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What Comparative Genomics Tells Us About the Evolution of Eukaryotic
Genes Involved in Recombination
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Abstract: The growing number of completely deciphered genomic sequences provides an enormous reservoir of data,
which can be used for addressing questions related to functional and evolutionary biology. The wealth of this approach is
documented by the fast growing numbers of recent publications in the field of evolutionary biology based on comparative
genomics. Many proteins of the recombination machinery are conserved between plants, fungi and animals but some of
them also show remarkable differences regarding their presence, copy number or molecular structure. For example, the
protein responsible for double strand break (DSB) induction during meiosis, SPO11, which is related to the subunit A of
the archaebacterial topoisomerase VI, is coded by a single gene in animals and fungi. In contrast, plants harbour three
distantly related homologues, which seem to have non-redundant functions either in meiosis or in somatic cells and are
indispensable for viability. Moreover, plants possess a homologue of the subunit B of the archaebacterial topoisomerase
VI, not present in other eukaryotes. We also summarise the recent progress in the usage of genomic data to analyse the
evolution of other DNA recombination factors. Finally, several recent studies report on a strong conservation of a
reasonable number of intron positions between plants, animals and fungi. This kind of study provides a basis for
comparative genomic analyses across kingdoms and demonstrates the existence of ancient introns, a topic of intensive
debate.
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INTRODUCTION

A single completely sequenced genome can tell you
something about a specific organism but two genomes can
give a lot more than just twice the information due to
comparative genomics. The accelerated accumulation of
completed genomic sequences provides an incredibly fast
growing reservoir of data. The analysis of these data had just
started but the number of recent publications extracted from
the data provided by genomic sequencing efforts is
increasing as fast as the data pool itself. Even incomplete
genomic sequences are valuable for general evolutionary
investigations like the analysis of macro- or microsynteny
between different species. Most of the pioneer work of
comparative genomics has been done using mammals [1]
and Drosophila melanogaster but already during the
sequencing and especially after the completion of the
Arabidopsis thaliana and Oryza sativa  genome a reasonable
number of studies also concerned in the comparison of
different plant species [2-4].

One of the values of a completed genome sequence is its
usefulness to simplify homology based cloning of specific
genes from related species whose genomes are not yet or will
not be sequenced in the near future. Of course, homology
based cloning is only suitable if there is enough backbone
data available. The Arabidopsis genome alone can only help
cloning genes of species, which show a reasonable degree of
sequence homology or synteny. Several completed genomes
(f. e. Arabidopsis, rice, tomato and poplar) will cover in

*Address correspondence to this author at the University of Karlsruhe,
Botanical institute II, D-76128 Karlsruhe, Germany; Tel: +49-721-608-889;
Fax: +49-721-608-4874; E-mail: holger.puchta@bio.uka.de

future a much bigger range of synteny, and therefore a much
broader range of plant species. Several macro- and micro-
synteny studies already revealed a reasonable amount of
collinearity between different plant species like Arabidopsis,
tomato, soybean and to some extent also rice [3, 5-8].
Nevertheless, some of the limits of comparative genomics
have also been demonstrated. In different comparisons
between maize and Arabidopsis the sequence analyses of
three maize loci exhibited a lack of reasonable collinearity
[9]. Furthermore, on the expression level approximately
25,000 new transcripts are expected in the whole maize
transcriptome based on the analysis of 40% of the trans-
criptome, which showed already 10,000 new ORFs (open
reading frames) in comparison to Arabidopsis [9]. Most
probably these new genes arose by duplication followed up
by extensive functional diversification, a common evolu-
tionary mechanism which unfortunately can impair the
construction of synteny maps and therefore the cloning of
genes based on such maps [9].

Another major outcome of completed genomes is their
value for evolutionary biology. Comparative genomics and
also smaller scaled sequence comparisons can help to
elucidate various so far unsolved or unclear questions regar-
ding the relationship of organisms in general. Furthermore,
such comparisons can help to clarify the evolutionary
development of gene regulation and the evolution of proteins
or protein complexes involved in important cellular functions
like recombination. Using comparative genomics we can
identify also conserved noncoding sequences, intron posi-
tions and sequences which are important for the splicing
machinery [10, 11]. Comparative genomics has shown its
potentials by recent studies comparing the intron positions in
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several sequences from animals, fungi and plants [12, 13].
Investigations of Fedorov et al. [14] and Roy et al. [15]
using computer aided comparisons of a much larger set of
intron containing genes from mammals, fungi and plants
further sustained this approach. In such wide range studies
one can not directly compare the DNA sequence data,
because of their low nucleotide homology. However, it is
possible to take the deduced protein data and plot them
against their respective genomic exon-intron structure. In
this way new and very exciting information about the
evolution of specific genes or even gene families can be
obtained [16, 17].

