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Recombination is an important aspect of DNA 
metabolism. It leads to rearrangements of DNA 
sequences within genomes. Such genome rear- 
rangements seem to be ubiquitous, since they 
play a role in evolution, human health and 
biotechnology. In medicine one important aspect 
of recombination is its role as one possible step in 
the multistep process of carcinogenesis. Since re- 
combination may occur as a cellular response to 
DNA damage, the protection of cells from re- 
combination-inducing agents, so-called recombi- 
nagens, should eliminate possible deleterious ef- 
fects resulting from damage-induced DNA re- 
combination. During the last few years, the 
awareness of the importance of recombination 
phenomena has substantially increased and the 
development of assay systems detecting recombi- 
nagens has progressed. The need for considering 
recombinagenic effects as a safety aspect of 
chemicals has gained ground in the field of ge- 
netic toxicology. This paper summarizes present 
knowledge concerning the occurrence, inducibil- 
ity, detection and toxicological interpretation of 
DNA recombination. 
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Terminology 

Recombination is the reassortment of a series 
of nucleotides along a nucleic acid molecule, usu- 
ally of double stranded DNA, in exceptional cases 
also of RNA (see below). DNA recombination 
results from an interaction between two chromo- 
somes or DNA double helices and may be recog- 
nized as a change in DNA sequence a n d / o r  
changed allelic alignments. 

Reciprocal recombination is a symmetrical ex- 
change between two DNA double helices. Basi- 
cally three events have to take place: (i) all four 
single strands have to be broken (this is the 
equivalent to two double strand breaks), (ii) an 
X-type reunion of the broken ends of the du- 
plexes has to occur, and (iii) the topology of the 
crossing over configuration (Holliday structure) 
has to be solved. The three events are net results 
of fairly complex, interrelated enzymatic activi- 
ties. In eukaryotic chromosomes, a single recipro- 
cal exchange event will exchange the total DNA 
sequence distal to the point of exchange. This can 
involve from a few telomeric sequences up to a 
whole chromosome arm (for yeast it has been 
shown that recombination can occur within the 
centromeric region) (Symington and Peter, 1988). 
Somatic reciprocal recombination in eukaryotes 
was discovered in 1936 in Drosophila melanogaster 
(Stern, 1936). 



Gene conuersion is a nonreciprocal transfer of 
genetic information. The phenomenon has been 
discovered in fungi as an 'unusual 3:5 segrega- 
tion' in cases where normally a 4 : 4 segregation is 
observed. Overall, three events have to occur: (i) 
a segment of one DNA duplex has to be copied, 
(ii) the homologous segment from the other DNA 
duplex has to be deleted and (iii) the deleted 
sequence has to be replaced by the copy of the 
first segment. The three steps occur through in- 
terrelated enzymatic processes. The size of the 
DNA segments involved varies with the different 
organisms: in mammalian cells the conversion 
tract length was found to be fewer than 350 base 
pairs (bp) (Liskay and Stacheleck, 1986). In the 
yeast Saccharomyces cereuisiae tract lengths over 
10 kilobases (kb) have been observed both in 
meiosis and in mitosis (Subramani and Seaton, 
1988). 

Homologous recombination occurs between two 
DNA duplexes with the same or nearly the same 
base sequences. The homology between the 
strands which are involved in the exchange pro- 
cess is interpreted in the 'double-strand break 
repair model' proposed by Szostak et al. (1983). 
The influences of the length of the homology on 
the efficiency of the initial synapsis and subse- 
quent strand migration were studied in several 
systems (Liskay et al., 1987). In monkey cells the 
frequency of the intramolecular, extrachromoso- 
mal excision of SV40 sequences from plasmids 
decreased linearly from 5243 to 214 bp, dropped 
nine-fold between 213 and 163 bp, and then fell 
linearly down to 14 bp of homology (Rubnitz and 
Subramani, 1984). For intermolecular, extrachro- 
mosomal gene conversion between plasmids in 
human EJ bladder cells, greater than 330 bp 
homology was necessary for optimal recombina- 
tion and low levels were observed with as little as 
25 bp of homology (Ayares et al., 1986). The 200 
bp homology needed in mammalian cells is large 
compared to the homology requirements in other 
systems such as 50 bp for bacteriophage T4 
(Singer et al., 1982) and 20-74 bp for Escherichia 
coli (Watt et ai., 1985). The large minimal recog- 
nition length may represent one mechanism to 
reduce recombination between the highly reiter- 
ated sequences distributed throughout the mam- 
malian and human genomes. 

The term general recombination has been 
coined by Low and Porter (1978) to characterize 
the recA dependent homologous recombination 
in Escherichia coli. More than 30 genes are known 
to influence these recombination processes of 
which the RecBCD pathway is best understood 
(Porter, 1988; Mahajan, 1988). Interestingly, pro- 
teins with recA-like activity have been isolated 
from Chinese hamster ovary cells and from a 
human cell line (Kenne, 1988; Kenne and 
Ljungquist, 1987). 

Site-specific recombination represents events 
occurring at highly preferred sites. A classical 
example of a double-site-specific recombination 
(with defined recombination sites on both DNA 
duplexes taking part in the exchange) is the inte- 
gration of the circularized bacteriophage lambda 
genome into the bacterial genome and its subse- 
quent excision requiring highly preferred attach- 
ment sites on both participating DNA molecules. 
In other cases, a special site is required on only 
one of the participating DNA molecules (integra- 
tion of bacteriophage Mu and of transposable 
elements (transposons)) (Kleckner, 1981). Some 
site-specific recombination systems require the 
interacting DNA sequences to have a specific 
relative orientation. A model accounting for the 
site orientation specificities (polarity) has been 
proposed by Gellert and Nash (1987). 

