Rad55 and Rad57 to the other eukaryotic RecA homologs,
as well as their length differences relative to these other
proteins, they are difficult to align with confidence and
were therefore excluded from our alignments and phylo-
genetic analyses. All other RecA-like proteins from eukar-
yotes have sequence identities at least comparable to that
observed between Saccharomyces Rad51 and Dmc1 
(Fig. 7), and can be aligned with confidence over most of
their length (Fig. 6). Therefore, these proteins and their
genes were chosen as the basis of our phylogenetic study
of eukaryotic RecA homologs.

All analyses also included two of the three recently de-
termined RecA-like sequences from archaebacteria (San-
dler et al. 1996). In keeping with relationships observed
for virtually all aspects of the genetic apparatus (Brown
and Doolittle 1995; Baldauf et al. 1996; Bult et al. 1996),
these archaebacterial proteins are substantially more sim-
ilar to those of eukaryotes (42–46% identical to Saccharo-
myces Rad51 and Dmc1; Fig. 7) than are those of eubac-
teria (22–26%; Fig. 7). Finally, in one set of analyses, three
of the 65+ available eubacterial RecA sequences (Eisen
1995) were chosen to serve as an outgroup for our analy-
ses of eukaryotic and archaebacterial RecA phylogeny. De-
spite the great divergence of the eubacterial sequences
from all eukaryotic and archaebacterial sequences (Fig. 7),
their mutual alignment (Sandler et al. 1996; Fig. 6) is rel-
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Fig. 5 The nucleotide and amino-acid sequences of Lycopersicon
rad51, as determined from a cDNA clone (GenBank accession num-
ber U22441). The coding sequence is in capital letters and the flank-
ing sequences are in small letters. ATP-binding motifs are under-
lined, and the stop codon is denoted by an asterisk. The numbers on
the left indicate the cumulative length in nucleotides, while the num-
bers on the right indicate the length in amino acids

Fig. 6 Amino-acid sequence alignment of selected (see text) RecA
and RecA-like sequences. Amino-acid residues identical to the top
sequence are indicated by “ ·”, whereas gaps are indicated by “–”.
The cumulative length of each sequence is shown to the right in pa-
rentheses. The nucleotide-binding sites, motifs A and B, are marked
above the alignment. The arrowheads above positions 29 and 341 in
the Coprinus sequence circumscribe the portion of the alignment (ex-
cepting the short segment between the two asterisks in the last quad-
rant of the figure, which was excluded because of alignment diffi-
culties) used for calculating percent identity (Fig. 7) and for phylo-
genetic analysis (Fig. 8). The numbers of terminal residues not pre-
sented for the three eubacterial sequences are given in parentheses.
Full organism names and sources of sequences are given in Materi-
als and methods
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atively unambigous compared to that of Rad55 and Rad57,
which, as described above, were therefore excluded.

Phylogenetic relationships among these 23 RecA-like
sequences were determined using three different tree-
building methods: maximum parsimony, neighbor-joining,
and maximum likelihood (see Swofford et al. 1996 for a
detailed review of the principles and relative merits of these
approaches). Parsimony and neighbor-joining were ap-
plied to the amino-acid data set shown in Fig. 6, while all
three methods were applied to the first and second posi-
tions of a nucleotide alignment corresponding to this
amino-acid alignment (maximum-likelihood analysis of
amino-acid sequences is not yet computationally feasible
for this many sequences). The strength of internal support
for each branch on these trees was evaluated using the boot-
strap re-sampling technique (Felsenstein 1985); the num-
ber on each internal branch is the number of bootstrap trees
(out of 100 total) that support this grouping.

Because of the great divergence of the eubacterial se-
quences (Fig. 7), we carried out one set of analyses with-
out them, in which two archaebacterial sequences were
used as an outgroup to root relationships among the eukar-
yotic sequences (Fig. 8A). All five analytical approaches
employed gave similar topologies with this data set (but
see below); therefore, one representative tree (from the
maximum-likelihood analysis of nucleotides) is shown in
Fig. 8A. [Essentially identical phylogenetic results were
also obtained in the few analyses which included all three
available complete recA sequences from archaebacteria 
(Sandler et al. 1996).] Most importantly, all five ap-
proaches divided the eukaryotic sequences into two
groups: 11 of these sequences, including Saccharomyces
RAD51 and the sequences newly reported here from Co-
prinus and Lycopersicon, are grouped into a very strongly