The basic assumption of all comparative genomics
approaches is that the genomes under examination had a
common ancestor [1]. Therefore, the presence of specific
genetic information in two (or more) organisms can be
explained as a combination of its presence in the original
ancestral genome and the forces of evolution. In principle,
evolution is a combination of two processes: the mutational
forces, which generate random mutations (f.e. replication
errors or incorrect repair of DNA damage) and the selection
pressure. Three types of selection pressure can be envisaged:
i) negative selection, which eliminates random mutations ii)
neutral selection, which has no effect on the mutation or iii)
positive selection, which results in a gain of fitness in the
population [1]. Gene duplication, a major driving force of
evolution, provides a substrate for random mutations to
occur in a specific gene sequence, thereby allowing new
genes and new functions to arise. Examples of this will be
given below.

In this review we summarise and discuss the results of
comparative genomics and smaller scaled sequence compa-
risons concerning the evolution of genes involved in
recombination.

GENES OF THE RECOMBINATION MACHINERY

The completion and annotation of the sequence of several
eukaryotic genomes like Homo sapiens, Caenorhabditis
elegans, Saccharomyces cerevisiae, Arabidopsis thaliana,
Oryza sativa and Chlamydomonas reinhardtii made it
possible to screen whole genomic sequences for common
genes involved in recombination. Such comparisons showed
that a reasonable part of the recombination and repair
machinery in fungi, animals and plants is highly conserved.
Several key factors of the homologous recombination (HR)
and the non-homologous end-joining pathway (NHEJ) like
the MRE11 complex, the DNA end binding proteins KU70
and 80, the Ligase 4, RAD51 and RECQ genes are
maintained ubiquitously in all so far investigated eukaryotic
organisms. This indicates that the recombination machinery
is a very ancient complex, which has been conserved during
the evolution from bacteria to eukaryotes. Searching for the
most prominent genes of the recombination machinery in
rice and Arabidopsis we were able to find every gene in both
organisms in the same copy number pointing out the
conservation of the key factors of recombination between
mono- and dicotyl plants (Table 1).

Nevertheless, also a number of differences could be
found by comparing the completely sequenced genomes of
A. thaliana, O. sativa, C. reinhardtii, H. sapiens and S.

cerevisiae (Table 1). Some of the important genes in DNA
repair of animals like RAD52, the DNA-dependent protein
kinase DNA-PK (which is involved in NHEJ) and p53 have
not yet been found in any plant, neither by comparative
genomics nor by functional studies. Vice versa , some of the
genes like the topoisomerase VI subunit B and the DNA
helicase SRS2 are not present in animals but play important
roles in plants and/or yeast. S. cerevisiae does not possess
homologues of 6 of the 22 genes listed in (Table 1) what
may point to a lesser complex mechanism of DNA repair in
this unicellular organism. Interestingly, the green algae C.
reinhardtii lacks besides a set of animal/yeast specific genes
which are not present in plants, four more genes that are
present in Arabidopsis as well as in rice. Among these genes
are the checkpoint kinase ATM, and the XRCC4 protein,
which is involved in concert with Ligase 4 in NHEJ.
Furthermore, Chlamydomonas seems to have only one of
three SPO11 homologues, which is different to higher plants.
The C. reinhardtii genome sequencing project is just finished
and the scaffolds are not totally assembled in the moment.
Therefore, it is possible but unlikely that some of the
mentioned genes are lacking because they are located in the
gaps which will be filled up in near future solving this
question.

The RecA/RAD51 Gene(s)

One of the most important genes for recombination, the
RAD51 gene, can easily be traced back to the procaryotic
RECA gene. RecA is a ssDNA binding protein which
protects ssDNA during ongoing repair or recombination [19-
21]. The RecA protein promotes identification and exchange
of DNA homology regions [22]. Rad51, the main RecA
homologue of eukaryotic organisms acts in principle like
RecA by forming helical filaments on single- and double
stranded-DNA but of an opposite polarity [23]. It can
catalyse homologous DNA pairing as well as strand
exchange in an ATP-dependent manner [24, 25]. Interes-
tingly, this mechanism seems to be different in meiotic and
mitotic cells as all sequenced eukaryotes possess a RAD51
homologue, the DMC1/LIM15 gene, which is specialised
only in meiotic recombination [26]. Comparative genomics
analysis demonstrates that DMC1 is always present as a
single copy gene whereas RAD51 is present in several highly
diverged copies depending on the respective organism (Table
1). Obviously, the RECA gene must have been duplicated
once to result in the two genes RAD51 and DMC1 and two
studies using different means implicate, that this event most
probably precedes the divergence of eukaryotes and
archaebacteria approximately 1,000 mya [13, 27]. During the
early evolution of eukaryotes, the RAD51 gene has been
duplicated several times resulting in the different RAD51like
family members, which can be found already in yeast and
Chlamydomonas.