The class of illegitimate recombination events 
requires little or no DNA homology. Basically a 
cut and join reaction must operate. They do not 
appear to require the proteins promoting general 
or site-specific recombination. In bacterial and 
fungal systems illegitimate recombination nor- 
mally occurs at a lower frequency than either 
general or site-specific recombination (Brunier et 
al., 1988). Illegitimate recombination has been 
observed in prokaryotes as well as in lower and 
higher eukaryotes, including man (for references 
see Brunier et al., 1988). In contrast to bacteria 
and lower eukaryotes, illegitimate recombination 
dominates in mammalian somatic cells. In mam- 
malian cells only 1 proper targeted homologous 
recombination occurs for every 100-1000 nonspe- 
cific integrations of incoming DNA (Subramani 
and Seaton, 1988). This fits with the observation 
of a high frequency (15-20%) of generation of 
insertional mutations (including nonlethal ones) 



in transgenic mice (Covarrubias et al., 1987). This 
observation suggests that the integration of vector 
DNA into transcriptional units must occur fre- 
quently. 

The terms mitotic recombination and somatic 
recombination are often used as synonyms, but 
the term 'mitotic recombination' is preferred, be- 
cause in addition to somatic cells, it also includes 
the mitotically dividing premeiotic cells of the 
germ line in which mitotic recombination occurs 
as well (e.g., Darras and Francke, 1987). 

Four general features distinguish meiotic re- 
combination from mitotic recombination (Giroux, 
1988). (i) Meiotic recombination is regulated at 
the whole genome level as well as at the level of 
the individual chromosomes: at least one recom- 
binational event (crossing over) occurs between 
each pair of parental homologs (bivalents) and 
the recombinant chromatids subsequently segre- 
gate from each other at the first meiotic division. 
In mitosis, recombinant homologous chromatids 
segregate independently of each other in the next 
cell division. (ii) Meiotic recombination occurs at 
the four-strand stage, whereas mitotic recombina- 
tion occurs at the two-strand and four-strand 
stage. (iii) All parental homologs exhibit substan- 
tial physical interaction, homologous pairing. (iv) 
A unique chromosome-associated structure, the 
synaptonemal complex, is elaborated in meiotic 
prophase nuclei and forms the axis of the paired 
homologs during synapsis. Synapsis is not ob- 
served between homologous chromosomes in mi- 
totic nuclei (dipteran insects appear to be excep- 
tional in this respect showing somatic pairing in 
prophase chromosomes and polytenic chromo- 
somes). 

Recombination may result in loss of heterozy- 
gosity. In cells that are heterozygous for two 
alleles of a marker gene on the two homologous 
chromosomes, reciprocal recombination in the 
chromosome segment between the marker gene 
and the centromere or gene conversion in the 
region of the marker gene will lead to loss of 
heterozygosity. In proliferating tissue, a clone (in 
the case of gene conversion) or two clones (in the 
case of reciprocal recombination) of cells ho- 
mozygous for a marker allele will develop. If the 
marker allele results in an easily recognizable 
phenotype, groups of phenotypically altered cells 

(a somatic single spot) representing the clone 
which lost the heterozygosity may be detected. If, 
on a particular chromosome arm, two trans- 
heterozygous markers are present, both clones 
resulting from a reciprocal recombination event 
between the centromere and the most proximal 
marker will be phenotypically detectable. This 
will form a twin spot with adjacent cell groups 
exhibiting each one of the marker alleles. A twin 
spot may also be observed with two complement- 
ing alleles at the same locus if both homozygous 
cell clones exhibit different phenotypic character- 
istics and are both distinguishable from the sur- 
rounding heterozygous, phenotypically wild-type, 
tissue. Twin spots have been observed, e.g., in 
Drosophila melanogaster (Becker, 1976; Wiirgler 
and Vogel, 1986), Musca domestica (N6thiger and 
Diibendorfer, 1971), the mouse (Fahrig and 
Neuh~iuser-Klaus, 1985), and in man (Festa et al., 
1979). 

Ubiquity of recombination phenomena 

Recombination in RNA viruses, was only de- 
tected in 1982 in the foot and mouth disease virus 
(King et al., 1982). Subsequently another member 
of the picornavirus family, poliovirus, and more 
recently the mouse hepatitis virus, a coronavirus, 
were also shown to recombine. Since replication 
of these viruses takes place in the cytoplasm, 
without a DNA intermediate, exchange of genetic 
information has to occur by a sequence rear- 
rangement between RNA molecules (review: 
King, 1987). The importance of RNA recombina- 
tion is not merely academic. These days, most 
cases of poliomyelitis in Western countries are 
caused by neurovirulent revertants of the attenu- 
ated vaccine virus; according to Kew and Notlay 
(1984), reversion is frequently associated with ge- 
netic recombination between the three poliovirus 
serotypes of which the vaccine is usually com- 
posed. 

In the case of retroviruses, recombination used 
to optimize the maintenance of viability and the 
amount of increase in variation in virus popula- 
tions, occurs during minus or plus strand DNA 
synthesis (Temin, 199i). 

Recombination may also lead to changes of 
host ranges or virulence, as in the case of the 



influenza virus where recombination between two 
virus types leads to the appearance of the ex- 
tremely virulent 'Hong Kong type'. 