supported clade (100% bootstrap support with all ap-
proaches), which we hereby recognize as the rad51
(Rad51) clade. The other seven eukaryotic sequences, in-
cluding Saccharomyces DMC1, form a group with moder-
ate to strong support (73–98%), which we recognize as the
dmc1 (Dmc1) clade. The topology of Fig. 8A implies that
a recA gene duplication occurred early in eukaryotic evo-
lution, minimally in a common ancester of animals, fungi,
and plants, giving rise to the rad51 and dmc1 genes found
jointly in each of these three groups. In molecular evolu-
tionary parlance (Li and Graur 1991), the 11 rad51 genes
are orthologous to one another, i.e., descended from a 
common ancestral gene by speciation, but paralogous 
(descended by gene duplication) to the seven dmc1 ortho-
logs.

It is important to realize, however, that by virtue of ex-
cluding eubacteria and rooting on archaebacteria, the anal-
ysis in Fig. 8A precludes testing the possibility that the
multiple recA genes found in eukaryotes result instead from
one or more gene duplications that actually preceded the
divergence of eukaryotes and archaebacteria from a com-
mon ancestor. To address this critical question, we there-
fore performed analyses (Fig. 8B) that included three se-
lected, but very divergent, eubacterial sequences as out-
groups. All five analytical approaches again gave very
strong bootstrap support (100%) for a clade of 11 rad51
genes and somewhat less strong support (55–93%) for a
clade of seven dmc1 genes. Importantly, the five ap-
proaches gave moderate to strong support (71–98%) for
monophyly of all 18 eukaryotic recA sequences relative to
all prokaryotic sequences, both eubacterial and archaebac-
terial. Thus, among the sequences analyzed, there indeed
seems to have been but a single gene duplication, leading
to the rad51 and dmc1 clades and occurring in a common
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Fig. 7 Percent amino-acid
identity of the 23 RecA and 
RecA-like proteins from Fig. 6.
Values were calculated based
on the alignable regions ex-
tending from amino acid 29 to
341 of the Coprinus sequence
(Fig. 6), excluding the aste-
risked region in Fig. 6 (see leg-
end) and all gaps in any pair-
wise comparison. The four
bracketed protein names are
those that we propose using 
(based on the phylogenetic re-
sults shown in Fig. 8) in place
of the idiosyncratic, sequence-
specific protein names (shown
to the right of the column of or-
ganism names) used in the orig-
inal reports on these sequences



ancestor of all eukaryotes examined thus far. It should be
emphasized, however, that at present there are no recA se-
quences available from protists, which represent much of
eukaryotic molecular diversity (Sogin 1991).

Finally, while the extensive sequence and length diver-
gence of the Saccharomyces Rad55 and Rad57 proteins
precluded their inclusion in these phylogenetic analyses,
the mere existence of these two proteins constitutes prima
facie evidence for two additional, potentially ancient, du-
plications in the recA gene family of eukaryotes. Whether
these proteins are truly ancient or are simply extremely rap-
idly changing awaits characterization of orthologs from
other organisms, especially fungi that are closely related
to Saccharomyces.

To reduce possible biases introduced by inclusion of the
highly divergent eubacterial sequences, the following dis-
cussion on relationships within the rad51 and dmc1 clades
will focus entirely on results obtained using archaebacte-
ria as the outgroup (e.g., Fig. 8A). Relationships among
the 11 rad51 sequences are relatively poorly resolved, 

especially in comparison to the well-established phylogeny
of their respective organisms (e.g., Baldauf and Palmer
1993; Gargas et al. 1995). Only two groupings, both in-
volving the five vertebrate sequences, are consistently well
supported with all five analytical approaches used. As ex-
pected, these five sequences themselves form a well-sup-
ported monophyletic group (88% bootstrap with likeli-
hood, 100% with the other four approaches). Also, the two
Xenopus sequences consistently affiliate (78–98%), which
implies a recent duplication of rad51 in a Xenopus-specific
lineage. However, rad51 relationships among the four ver-
tebrates, whose relationships as organisms are unequiv-
ocal, are not well resolved. Bootstrap support for mono-
phyly of the two mammalian sequences is relatively low
(e.g., Fig. 8A), and although all three nucleotide analyses
recover the expected grouping of these sequences with
Gallus rad51, both amino-acid analyses instead group the
Xenopus and mammalian sequences to the exclusion of
Gallus. These results are almost certainly the consequence
of too few differences, expecially at the amino-acid level,
among these very closely related sequences (Figs. 7 
and 8).