The MRE11 Complex

A very important protein complex, the MRE11 complex
[28], is involved in both, HR and NHEJ. It is a rather ancient
complex and its development can be traced back to a
bipartite protein complex of eubacteria, the SbcCD complex
[29]. The original bacterial SbcCD complex harbours a
hairpin endonuclease and a 3`-5`-exonuclease activity and
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most probably processes hairpins which are formed during
DNA replication in E. coli [30, 31].

The genes of a very similar complex harbouring also an
endonuclease and an ATPase function are called MRE11 and
RAD50. These conserved genes have been found by
comparative genomics or earlier by similarity search in yeast
and all other so far completed eukaryotic genomic sequences
[32-37]. Both genes show a conserved structure and in the
case of MRE11 even more than 35% of the intron positions
are identical between plants and animals [13]. Several
functional studies of the MRE11/RAD50 protein complex
have indeed demonstrated that it harbours a nuclease activity
comparable to the SbcCD complex of E. coli and an ATPase
function which is located in the RAD50 protein [38-42]. One

of the main function of the complex is most probably to
bridge DNA ends together during recombination events [43,
44]. Interestingly, a number of in vitro studies have also been
performed with the MRE11/RAD50 complex of the
archaebacterium Pyrococcus furiosus showing the structural
and functional conservation of this recombination complex
[41, 45, 46].

During the eukaryotic development a third protein joined
the complex, which is named XRS2 in yeast and NBS1 in
mammals [47-49]. The NBS1 protein is indispensable for
MRE11 phosphorylation upon damage and is itself the
primary target for phosphorylation by the "Ataxia
telangiectasia mutated" ATM kinase involved in checkpoint
control [50, 51]. Furthermore, NBS1 potentiates DNA

Table 1. Prominent Genes Involved in Recombination and Repair

Gene name A. thaliana / O. sativa C. reinhardtii H. sapiens S. cerevisiae

Homologous recombination and non-homologous end-joining

DNA-PK - - 1 -

KU70 1 1 1 1

KU80 1 1 1 1

Ligase 4 1 1 1 1

MRE11 1 1 1 1

RAD50 1 1 1 1

DMC1/LIM15 1 1 1 1

RAD51 1 1 1 1

RAD51 paralogs 5 4, no XRCC2 5 3

RAD52 - - 1 1

RECQlike 7 4 51 1 (SGS1)

SRS2 1 1 - 1

SPO11 3 1 1 1

TOP6B 1 1 - -

TOP3 2 1 (TOP3B) 2 1

WRN 1 1 1 -

XRCC4 1 - 1 1 (LIF1)

DNA damage assessment and repair

ATM 1 - 2 (ATM/ATR) 2 (MEC1/TEL1)

BRCA1 1 1 1 -

BRCA2 2 2 1 1 -

P53 - - 1 -

RAD18 - - 1 1

Table 1. shows the occurrence of important genes which are involved in recombination and repair in 5 different organisms. The numbers are representing the copy number of the
respective gene in an organism. Frequently used synonymous gene names are given in brackets behind the copy number.
1 The Rec5 gene exists in 3 isoforms due to alternative splicing [18].
2 the two BRCA2 homologues of A. thaliana are a result of a recent duplication event (unpublished data).
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unwinding and endonuclease cleavage of the MRE11/
RAD50 complex in vitro [49]. Most probably due to this
third protein the in vivo functions of the whole MRE11/
RAD50/NBS1 (MRN) complex (Fig. 1) are more variable as
in prokaryotes. The MRN complex is structurally involved in
DSB repair via HR as well as NHEJ [28, 42, 52-54]. In
mitotic cells the DSB is repaired via both the NHEJ and the
HR pathways but in meiotic cells preferably HR occurs [39,
55-57]. Furthermore, it has been shown that the MRN
complex is essential for telomere maintenance in yeast,
animals and plants [58-62] and it is also involved in check-
point control [48, 51, 63-69]. The various different functions
of the MRN complex are summarised in (Fig. 1).

Unfortunately, the XRS2/NBS1 protein is not conserved
at the sequence level and revealed hardly any detectable
homology between yeast and mammals [70]. Therefore, it
has not yet been detected in plants which clearly
demonstrates the limits of comparative sequence analysis. In
summary the MRN complex is one of the most important
key enzymes of recombination and repair and the core

components MRE11/RAD50 can easily be identified by
means of comparative genomics in all eukaryotes.