In bacteria the transfer of genetic information 
between individual microorganisms occurs in na- 
ture. There are three modes of gene transfer: 
transformation (uptake of naked DNA molecules 
by competent bacterial cells), transduction (DNA 
is moved between bacteria by bacteriophages; 
specialized transduction involves specific seg- 
ments of bacterial genomes; generalized trans- 
duction transfers any piece of a bacterial genome) 
and conjugation (DNA transfer between two cells 
in direct contact). With all these modes of gene 
transfer, donor DNA without an origin of replica- 
tion must recombine with a replicon (typically the 
bacterial chromosome) in the recipient cell in 
order to be stably inherited and expressed. Re- 
combination in this case includes all facets of the 
introduction and stabilization of new genetic in- 
formation in the recipient cell. 

Pathogenic microorganisms have developed re- 
combinational strategies to escape the host anti- 
body response. This is especially important for 
extracellular pathogens that cycle between the 
vertebrate bloodstream and hematophagous 
arthropoda: the longer the parasite survives in 
the bloodstream, the greater the probability of 
transmission through an arthropod to another 
animal. 

Antigenic variation is achieved by genetic 
changes in a small fraction of the multiplying 
cells. Multiphasic antigenic variation has been 
described in, e.g., Trypanosoma brucei, Neisseria 
gonorrhoeae, and Borellia hermsii (for references 
see Plasterk et al., 1985). The cyanobacterium 
Anabena undergoes, in the absence of a nitrogen 
source, two specific DNA rearrangements through 
site-specific recombination between short re- 
peated sequences to activate two nitrogen-fixa- 
tion genes (nil) during heterocyte differentiation. 

In the ciliated protozoa, such as Oxytricha, 
Tetrahymena, and Paramecium, genomic reorga- 
nization during differentiation of the somatic 
macronucleus is a general characteristic of the 
phylum (reviewed in Blackburn, 1987). Large 
numbers of rejoinings and deletions of internally 
eliminated sequences occur frequently through- 
out the genome of the developing macronucleus. 

In yeast ( Saccharomyces cerevisiae, Schizosac- 
charomyces pombe), trypanosomes, and certain 
bacteria (Neisseria gonorrhoeae, Borellia spp.) 
nonreciprocal recombination is used for mating 
type switching (review: Strathern, 1988). In the 
best studied case of Saccharomyces cerevisiae, an 
early step in switching is a double strand break 
induced specifically by the HO endonuclease at 
the active mating type locus MAT. Then in a 
cells sequences from the silent HMR locus and in 
a ceils from the silent HML locus located near 
MAT on chromosome III replace the actual MAT 
sequences. A similar conversion mechanism has 
been postulated to occur in the activation of 
immunoglobulin light chain genes in chickens 
(Thompson and Neiman, 1987). 

In genetic studies with heterozygous diploid 
fungi (Saccharomyces cerevisiae, Sch&osaccha- 
romyces pombe, Neurospora crassa, Aspergillus 
nidulans, Ustilago mayadis, etc.), spontaneous mi- 
totic recombination is observed. As discussed in 
detail by Hastings (1988), important substrates 
(but not the only ones) for mitotic gene conver- 
sion and reciprocal recombination are double 
strand cuts and gaps as well as double-stranded 
discontinuities formed subsequently to DNA 
damage. Evidence is consistent with the view that 
mitotic recombination is repair. Interestingly re- 
combination leading to excision of sequences has 
also been observed in the mitochondrial genome 
of yeast (de Zamaroczy et al., 1983). 

In heterozygous plants of Glycine max and 
Nicotiana, environmental mutagens can induce 
spots resulting from mitotic recombination (Vig, 
1982). 

Insects, in particular Drosophila melanogaster, 
have played a key role in the development of the 
concept of mitotic recombination. Mitotic recom- 
bination was demonstrated as early as 1936 by 
Stern in his classical twin spot experiments where 
the somatic events became visible as adjacent 
color and bristle differences in a heterozygous 
animal with otherwise wild-type phenotype. So- 
bels (1956, 1957) for the first time demonstrated 
the induction of recombination by a chemical 
agent. Mitotic recombination was also observed 
in the housefly Musca domestica (N6thiger and 
DiJbendorfer, 1971). Developmentally controlled 
genomic rearrangements occur in Drosophila fol- 



licle cells which show chorion gene amplification. 
The observation of three different karyotypes in 
the ovarian nurse cells of individual Anopheles 
gambiense is additional evidence for mitotic re- 
combination in insects in vwo (Hunt, 1987). 

Important biological phenomena depending on 
genetically programmed mitotic recombination 
occur in the mammalian immune system. Func- 
tionally immunoglobulin genes in B-cells are the 
result of mitotic rearrangements of coding ele- 
ments (review: Engler and Storb, 1988). Also the 
phenomenon of immunoglobulin class switching 
to produce, often as a result of antigen stimula- 
tion, differentiated lymphocytes, occurs through 
recombination between tandem repetitive se- 
quences in the heavy chain gene (Iwasoto et al., 
1990). Matsuoka et al. (1990) have characterized 
circular DNA in mouse splenocytes which repre- 
sent the excised DNA sequences (these represent 
just one class of circular DNAs observed in vari- 
ous mammalian cells). In contrast to mammals, in 
the chicken the immunoglobulin light chain 
repertoire is generated by a high frequency of 
segmental gene conversion between a unique re- 
arranged functional variable (V) gene and a pool 
of V pseudogenes (Reynaud et al., 1987). 