The only other group of rad51 sequences recovered with
all five phylogenetic approaches consists of the four fun-
gal sequences. However, this group has relatively low boot-
strap support (44–82%) considering that fungi are quite
clearly a monophyletic group based on many criteria, both
morphological and molecular (e.g., fungal monophyly re-
ceives 91–100% bootstrap with the four different protein
genes examined by Baldauf and Palmer 1993). Further-
more, relationships among the four fungi are in essence
completely unresolved, varying substantially between
analyses and with bootstrap support for these variable
groupings always low (e.g., Fig. 8A). Although Ascomy-
cetes (Schizosaccharomyces, Saccharomyces, Neuro-

152

Fig. 8A, B Phylogenetic relationships of recA and recA-like se-
quences from maximum-likelihood analyses of first- and second-po-
sition nucleotide sequences. Shown are the highest likelihood trees
from analyses that either excluded (A) or included (B) the three eu-
bacterial sequences in the alignment of Fig. 6. In (A) the two archae-
bacterial sequences were designated as the outgroup, while in (B)
the eubacterial sequences were the outgroup. The numbers above the
tree branches indicate the percentage of times that the branch was
recovered in 100 bootstrap samples. The shaded numbers below se-
lected branches are the bootstrap values for the indicated group in,
from top-to-bottom, a parsimony analysis of nucleotide characters 
(first and second codon positions), parsimony analysis of amino ac-
ids, neighbor-joining analysis of nucleotides, and neighbor-joining
analysis of amino acids. Branch lengths are proportional to the num-
ber of inferred nucleotide substitutions per site (see scale bar)



spora) are clearly a monophyletic group relative to Basid-
iomycetes (Coprinus), and Schizosacharomyces is prob-
ably the sister group to the other two Ascomycetes (e.g.,
Baldauf and Palmer 1993; Gargas et al. 1995), this ex-
pected topology was never recovered.

Relationships among Drosophila rad51, Lycopersicon
rad51, and the two clades consisting of the five vertebrate
and four fungal rad51 sequences are also completely un-
resolved, again varying among the different trees and with
low bootstrap support for these variable groupings. Here
again, this is despite a strong a priori expectation of where
these sequences should group: Drosophila is of course an
animal, yet in only two of five analyses does it even weakly
(25–51% bootstrap) affiliate with the vertebrate sequences.
Similarly, animals and fungi are now clearly established as
sister-groups relative to plants (Baldauf and Palmer 1993;
Wainwright et al. 1993; Nikoh et al. 1994), yet in only three
of five analyses is this relationship recovered, with Lyco-
persicon the deepest rad51 sequences (34–73%).

Why is the rad51 phylogeny so poorly resolved for these
ten organisms, when their relationships are so well estab-
lished both on traditional and molecular criteria? Assum-
ing taxonomic authenticity of the sequences, there are two
general classes of answers: either the sequences are not en-
tirely orthologous, owing to one or more events of lateral
transfer (xenology) or gene duplication (paralogy), and
thus the rad51 gene tree should not mirror the organismal
tree, or they are orthologous but peculiarities in their tempo
and mode of sequence evolution make recovery of the ex-
pected organismal phylogeny difficult. For three reasons,
we favor the latter explanation. First, evolution by xenol-
ogy or paralogy will, in most cases, produce a gene tree
whose topology is strongly and consistently resolved, but
which differs from that of the organisms in question. This
is not the case here; instead the various analyses produce
conflicting but weakly supported gene trees, such that a
strict consensus of these trees would show little resolution
at all. Second, there is no indication that duplication has
occurred (except within the Xenopus lineage, as already
mentioned), or expectation that lateral transfer might have
occurred. Lateral transfer, while moderately common
among bacteria (Mazodier and Davies 1991; Syvanen
1994; Delwiche and Palmer 1996), is exceedingly rare
among eukaryotes; in fact, aside from the special cases of
mobile elements such as transposons and group-I and -II
introns (Kidwell 1993; Lambowitz and Belfort 1993), we
are unaware of any well documented cases of lateral gene
transfer between and within plants, fungi, and animals. As
for gene duplication, no one has yet recovered two diverse,
yet still rad51-like, genes from any of the eukaryotes in
question. If duplication has occurred, then either one gene
copy has: (1) been repeatedly and differentially lost (this
would have to be the case for the completely sequenced
Saccharomyces genome), (2) diverged so much as to be no
longer recognizable as a “rad51” gene (this could be the
case for the extremely divergent RAD55 and RAD57 genes
of Saccharomyces), or (3) yet to be recovered, despite in-
tense efforts for many of these genomes. Third, as dis-
cussed in some detail in the next section, there is clear ev-