The RECQ Like Genes

The function of the RecQlike genes in eukaryotic
recombination is not very well understood but these genes
are also going back to an eubacterial ancestor gene named
RECQ. In E. coli the RecQ protein was originally described
as a suppressor of illegitimate recombination [71]. The
evolutionary development of the single eubacterial RECQ
gene in eukaryotes is quite amazing. The protein size of
some RecQ homologues has increased from bacteria to yeast
and Neurospora crassa more than three times from 600 to
more than 1950 amino acids (Fig. 2) [72, 73]. Furthermore,
the gene must have been duplicated several times during
evolution of higher eukaryotes. It turned out by comparative
genomics that there are in C. elegans four, D. melanogaster
and H. sapiens five and in plants seven different RecQlike
genes [73, 74]. It is not yet known if all of this genes have
acquired different functions but at least most of the genes in

Fig. (1). Different functions of the MRN complex in eukaryotes.

One of the main functions of the MRN complex is to bridge and tether the DNA ends of a DSB since coordinated repair occurrs either by
NHEJ or by HR [137]. This function seems to be essential for proper replication because it prevents the formation of non repaired DSBs
during replication [66]. The MRN complex also processes the DNA ends to make them accessible for subsequent reactions like telomere
maintenance and mitotic or meiotic recombination. Finally, the MRN complex is involved in DNA damage assessment via producing single
stranded DNA which serves as a damage signal for checkpoint kinases (e.g. the ATM kinase) and repair proteins.
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Fig. (2). Schematic structure of the RecQlike protein family.

The structure of several RecQlike proteins from plants, animals and fungi as well as the original E. coli protein are depicted. In general all
RecQlike proteins contain the conserved helicase domain but they can also harbour additional conserved areas like the RQC and/or HRDC
domain which are already present in the RecQ protein of E. coli. One RecQlike protein (WRN/FFA) contains a new domain which codes for
an exonuclease function and is most probably the result of a gene fusion event during animal evolution. Colour code; blue with black stripes:
the conserved helicase domain with the 8 highly conserved motifs; green box: the also conserved RQC domain; light yellow: the HRDC
domain; red: the exonuclease domain of the human WRN protein, the Xenopus laevis FFA and the WRNexo protein of A. thaliana; purple:
the EF-hand domain which was only found in AtRecQl4A; orange: the insertion in the helicase domain of AtRecQsim. The size of the
respective proteins is given on their right side and their respective names on the left side.
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mammals seem to differ functionally. Three of the five
RecQlike genes in human exhibit severe diseases like the
Blooms, the WRN and the Rothmund-Thomson syndrome
[75-77]. All these diseases have in common an increased
genetic instability like chromosomal rearrangements and an
increase in sister chromatid exchange [78]. There is no
natural mutation known from the other two human RecQlike
genes [RECQl1 and RECQl5) but chicken DT40 cell lines
containing mutated forms of one or both genes exhibited no
significant difference to the wild-type cells [79]. However, in
the same study double mutants of RecQl1 or RecQl5 and the
BLM protein showed an increased rate of death cells
indicating that RecQl1 and 5 are somehow involved in cell
viability under conditions of an impaired function of the
BLM protein [79].

All RecQlike proteins discovered so far harbour a
helicase domain which consists of seven motifs (Fig. 2, I to
VI), which are indispensable for the helicase function itself
and an eight motif (motif 0) which has recently been
characterised as essential for transient DNA binding [80].
Two other domains have been described for a number of
RecQlike proteins. First, the RecQ conserved domain
(RQC), which is preserved in most of the RecQlike proteins
but interestingly not in plants. No specific function has been
addressed to this region so far [80, 81]. Second, the HRDC
domain, which is found in different RecQlike proteins of all
organisms but also in the RNase D protein and its eukaryotic
homologues [81]. All three domains are conserved in several
of the known RecQlike proteins regardless of the size of the
protein in the respective organism (Fig. 2).

The RecQlike proteins of the fungi S. cerevisiae and
Neurospora crassa (sgs1 and qde3) possess the typical
RecQlike structure containing all three domains. However, in
contrast to yeast a second RecQlike gene has been identified
in N. crassa named RECQ-2 and this might already reflect
the difference in complexity between unicellular and
multicellular organisms. Interestingly, the RECQ5 gene of
H. sapiens and Drosophila melanogaster exists in three
different splicing forms resulting in two nearly identical
short and one long variant of this protein (Fig. 2) [18, 82].
Most probably the three different isoforms of recQ5 possess
different functions in vivo, which still have to be analysed. It
has been shown so far that already the small isoform of D.
melanogaster recQ5 is capable to perform all the major
helicase functions in vitro [83, 84]. One is tempted to
speculate that putative functional variations are triggered
rather by interactions with other proteins than by the RecQ5
protein itself.