Gene rearrangements are also involved in the 
formation of the T-cell receptor gene complex. In 
this case the y-chain genes encoded by im- 
munoglobulin-like gene segments rearrange dur- 
ing T-cell development and some template-inde- 
pendent  sequences (1-12 base pairs) are inserted 
enzymatically into the y-chain genes (Quer- 
termous et al., 1986). 

Recombination events appear to play an im- 
portant role in two widely occurring phenomena 
in eukaryotic chromosomes: (i) the conservation 
and homogenization of repeated DNA sequences 
and (ii) in the maintenance of telomeres. It is 
likely that sequence homogeneity is maintained 
by gene conversion because of its 5-10-fold pre- 
dominance (in yeast as well as in mammalian 
cells) and of the drawback of reciprocal recombi- 
nation in the form of unequal crossovers. Such 
conversion events have been invoked for the se- 
quence homogeneity in many types of repeated 
eukaryotic sequences such as rDNA, histone 
genes, o~, /3, y, 6 globin genes, murine serum 
amyloid A genes, bovine vasopressin and oxytocin 

genes, rodent cytochrome P450 genes and im- 
munoglobulin genes (references in Subramani and 
Seaton, 1988). 

Every time a linear chromosome is replicated 
it is in danger of being whittled away from the 
ends, because polynucleotide synthesis can pro- 
ceed in only one direction, from 5' to 3'; this 
leads to a problem in copying the 3' ends of both 
strands of a linear chromosome. A common solu- 
tion to this problem is to have simple repeated 
sequences at the ends, the telomeres and a spe- 
cialized system for generating additional repeats 
compensating for loss in replication. Whereas in 
Tetrahymena a telomerase (a riboprotein repre- 
senting a DNA polymerase carrying its own tem- 
plate) builds up new telomeres (Greider and 
Blackburn, 1989), in other organelles (e.g., Tet- 
rahymena mitochondria) and other organisms 
such as yeast and higher eukaryotes, recombina- 
tion seems to be responsible for maintaining the 
average telomere length (review: Traverse and 
Pardue, 1988; Szostak, 1989; Brown et al., 1990). 

Recombination is also involved when mobile 
genetic elements or viruses integrate into chro- 
mosomal DNA or when these sequences get ex- 
cised. In some cases cellular enzymes are in- 
volved, in other cases element-specific enzymes, 
e.g., transposases encoded by the mobile element, 
are involved. Well characterized examples are 
insertion sequences and transposons in bacteria, 
the 2/x plasmids in yeast, the A c / D s  system in 
Zea mays, mobile elements like P, copia, etc., in 
Drosophila and the animal retroviruses known to 
be widespread in all vertebrates. The fact that the 
integration of foreign DNA into mammalian cells 
can result in revertable mutations has been 
demonstrated for the dilute and the hairless locus 
in the mouse (Copeland et al., 1983; Favor et al., 
1987; Stoye et al., 1988). 

Recombination in mammalian somatic cells 

The lack of cytological demonstration of so- 
matic chromosome pairing in mammalian cells 
and several unsuccessful efforts to detect recom- 
bination between cellular genes at the functional 
level in cultured mammalian cells (for references 
see Wasmuth and Hall, 1984) led for a long time 
to the common belief that, in contrast to sister 



chromatid exchanges (SCE), mitotic recombina- 
tion between homologous chromosomes does not 
occur in human somatic cells with the very special- 
exception of cells from patients with Bloom's 
syndrome (Kuhn, 1974; Therman and Kuhn, 
1976). Whereas spontaneous recombination be- 
tween homologous chromosomes, resulting in so- 
called chiasmata, is usually extremely rare in hu- 
man leukocytes, a frequency of about 2% was 
observed in leukocytes of Bloom's syndrome pa- 
tients. In addition, in a child with Bloom's syn- 
drome who developed acute lymphocytic leukemia 
(ALL) the skin on one leg had adjacent areas of 
increased and decreased pigmentation similar to 
the 'twin spots' seen in Drosophila (Festa et al., 
1979). This twin spot is the phenotypic manifesta- 
tion that reciprocal mitotic recombination had 
taken place in vivo and resulted in the loss of 
heterozygosity for two genes involved in the con- 
trol of skin pigmentation. This added confidence 
to earlier rare claims that mitotic crossing over 
had been observed in man and in a number of 
primates (Therman and Kuhn, 1976). There exist 
a few recent reports on the cytogenetic detection 
of symmetrical exchanges after exposure to geno- 
toxic agents, e.g., cigarette smoke in heavy smok- 
ers (Obe and Herha, 1978; Littlefield and Joiner, 
1986). 

The whole issue of recombination in somatic 
mammalian cells got a boost when modern DNA 
technologies were applied to mammalian cells. It 
was primarily the interest in using homologous 
recombination for targeted integration of DNA 
sequences in mammalian cells with the potential 
use for gene therapy that stimulated research. 
With foreign DNA injected into nuclei, the most 
spectacular observation was the high frequency of 
extrachromosomal recombination events relative 
to chromosomal recombination (Subramani and 
Seaton, 1988). These frequencies differ by several 
orders of magnitude. One clue to this puzzling 
observation is that extrachromosomal recombina- 
tion occurs at this high frequency only for about 
90 min after injection. This suggests that naked 
DNA may be a better substrate for recombina- 
tion than chromosomal DNA. 