idence for what is probably the major source of artefact in
reconstructing deep phylogeny, namely, lineage-specific
inequities in rates of sequence evolution (Felsenstein 1978;
Kuhner and Felsenstein 1994; Palmer and Delwiche 1996;
Swofford et al. 1996). Unequal-rate effects normally pro-
duce what is known as “long-branch-attraction” – the ar-
tefactual clustering of long branches – and often this is
manifest by the placement of a rapidly changing gene lin-
eage artefactually deeply in a tree. This is precisely what
is seen in most of the analyses for the two sequences, from
Saccharomyces and Drosophila, which most clearly show
evidence of rapid evolution (see next section).

In summary, then, we believe that the poorly resolved,
somewhat anomalous rad51 phylogeny is probably the re-
sult of major inequities in rates of sequence evolution
rather than events of gene duplication or lateral evolution.
Whether the extent of rate heterogeneity in rad51 evolu-
tion is sufficiently great as to seriously undermine its gen-
eral utility for phylogeny reconstruction awaits more com-
prehensive sequencing of the gene across eukaryotic di-
versity.

The phylogeny of the seven dmc1 sequences is some-
what better resolved than for the 11 rad51 sequences. The
same dmc1 topology shown in Fig. 8A was recovered with
the other four approaches used, and it non-controversially
clusters (1) each of the two angiosperms, the two mam-
mals, and the three fungi, (2) the budding yeasts Sacchar-
omycyces and Candida, and (3) animals and fungi.

Rates of RecA evolution

At the deep divergences considered here, rates of protein-
gene evolution are best evaluated at the level of amino-
acid sequences (Fig. 7). These data provide abundant evi-
dence of major inequities in RecA evolution across life’s
panoply. Eubacteria, which at >3.5 billion years are prob-
ably the oldest of life’s three “domains”, show, for the three
diverse representatives included here (see Fig. 3 of Eisen
1995), relatively high sequence conservation (59–66%
amino-acid identity; Fig. 7). This equals the extremes of
divergence seen for Rad51 and Dmc1, which represent eu-
karyotic lineages thought to be no more than a third as old
as eubacteria. RecA is also more conserved among eubac-
teria than archaebacteria (49% identity for representatives
of the two archaebacterial kingdoms). The huge gulf of
RecA sequence divergence [numerous major alignment
gaps (Fig. 6) and on average only 22% sequence identity
(Fig. 7)] between eubacteria and archaebacteria plus eu-
karyotes implies a period(s) of probably rapid and exten-
sive remolding of this protein in the lineage(s) leading to
one or both groups.

Within eukaryotes, it is clear that Dmc1 is evolving
somewhat more rapidly than Rad51 in all cases (e.g., Dmc1
and Rad51 identities average 62% and 74%, respectively,
for plants vs vertebrates, 60% and 74% for fungi vs verte-
brates, 64% and 76% for Saccharomyces vs Schizosaccha-
romyces, and 97% and 99% for Homo vs Mus). Yet within
the limits of their taxonomic overlap, the two genes show
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similar patterns of within-gene rate variation: in both cases,
fungi show rapid rates of change and vertebrates low rates.
Rapid evolution in fungi is evident in the long branch
lengths leading to fungi in Fig. 8 and by the fact that fungi
are equally or less similar (70–80% for Rad51, 56–62% for
Dmc1) to the slowly-evolving vertebrates than are plants
(74% and 61–63%), a genealogically more-distant group
(Baldauf and Palmer 1993; Wainwright et al. 1993; Nikoh
et al. 1994). Within the fungi, Saccharomyces is notably
rapidly changing; for both genes it is the most divergent
fungal sequence relative to an animal outgroup sequence
(Fig. 7). A slow rate of evolution in vertebrates is espe-
cially evident for Rad51, which is 97–98% identical be-
tween Xenopus and either mammals or Gallus, despite their
approximately 400 million year divergence.