A new function has been adopted by the human WRN
syndrome and the Xenopus laevis FFA (focus forming
activity) gene [76, 85]. In addition to the three already
described domains, an exonuclease domain located in the N-
terminal part of the protein (Fig. 2) enables the protein to
fulfil in addition to the helicase function also an exonuclease
function, both of which can be separated to different
domains within the protein [86-88]. This kind of composed
protein is neither found in yeast nor in plants. However, by
means of comparative genomics we were able to find in A.
thaliana (and also in O. sativa and C. reinhardtii) in addition
to the seven RecQlike genes a very small open reading frame

named AtWRNexo, which had a striking similarity to the N-
terminal exonuclease domain of the human WRN protein
(Fig. 2 [74]). This finding gives a hint for the evolutionary
mechanism of proteins harbouring domains of different
function. Most probably two independent proteins existed
(like in plants nowadays) that participated in some common
complexes. During the animal development a fusion event
occured between one of the duplicated RecQlike genes and
the exonuclease gene resulting in a new protein, the human
WRN syndrome gene. The fact that the AtWRNexo protein
exhibited two hybrid interactions with several RECQlike
genes of plants ([74] and unpublished results) strongly
supports this hypothesis. The postulated fusion event enabled
the large WRN protein to perform its function more precisely
and faster than the two separated proteins in plants as its
expression is not any longer depending on two different
chromosomal loci. The selective advantage of such a fusion
event seems to be valuable enough to enable the WRN
protein to persist during animal evolution. In vitro work on
the AtWRNexo protein indicates that its exonuclease activity
shows indeed strong similarities compared to the human
WRN protein [86, 89-92, 138].

A second new type of RecQlike gene has been found in
plants, named the RECQsim gene [74, 93]. In this gene a
new DNA sequence coding for an unusual high number of
the amino acids glutamic and aspartic acid has been inserted
in the conserved helicase domain between the motifs IV and
V (Fig. 2). By means of comparative genomics one can find
this RecQlike gene harbouring the same type of insertion at
the same location also in O. sativa but not in C. reinhardtii .
Thus the insertion must have occurred more than 160 mya
(the assumed divergence time of mono- and dicotyledonous
plants) and less than 500 mya (the divergence time of green
algae from land plants). Obviously, this new type of
RECQlike gene achieved a special function, otherwise it
would have been mutated to a pseudogene or already
eliminated during the last 160 million years simply by forces
of selection. Supporting the functional conservation
hypothesis, the AtRECQsim gene has the potential to
partially complement a yeast mutant of SGS1, the unique
RECQlike gene in this organism, and therefore has at least
conserved some of its original RecQlike function [93].

By means of comparative sequence analysis we also
found a recent duplication of one of the plant RECQlike
genes, which resulted in the genes AtRECQl4A and 4B as
shown in (Fig. 3). Both genes are located on chromosome 1
of A. thaliana. The duplication event is not only restricted to
the RECQlike genes but consists of an area of approximately
35kb containing 7-8 genes from which are 5 conserved in
position and sequence (Fig. 3). Interestingly, 3 of the 5
conserved genes changed their orientation with respect to the
two loci. This change from sense to complementary
orientation of the Ser/Thr Kinase, AtRECQl4B and the P4,5-
Kinase most probably occurred after the duplication event
and therefore very recently. Sequence comparisons of
AtRECQl4A and 4B with the same genes of a near relative
of A. thaliana named Capsella rubella placed the duplication
time point approximately 15 million years ago (unpublished
results). The separation of Arabidopsis and Capsella from a
common ancestor is traced back 8-10 mya [94]. Due to this
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fact the duplication cannot be linked to one of the more
ancient polyploidisation events in an Arabidopsis ancestor
[5, 95, 96]. Therefore, the duplication event has to be
regarded as rather recent and locally restricted. Interestingly,
the AtRecQl4A protein harbours an EF-hand domain which
is neither present in AtRecQl4B nor in other RecQlike
proteins (Fig. 2). The EF-hand domain is found in Ca2+-
binding proteins that are involved in cell signal transduction
[93] and might enable AtRecQl4A to perform a different
function than AtRecQl4B.

In general, multiple changes occurred during evolution of
the RECQlike gene(s). Especially the copy number and the
size of several homologous RecQ proteins is nowadays
varying dramatically in eukaryotes. Nevertheless, the
original protein structure and the helicase function of the
proteins has been well preserved. As it has been shown in
several investigations, the general conserved function of the
RecQlike protein seems to be required for the resolution of
various uncommon DNA structures like holiday junctions,
DNA triple helices and G4 DNA tetraplexes [97-101]. Such
structures are common in various aspects of cellular pro-
cesses like recombination, DNA repair, transcription,
replication and telomere maintenance and RecQlike proteins
have been shown to be involved in all of these processes
[102-108].