With respect to mechanisms and with respect 
to the expectation that, as in other organisms, 
double strand breaks may be a substrate for re- 

combination, the observation is important that 
the frequency of recombination between plasmids 
is increased, on average 10-fold, if one of the 
plasmids is linearized. These  observations 
prompted the investigation of cell extracts from 
mammalian cells. It was found that mammalian 
cell extracts can initiate and catalyze enzymatic 
homologous recombination (Kucherlapati et al., 
1985). In addition, a recA-like activity, similar to 
E. coli RecA protein, has been isolated from a 
Chinese hamster ovary cell line and from human 
cells (Kenne, 1988). The activity mediated homol- 
ogous pairing and the formation of D-loop struc- 
tures in the DNA in the presence of ATP and 
Mn2 +. 

It is an important fact that extrachromosomal 
recombination events in mammalian cells are 
nonconservative (loss of some sequences),  
whereas there exist indications that chromosomal 
events are conservative. The fact of the noncon- 
servative nature of extrachromosomal events sug- 
gests that perhaps these processes are catalyzed 
by some machinery whose primary role might 
involve repair of damaged DNA. In contrast, 
chromosomal recombination appears to occur in 
a conservative manner, conserving the complete 
DNA sequences (Subramani and Seaton, 1988). 

From a toxicological point of view it is impor- 
tant (i) that recombination events are involved in 
the generation of chromosome rearrangements 
and of spontaneous gene mutations in mam- 
malian cells, (ii) that often highly repetitive se- 
quences are involved and (iii) that in cultured 
mammalian cells as well as in mammalian cells in 
vivo chemically induced recombination events do 
occur. Reports concerning chromosome inver- 
sions (Malissen et al., 1986) and reciprocal 
translocation events involved in Burkitt's lym- 
phoma (Moulding et al., 1985) as well as the 
observation of a twin spot in a Bloom's syndrome 
patient (Festa et al., 1979) show that intra- and 
interchromosomal recombination occurs in hu- 
mans in vivo. In tumor cell lines loss of heterozy- 
gosity is an important phenomenon (Okamoto et 
al., 1988). As has been shown, e.g., by Cavenee et 
al. (1983) for retinoblastoma, a substantial frac- 
tion of these losses of heterozygosity are the 
consequences of homologous recombination 
events. Modern DNA techniques are intensively 



used to analyze the molecular nature of chromo- 
some rearrangements and gene mutations (re- 
viewed in Mohrenweiser and Jones, 1990). In 
many cases the mutations causing genetic dis- 
eases are the result of more complex changes 
than just base pair substitutions. They may be 
insertions, deletions or rearrangements of DNA 
sequences. Repetitive elements appear to have a 
role in the occurrence of many of these changes, 
examples are given in Table 1. Several thal- 
assemias are the result of deletions occurring in 
the region of the Kpn (L1) repetitive elements in 
the /3 globin gene complex (Gilman, 1987). Alu 
sequences have been identified at the 5' and 3' 
boundaries of a deletion in the a-chain of the 
/3-hexosaminase A gene (Myerowitz and Hogi- 
kyan, 1987). An exon-Alu recombinational event 
is proposed to account for a 5-kb deletion in the 
low-density lipoprotein (LDL) receptor gene 
(Lehrman et al. 1986), while Alu-Alu mediated 
recombinational events have been identified in 
another deletion (Lehrman et al., 1985) and in a 
duplication of seven exons (Lehrman et ai., 1987) 
at this locus. Many other deletions and rear- 
rangements at the LDL receptor gene locus also 
appear to involve the Alu repeats (Langlois et al., 
1988). 

Unequal crossing over and gene conversion 
events can cause alterations in gene structure and 
genetic disease. Deletions involving the human 
somatomammotropin gene (Simon et al., 1986) 
and the steroid 21-hydroxylase genes (Higashi et 
al., 1988) are suggested to have arisen through a 

mechanism involving unequal crossing over be- 
tween members of the gene family. Gene conver- 
sion, as illustrated by the case involving recombi- 
nation between the steroid 21-hydroxylase pseu- 
dogene and the functional gene, is also a mecha- 
nism for generation of nonfunctional genes (Amor 
et al., 1988). 

Mutations in somatic cells were studied at the 
H P RT locus. Precursors to T-lymphocytes appear 
to have a greater likelihood of producing major 
deletions or rearrangements of the H P RT locus, 
perhaps due to the action of recombinases that 
are associated with T-cell antigen receptor gene 
maturation in the thymus (Alt et at., 1987; Mar- 
rack and Kappler, 1987). 

The observation that recombination in cul- 
tured human cells can be increased by chemical 
treatment dates back to the studies of Therman 
and Kuhn (1976) when they showed that mito- 
mycin C is capable of enhancing the recombina- 
tion frequency in Bloom's syndrome cells. Only 
recently such studies were continued with other 
cell types (Kenne and Ljungquist, 1984, 1987; 
Kenne, 1988). A chemically induced, dose-depen- 
dent increase in homologous recombination be- 
tween duplicated herpes simplex thymidine ki- 
nase genes in mouse L cells was observed. In 
Chinese hamster ovary cells containing dupli- 
cated truncated n e o  genes stably integrated in 
the genome a dose-dependent increase was found 
within a 400-bp region after treatment with methyl 
methanesulfonate (MMS), but not with nitrogen 
mustard (NH2). Studies with human cell lines 

TABLE 1 

EXAMPLES OF  H U M A N  M U T A T I O N S  ASSOCIATED WITH INSERTIONS,  DELETIONS OR DUPLICATION IN COD- 
ING REGIONS OF GENES 