Comparisons that include both the rapidly evolving
Rad51 of Saccharomyces and the slowly evolving Rad51s
of vertebrates are particularly striking; here Saccharo-
myces is actually less similar to its fellow Ascomycetes
Schizosaccharomyces (76%) and Neurospora (69%) than
they are to vertebrates (78–80% and 75–75%)! Impor-
tantly, the same pattern, where Schizosaccharomyces is
equally or more similar in amino-acid sequence to verte-
brates than it is to Saccharomyces, has been seen for sev-
eral other proteins (Radford and Dix 1988; Sipiczki 1989;
Loppes et al. 1991; Moreno et al. 1991; Jannatipour and
Rokeach 1995), an extreme example being γ-tubulin (Keel-
ing and Logsdon 1996). This pattern, together with con-
siderations of some uniquely derived features of Saccha-
romyces cell-cycle control, heat-shock response, and splic-
ing, has provoked the erroneous conclusion that fission
yeast is equally or more closely related to humans than it
is to budding yeast, as well as the largely inappropriate
conclusion that it should therefore serve as a better model
organism than Saccharomyces (e.g., Sipiczki 1989; Fos-
burg and Nurse 1991; Moreno et al. 1991; see Taylor et al.
1993 for a critical appraisal of these issues), when it merely
reflects a consistent pattern of evolutionary rate variation
in multiple genes.

The other unusually divergent sequence is Drosophila
Rad51. Here we are faced with a similar divergence para-
dox as described in the preceding paragraph: Rad51 from
Drosophila, indisputably an animal, is actually less simi-
lar to vertebrate Rad51s (70–71% identity), than are the
Rad51s from fungi (73–80%; excepting the most rapidly
diverging sequence, from Saccharomyces) and even the ge-
nealogically more distant organism, Lycopersicon (74%).
Since there is only 2–3% Rad51 divergence within 400 mil-
lion years of vertebrate divergence, most of the 29–30%
divergence that has accumulated in the approximately 
600 million years of Drosophila/vertebrate divergence
must have occurred specifically in the lineage leading to
Drosophila. Is the exceptionally divergent rad51 gene
from Drosophila actually orthologous to the vertebrate
rad51 genes? We think it probably is, because this is the
only rad51-like gene that has been isolated from Drosoph-
ila by two independent groups (Akaboshi et al. 1994;
McKee et al. 1996). However, the presence of an unrecov-
ered rad51 ortholog cannot be ruled out given the South-

ern hybridization results of McKee et al. (1996) indicating
the presence of distantly related sequences to this gene in
the Drosophila genome.

Although evolutionary rate variation is widespread in
the recA gene family, it is not clear that this gene is signif-
icantly more afflicted by lineage-specific rate heterogene-
ity than other genes. For there is gathering evidence that
evolutionary rates vary substantially for most if not all
genes, encoding both protein and rRNA, and in unpredict-
able ways (see Palmer and Delwiche 1996 and references
therein). For instance, while fungi also show rapid rates of
evolution for both α- and β-tubulin, Drosophila and ver-
tebrates do not (Baldauf and Palmer 1993). Conversely,
rRNA evolution is slower in fungi than in vertebrates and,
especially, Drosophila (Cavalier-Smith 1993; Carmean
and Crespi 1995). All of this makes us deeply skeptical of
the recent study by Doolittle et al. (1996; also see Martin
1996; Mooers and Redfield 1996; Morrell 1996), in which
they estimated divergence times for all of life from molec-
ular-clock-analyses of protein-sequence data.

Conclusions

We have isolated two new recA-homologous genes, one
from a fungus and one from a plant, both of which are or-
thologous to previously characterized fungal and animal
rad51 genes. Like Saccharomyces rad51, the Coprinus
gene is highly induced by gamma irradiation and during
meiosis. Based on phylogenetic analyses, it is clear that
recA genes have a complex evolutionary history in eukar-
yotes, one characterized by a number of gene duplications
and by highly unequal evolutionary rates among animal
and fungal genes. A duplication early in eukaryotic evolu-
tion has given rise to a group of rad51 orthologs on the one
hand and a group of dmc1 orthologs on the other. Two other
gene duplications, of less certain vintage, are clearly im-
plied by the existence of two highly divergent recA-like
genes, RAD55 and RAD57, in Saccharomyces. dmc1 genes
consistently change faster than rad51 genes, while fungi
(especially Saccharomyces) evolve considerably faster
than vertebrates for both types of genes. Finally, the rad51
gene has diverged to a remarkable degree in Drosophila
compared to vertebrates. Additional sequences are needed
to further clarify evolutionary relationships, the timing of
gene duplication events, and rates of molecular evolution
of these key genes of DNA recombination and repair.
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