The described functions of RecQlike genes are obviously
indispensable for the proper development of cells. The
increased number of RecQlike genes in higher eukaryotes is
most probably not the result of redundancy. More likely this
means that each of the various RecQlike genes has become
specialised to act on certain DNA substrates and that this
specialisation is conferred by specific protein-protein
interactions. Finally, the more complex structure of the RecQ
family in multicellular organisms compared to unicellular
ones is pointing to a more urgent need to resolve various
uncommon DNA structures in these organisms than in the
latter ones.

SPO11, AN ARCHAEBACTERIAL TOPOISOMERASE
AND MEIOTIC RECOMBINATION

The SPO11 gene of yeast was originally found in a
sporulation defective yeast mutant [109]. Spo11 is the factor
introducing double strand breaks (DSBs) to initiate meiotic
recombination in yeast [110]. It turned out to be the
homologue of one part of a bipartite archaebacterial
topoisomerase VI [111]. This archaebacterial topoisomerase
consists of two subunits (A and B) and SPO11 is the
homologue of the subunit A. The function of the
archaebacterial topoisomerase VI consists of cleaving the
phosphodiester backbone of a DNA duplex through the
formation of covalent phosphotyrosyl linkages with the
5´ends of the broken strands (subunit A). Subsequently, the
topoisomerase captures a second DNA duplex, passages it
through the break and reseals the DSB of the first DNA after
passage (subunit B) [112]. During evolution, the function of
subunit A has been conserved in the protein SPO11 but now
this protein remains covalently linked to the DSB and due to
the lack of subunit B has to be removed by a different
protein [110]. By means of comparative genomics one can
find only one homologue of SPO11 and furthermore rule out
the existence of a subunit B in all the completely sequenced
eukaryotic genomes except in plants. However, in
Arabidopsis and also in the rice genome we were able to find
not only three different SPO11 genes but also a homologue
for the subunit B [113, 114]. The three SPO11 genes seem to
fulfil different functions in Arabidopsis. For two of them this
can be documented by their different mutant phenotypes
[115, 116]. The mutant plants of AtSPO11-1 are nearly
sterile, showing an abnormal meiosis resulting in chromoso-
mal missegregation with only a few surviving normal seeds.
Furthermore, a dramatic decrease of meiotic recombination
was observed by microsatellite marker analysis [115].
Nevertheless, some of the seeds can survive and propagate.
In strong contrast, the phenotype of knockout plants of
AtSPO11-3 as well as AtTOP6B is totally different. Both

Fig. (3). Duplication of the AtRECQl4 locus.

A region spanning approximately 33 kb has been duplicated recently on Chr. 1 of Arabidopsis thaliana. The conserved genes in the
duplicated region are shown as grey boxes, other genes as white bubbles. The complementary orientated connection of three of the genes is
shown as grey shaded triangles. The gene names are given on the left and the size of the duplicated area on the right side. Abbreviations: Fer
tra = iron regulated transporter; Fer prec. = ferredoxin precursor; EMP70 = endomembrane protein EMP70 precusor; RPM1 = disease
resistance protein RPM1; SIP = membrane-associated salt-inducible protein; P4,5-Kinase = phosphatidylinositol-4-phosphate 5-kinase; U2
snRNP = similar to U2 snRNP auxiliary factor, large subunit.
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mutant lines were lethal or at least severely impaired [116-
118]. The plants showed strong growth retardation, enhanced
DNA damage and a limited ability of endoreduplication,
which stopped before the second endoreduplication cycle
from 4C to 8C was finished [116, 118]. To our knowledge,
there is no AtSPO11-2 mutant available and neither a
knockout phenotype nor an in vivo function of this gene has
been described. Nevertheless, the fact that the phenotypes of
both mentioned AtSPO11 mutants (of no. 1 and 3) are severe
but different indicates that there is no reasonable redundancy
between the three SPO11 genes. Therefore, we can speculate
that the function of AtSPO11-2 differs from AtSPO11-1 and
3, otherwise it should have been lost during plant evolution.

Most interestingly, the AtSPO11-3 and the AtTOP6B
proteins were shown to interact with each other in a two
hybrid assay [114]. This finding and the identical knockout
phenotypes demonstrated the existence of a conserved and
functional Topoisomerase VI in plants [119]. Surprisingly C.
reinhardtii exhibits only one homologue of the AtSPO11-3
gene in its nearly finished genome (www.biology.duke.edu/
chlamy_genome/). This organism belonging to the green
algae, which separated almost 500-600 mya from land plants
possesses also the subunit B in its genome but no AtSPO11-
1 and 2 homologues could be found so far. This is somehow
peculiar because the AtSPO11-1 gene is indispensable for
initiation of meiotic recombination as has been shown
extensively in fungi, animals and plants [110, 115, 120-123].