Gene Size Event Reference 

Alu sequences 
LDL receptor 5 kb deletion 
LDL receptor 5 kb 
LDL receptor 14 kb 

Hexosamidase A 7.6 kb 
8,/3 Globin 

Kpnl (L1 sequences) 
a Globin 12.6 kb 
y6, /3  Globin 80 kb 

Alu-Alu recomb. (dominant)  
exon-Alu recomb. 
duplication involving Alu repeats in 

introns 1 and 8 
Alu-Alu recomb. 
deletion begins in Alu repeat 

KpnI (L1) sequences,  deletion 
deletion + insertion of KpnI sequences 

Lehrman et al., 1985 
Lehrman et al., 1986 

Lehrman et al., 1987 
Myerowitz and Hogikyan, 1987 
Ottolenghi and Gigglioni, 1982 

Gilman, 1987 
Mager, 1985 
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that differ in their nucleotide excision repair ca- 
pacity indicated that unexcised DNA lesions, 
rather than excision repair per se, stimulate intra- 
chromosomal homologous recombination (Bhat- 
tacharyya et al., 1990). 

The studies with mammalian ceils in vitro to- 
gether with the in vivo observations in human 
tumor cells and germ cell mutations as well as the 
in vivo chemical induction of recombination in 
somatic cells in the mouse indicate, taken to- 
gether, that in genetic toxicology the importance 
of induced recombination has so far been under- 
estimated. It appears that, due to the frequent 
occurrence of recombination and the increasing 
number of detected chemical and physical recom- 
binagens and because other conditions such as 
nucleotide pool inbalances and environmental 
stress can increase recombination, these effects 
have to be taken into account in the risk assess- 
ment of genotoxic chemicals. Whereas the conse- 
quences of gene conversion, affecting a limited 
number of base pairs, may be comparable to the 
classical induction of gene mutations, the recipro- 
cal recombination events eventually inducing ho- 
mozygosity for a sizable fraction of the genome 
(up to a whole chromosome arm if recombination 
occurs within the centromere (Symington and 
Petes, 1988; Lieberman et al., 1988)) appear to be 
of special importance in contributing to the for- 
mation of genetically altered cell clones in the 
adult human body potentially leading to diseases 
such as cancer (e.g., Fearon and Vogelstein, 1990), 
certain types of coronary heart diseases (Mulkvag 
et al., 1988; Penn et al., 1986; Bridges et al., 
1990), autoimmune defects and diabetes (Karsten 
and Kryspin-Sorensen, 1988), and aging phenom- 
ena in general (Kirkwood, 1989). 

The importance of recombination and gene con- 
version in toxicology 

In summary, the toxicological considerations 
are based on the following facts. 

Spontaneous mitotic recombination does occur 
in human cells. In addition chemical and physical 
recombinagens that are genotoxic agents induce 
mitotic recombination and gene conversion in 
human cells. 

In human populations heterozygosity for a 
normal and a defective allele must be quite com- 
mon. It has been suggested that every one of us 
carries several defective genes in a heterozygous 
state (Muller, 1950; Vogel, 1979). The importance 
of loss of heterozygosity, for which mitotic recom- 
bination and gene conversion are important 
mechanisms, in dominantly inherited cancer sus- 
ceptibilities has first been observed for retino- 
blastoma and Wilms' tumor (reviewed in Bishop, 
1991; Marshall, 1991). Miiller and Scott (1992) 
have identified a total of 32 cl inical/genetic enti- 
ties which, in the same way as retinoblastoma and 
Wilm's tumor, show familial clustering of neo- 
plasms due to autosomal dominantly inherited 
cancer susceptibilities. This preliminary list indi- 
cates that the generation of some neoplasms in 
practically all organs can result from loss of het- 
erozygosity. In addition loss of heterozygosity 
leading to somatic mosaicism may, in addition to 
carcinogenesis, also affect other biological func- 
tions, and, consequently, health (Hall, 1988), e.g., 
in certain cardiovascular diseases (including 
atherosclerosis), diabetes, aging, etc. In the case 
of inherited heterozygosity, even heterozygous 
carriers for rare autosomal recessive syndromes 
are common in the general population (Helm et 
al., 1992). For example (assuming Hardy-Wein- 
berg equilibria), if a syndrome has a true inci- 
dence of 1/40,000, the heterozygote frequency is 
1/100; for a true incidence of 1/360,000, the 
frequency is 1/300; and even if the incidence is 
1/106 , the frequency is still 1/500. As discussed 
in detail by Heim et al. (1992) there is, for exam- 
ple, cumulative evidence that the heterozygote 
phenotypes for the autosomal recessive syn- 
dromes ataxia telangiectasia, xeroderma pigmen- 
tosum and Fanconi's anemia are different from 
wild type at both the cellular and clinical, levels. 
With respect to spontaneous somatic mutations 
we have to stress that these occur more fre- 
quently than generally expected based on the 
frequencies found in germ cells. Their incidence 
varies from person to person due to individual 
genomic instabilities (Miiller, 1990). 

Not only somatic cells undergo mitotic recom- 
bination and gene conversion, but premeiotic, 
mitotically dividing cells of the germ line show 
these phenomena as well (Darras and Francke, 



1987). In germ cells mitotic recombination may 
result in changes leading to hereditary diseases 
(e.g., Duchenne muscular dystrophy through the 
formation of deletions). 

Human chromosomes contain structures that 
can act as preferred substrates for mitotic recom- 
bination (repetitive sequences, Alu sequences, 
fragile sites) that may also represent hot spots for 
recombination. Mitotic recombination in humans 
is under genetic control (e.g., increased frequency 
in Bloom's syndrome), therefore subpopulations 
with increased sensitivity are to be expected. 

In conclusion, recombinagenic effects have to 
be considered as deleterious effects in humans 
and have to be included in risk estimates for 
effects from chemical and physical genotoxic 
agents. 

Assay systems are available with organisms of 
different genetic complexity to screen specifically 
for recombinagens: bacteria (Hoffmann, 1992), 
yeast (Zimmermann et al., 1984; Zimmermann, 
1992), Drosophila (Vogel, 1992), cultured mam- 
malian cells (Kenne and Ljungquist, 1984; Kenne, 
1988; Bhattacharyya et al., 1990) and the mouse 
in vivo (Fahrig and Neuh~iuser-Klaus, 1985). Such 
studies do complement the classical mutagenicity 
testing of chemicals and complex mixtures and 
make it possible to improve the testing in safety 
toxicology. 

References 

/kit, F.W., T.K. Blackwell and G.D. Yancopoulos (1987) De- 
velopment of the primary antibody repertoire, Science, 
238, 1079-1094. 

Amor, M., K.L. Parker, H. Globerman, M.I. New and P.C. 
White (1988) Mutation in the CYP21B gene (Ile-172-Asn) 
causes steroid 21-hydroxylase deficiency, Proc. Natl. Acad. 
Sci. USA, 85, 1600-1604. 

Ayares, D., L. Chekuri, K.Y. Song and R. Kucherlapati (1986) 
Sequence homology requirements for intermolecular re- 
combination in mammalian cells, Proc. Natl. Acad. Sci. 
USA, 83, 5199-5203. 

Becker, H.J. (1976) Mitotic recombination, in: M. Ashburner 
and E. Novitski (Eds.), Genetics and Biology of Drosophila, 
Vol. lc, Academic Press, New York, pp. 1020-1087. 

Bhattacharyya, N.P., V.M. Maher and J.J. McCormick (1990) 
Effect of nucleotide excision repair in human cells on 
intrachromosomal homologous recombination induced by 
UV and 1-nitropyrene, Mol. Cell. Biol., 10, 3945-3951. 

11 

Bishop, J.M. (1991) Molecular themes in oncogenesis, Cell, 
64, 235-248. 

Blackburn, E. (1987) Developmentally controlled DNA exci- 
sion in cilates, Trends Genet., 3, 235-236. 

Bridges, B.A., A. Penn, E.S. Hansen and K. Wakabayashi 
(1990) Report of ICPEMC Subcommittee 7/1: The possi- 
ble involvement of somatic mutations in the development 
of atherosclerotic plaques, Mutation Res., 239, 143-188. 

Brown, W.R.A., P.J. MacKinnon, A. Villasante, N. Spurr, V.J. 
Buckle and M.J. Dobson (1990) Structure and polymor- 
phism of human telomere-associated DNA, Cell, 63, 119- 
132. 

Brunier, D., B. Michel and S.D. Ehrlich (1988) Copy choice 
illegitimate DNA recombination, Cell, 52, 883-892. 

Cavenee, W., T.P. Dryza, R.A. Philips, W.F. Benedict, R. 
Godbout, L. Gallie, A.L. Murphree et al. (1983) Expres- 
sion of recessive alleles by chromosomal mechanisms in 
retinoblastoma, Nature (London), 305, 779-784. 

Copland, N.G., K.W. Hutchinson and N.A. Jenkins (1983) 
Excision of the DBA ectopic provirus in dilute coat-color 
revertants of mice occurs by homologous recombination 
involving the viral LTRs, Cell, 33, 379-387. 

Covarrubias, L., Y. Nishida, M. Terao, P. D'Eustachio and B. 
Mintz (1987) Cellular DNA rearrangements and early 
developmental arrest caused by DNA insertion in trans- 
genic mouse embryos, Mol. Cell. Biol., 7, 2243-2247. 

Darras, B.T., and U. Francke (1987) A partial deletion of the 
muscular dystrophy gene transmitted twice by an unaf- 
fected male, Nature (London), 329, 556-558. 

de Zamaroczy, M., G. Faugeron-Fonty and G. Bernardi (1983) 
Excision sequences in the mitochondrial genome of yeast, 
Gene, 21, 193-202. 

Engler, P., and U. Strob (1988) Immunoglobulin gene rear- 
rangement, in: R. Kucherlapati and G.R. Smith (Eds.), 
Genetic Recombination, Am. Soc. Microbiology, Washing- 
ton, DC, pp. 667-700. 

Fahrig, R., and A. Neuh~iuser-Klaus (1985) Similar pigmenta- 
tion characteristics in the specific-locus and the mam- 
malian spot test, J. Hered., 76, 421-426. 

Favor, J., P.G. Strauss and V. Erfle (1987) Molecular charac- 
terization of a radiation-induced reverse mutation at the 
dilute locus in the mouse, Genet. Res. Camb., 50, 219-223. 

Fearon, E.R., and B. Vogelstein (1990) A genetic model for 
colorectal tumorigenesis, Cell, 61,759-767. 

Festa, R.S., A.T. Meadows and R.A. Boshes (1979) Leukemia 
in a black child with Bloom's syndrome. Somatic recombi- 
nation as a possible mechanism for neoplasia, Cancer, 44, 
1507-1510. 