To summarise, one part of the topoisomerase VI, the
subunit A (SPO11) has retained its physical function to
produce DSBs from archaebacteria throughout all investiga-
ted eukaryotic organisms, and therefore resembles a highly
conserved and important gene in recombination. In higher
plants this gene has been duplicated and retained together
with the topoisomerase subunit B, due to its indispensable
role in endoreduplication. As no mutant has been isolated till
today the function of the third SPO11 gene (AtSPO11-2) in
plants is still elusive.

SEQUENCE COMPARISONS OVER BIG EVOLU-
TIONARY DISTANCES

A further big advantage of completed or ongoing genomic
sequences is the possibility of structural comparisons like the
exon/intron structure of certain genes or their regulatory
sequences like promoters and 3´-UTRs [10, 11, 124]. The
exon/intron structure of important genes turned out to be
very well conserved. Two recent studies addressing these
kinds of investigations showed a 15-25% conservation over
nearly 1 billion years of the intron positions in a number of
genes [13, 14]. The former study was done on several genes
of the recombination machinery and revealed that 25% of the
intron positions were conserved between animals, fungi and
plants. The latter study was done in a broader comparative
genomics attempt using several thousand genes and revealed
an average of 14-18% of conserved intron positions in
plants, animals and fungi respectively [14]. In both cases the
idea of early introns was strongly supported. Nevertheless,
such studies will become much more meaningful as more
genomes of different kinds of organisms like mosses, ferns,
gymnosperms or algae will be sequenced due to their
intermediate positions in the time scale of evolution.

Fig. (4) shows as an example the intron position compa-
rison of the MRE11 gene from a fungi, an animal and a plant
[13]. The position of each verified intron was plotted onto
the aligned protein sequences of all three organisms. Resul-
ting identical intron positions between plants and animals/
fungi were regarded as ancient. Intron positions identical
between fungi and animals were not regarded as ancient
because the divergence of animals and fungi occurred after
the separation of animals and plants and so it could be an
intron gain event before separation of animals and fungi
[125, 126]. All introns occurring only in one organism were
considered as recent intron gain events. An ancient intron
means that it was already present before the divergence of
plants and animals and therefore existed already in their last
common ancestor 1,000 million years ago. Interestingly, the
basidiomycete fungus Coprinus cinereus has lost 6 of the 10
ancient introns during his evolution, which points to a
preferred intron loss mechanism in this organism.

The work about the exon/intron structure of genes
relevant for recombination demonstrated, for the set of genes
used, that there are (in spite of their limited level of
macrosynteny [3]) not many differences between mono- and
dicotyledonous plants on the level of homologous genes. The
comparison of A. thaliana and O. sativa with respect to their
intron positions exhibited only one difference out of 51
intron positions [13]. Regarding the separation time of
mono- and dicots around 160-180 mya this was a really
astonishing result as it indicates that in the last 160 million
years only 2% of the intron positions changed with respect to
the structure of the investigated genes. Of course this is not
always the case as the analysed genes belong to a rather
conserved class. In fact, comparative genomic approaches
demonstrated that there are indeed significant differences
between rice and Arabidopsis [3]. Nevertheless, 160 million
years seem not to be a very long time for changes on the
level of the individual gene structure and the evolutionary
course might occur rather in nonlinear jumps and stops than
in a linear fashion.

First attempts of comparative genomics/transcriptomics
between Arabidopsis and a more distantly related lower
plant, the moss Physcomitrella patens, have already been
started and showed that around 66% of the transcribed genes
of moss have homologues in the Arabidopsis genome [127].
This investigations were done using the EST data (trans-
criptome) from moss in comparison to several finished
genomes including the one of Arabidopsis. The moss trans-
criptome used in this study was not saturated, and therefore
the real amount of homologues between Arabidopsis and
Physcomitrella is estimated to be even higher than 66%. In a
recent study two RAD51 genes of Physcomitrella have been
isolated and compared to other plant RAD51 genes [128].
Astonishingly, both Physcomitrella RAD51 genes have a
totally different gene structure than the Arabidopsis genes,
they possess no introns. In contrast, all known RAD51 or
RAD51like genes of plants and animals possess several
introns, which are sometimes even differentially spliced
[129]. The intronless RAD51 genes are quite surprising out
of two reasons: a) introns are a common feature in
Physcomitrella genes [128] and b) the comparison of the
intron positions between RAD51 and DMC1 genes of
animals, fungi and plants revealed several highly conserved
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intron positions during evolution [13]. Therefore, it is most
likely that an intronless mRNA was after reverse trans-
cription reintegrated into the moss genome and the intron
bearing copy was lost subsequently by a gene conversion
event [128]. This is a common mechanism for intron-loss but
it does not explain why otherwise highly conserved introns
of the RAD51 genes are absent and therefore unnecessary in
Physcomitrella patens.

In contrast to higher plants it has been shown that
Physcomitrella has an unusual high efficiency of homo-
logous recombination (HR) in Physcomitrella [130-133].
Whether the enhanced HR is due to specific additional moss
genes or due to specific genes of the NHEJ pathway missing
in moss is a very interesting question, which can be
addressed best by comparative genomic analysis. It has been
speculated that the enhanced HR frequency in the moss is
due to the specific synchronised cell cycle stage of the moss
culture. The protoplasts, which are obtained from these
cultures and always used for transformation are nearly all
arrested at G2/M [134]. This arrest might indeed be correla-
ted with a specific pattern of expression of HR genes in this
stage. Whether this speculation is correct or a qualitative
difference(s) in the recombination machinery of Physco-
mitrella is the reason for enhanced HR frequencies in moss

can only be shown by a full genome comparison including a
transcriptome analysis of the respective cell stage.

GENES NOT FOUND BY COMPARATIVE GENOMICS

Finally, several of the genes which are important for
recombination or repair have still not been found in some
organisms, neither by comparative genomics nor by other
methods. For example, in plants, homologs of p53, RAD52,
RAD18 and DNA-PK have not been found. Of course this
could mean that these genes have been lost in one organism
during evolution but it can also mean that the function of
these genes has been invented "twice". Therefore, functional
homologues without conservation of their sequence might be
present in the respective genomes. The evolution of
topoisomerases is a good example for the latter case. During
evolution the type II topoisomerases probably have been
invented twice and persist in nowadays living organisms
[135]. Secondly, the yeast XRS2 and human NBS1 protein
are both important factors of the MRE11/RAD50 complex in
yeast and humans but show hardly any sequence homology
to each other except a domain at the N-terminus known as
forkhead associated domain [136]. In such cases it is nearly
impossible to discover these genes by genomic comparisons.
However, it might be possible to find such non conserved

Fig. (4). Intron position comparison across three kingdoms. The intron positions of the MRE11 gene from a fungi (Coprinus cinereus =
Cc), an animal (Homo sapiens = Hs) and a plant (Arabidopsis thaliana = At) is shown schematically. The respective intron positions of the
genomic sequence of each organisms gene has been transferred to an alignment of the protein sequences. If an intron is located in the same
position in all three organisms or plants and animals only it is regarded as ancient (shown as black bar). Ancient means that the intron was
already existing before the divergence of animals and plants approximately 1.000 mya. If an intron is present at the same position in animals
and fungi only it is considered as semi-ancient (shown as grey bar). An intron which is only present in one of the three organisms is defined
as a recent gain event (shown as white bar). An intron lacking in the fungus but present in animals and plants demonstrates an intron loss
event and is shown as grey circle. Below the three genes a constructed scaffold gene composed out of all existing intron positions is depicted.
30% of all intron positions in the MRE11 scaffold gene are regarded as ancient (modified, according to [13]).



118    Current Genomics, 2004, Vol. 5, No. 2 Hartung and Puchta

genes by interaction studies or functional mutant screens as it
has been done in mammals and yeast [48].

CONCLUSIONS

The above chosen examples demonstrated very nicely the
potential of comparative genomics even across long
evolutionary distances like they are between Physcomitrella
and Arabidopsis. With this method we can learn a lot about
evolution and structural conservation of genes. But this can
only be the starting point for more precise investigations
addressing the question why the gene of interest has been
conserved during evolution. Of course a high degree of
evolutionary conservation is a good argument that a specific
gene has an important function in a given pathway.

Coming back to the initial question what comparative
genomics tells us about the genes of the recombination
machinery, we can say that most of the genes, which are
involved in recombination can be found easily by means of
comparative genomics in different organisms because this
pathway is a very old and conserved one. Finally, a very
exciting and important output of the genome sequence data
and the deduced protein sequences is their usefulness for the
identification of the parts of a protein, which specify its
function, "the functional core" of a protein. To elaborate this,
we can expect to define by sequence comparisons in each
position of a protein one of the following types of amino
acids, i) absolutely conserved; ii) structurally conserved and
iii) varying amino acids. Most amino acids of a protein are
not important for its function and will therefore be of type
iii). The opportunity to align a growing number of
homologous sequences enables us to identify more precisely
the really conserved and therefore functional important
regions of a protein. The same kind of sequence analysis
gives us a very nice idea about the structural requirements of
a protein, which is often correlated with the presence of
synonymous amino acids in the primary sequence.
Therefore, we can draw the obvious conclusion that, the
more genomes (especially such ones with a reasonable
evolutionary distance) will be completely sequenced the
more complete the identification and understanding of the
conserved and variable areas of specific proteins will be.
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