Gellert, M., and H. Nash (1987) Communication between 
segments of DNA during site-specific recombination, Na- 
ture (London), 325, 401-404. 

Gilman, J.G. (1987) The 12.6 kilobase DNA deletion in Dutch 
beta-thalassemia, Br. J. Haematol., 67, 369-372. 

Giroux, C.N. (1988) Chromosome synapsis and meiotic recom- 
bination, in: R. Kucherlapati and G.R. Smith (Eds.), Ge- 
netic Recombination, Am. Soc. Microbiology, Washington, 
DC, pp. 465-496. 



12 

Greider, C.W., and E.H. Blackburn (1989) Telomeric se- 
quence in the RNA of Tetrahymena telomerase required 
for telomere repeat synthesis, Nature (London), 337, 331- 
337. 

Hall, J.G. (1988) Review and hypothesis: Somatic mosaicism: 
Observations related to clinical genetics, Am. J. Hum. 
Genet., 43, 355-362. 

Hastings, P.J. (1988) Conversion events in fungi, in: R. 
Kucherlapati and G.R. Smith (Eds.), Genetic Recombina- 
tion, Am. Soc. Microbiology, Washington, DC, pp. 397- 
428. 

Heim, R.A., N.J. Lench and M. Swift (1992) Heterozygous 
manifestations in human cancer-prone syndromes, Muta- 
tion Res., 284, 25-36. 

Higashi, Y., A. Tanae, H. Inoue and Y. Fujii-Kuriyama (1988) 
Evidence for frequent gene conversion in the steroid 21- 
hydroxylase P-450(C21) gene: Implications for steroid 21- 
hydroxylase deficiency, Am. J. Hum. Genet., 42, 017-025. 

Hoffmann, G. (1992) Bacterial assays for recombinagens, Mu- 
tation Res., 284, 125-146. 

Hunt, R.H. (1987) Somatic recombination events in 
mosquitoes: three different karyotypes observed in the 
ovarian nurse cells of individual Anopheles gambiae s.str., 
J. Hered., 78, 41-43. 

lwasato, T., A. Shimizu, T. Honjo and H. Yamagishi (1990) 
Circular DNA is excised by immunoglobulin class switch 
recombination, Cell, 62, 143-149. 

Karsten, W., and I. Kryspin-Sorensen (1988) Penetrance and 
low concordance in monozygotic twins in disease: Are they 
the result of alterations in somatic genomes?, Mol. Re- 
prod. Dev., 1, 63-75. 

Kenne, K. (1988) DNA interacting proteins in normal and 
chromosomally unstable mammalian cells, Thesis, Stock- 
holm, ISBN 91-7900-505-5. 

Kenne, K., and S. Ljungquist (1984) A DNA-recombinogenic 
activity in human cells, Nucleic Acids Res.. 12, 3057-3068. 

Kenne, K., and S. Ljungquist (1987) RecA-like activity in 
mammalian cell extracts of different origin, Mutation Res., 
184, 229-236. 

Kew, O.M., and B.K. Nottay (1984), in: R. Chanock and R. 
Lerner (Eds.), Modern Approaches to Vaccines, Cold 
Spring Harbor Laboratory, Cold Spring Harbor, NY, pp. 
357-362. 

King, A.M.Q. (1987) RNA viruses do it, Trends Genet., 3, 
60-61. 

King, A.M.Q., D. McCahon, W.R. Slade and J.W.L. Newman 
(1982) Recombination in RNA, Cell, 29, 921-928. 

Kirkrwood, T.B.L. (1989) DNA, mutations and ageing, Muta- 
tion Res., 219, 1-8. 

Kleckner, N. (1981) Transposable elements in prokaryotes, 
Annu. Rev. Genet., 15, 341-404. 

Kucherlapati, R.S., J. Spencer and P.D. Moore (1985) Homol- 
ogous recombination catalyzed by human cell extracts, 
Mol. Cell. Biol., 5, 714-720. 

Kuhn, E.M. (1974) Nonrandom localization of mitotic cross- 
ing-over in Bloom's sydrome, Genetics, 77, s37-s38. 

Langlois, S., J.J.P. Kastelein and M.R. Hayde n (1988) Charac- 
terization of six partial deletions in the low-density-lipo- 

protein (LDL) receptor gene causing familial hypercholes- 
terolemia (FH), Am. J. Hum. Genet., 43, 60-68. 

Lehrman, M.A., W.J. Schneider, T.C. Suedhof, M.S. Brown, 
J.L. Goldstein and D.W. Russell (1985) Mutation in LDL 
receptor: Alu-Alu recombination deletes exons encoding 
transmembrane and cytoplasmic domains, Science, 227, 
140-146. 

Lehrman, M.A., D.W. Russell, J.L. Goldstein and M.S. Brown 
(1986) Exon-Alu recombination deletes 5 kilobases from 
the low density lipoprotein receptor gene, producing a null 
phenotype in familial hypercholesterolemia, Proc. Natl. 
Acad. Sci. USA, 83, 3679-3683. 

Lehrman, M.A., J.L. Goldstein, D.W. Russell and M.S. Brown 
(1987) Duplication of seven exons in LDL receptor gene 
caused by Alu-Alu recombination in a subject with familial 
hypercholesterolemia, Cell, 48, 827-835. 

Lieberman, S.W., L.S. Symington and T.D. Petes (1988) Mi- 
totic recombination within the centromere of a yeast chro- 
mosome, Science, 241, 1074-1077. 

Liskay, R.M., and J.L. Stachelek (1986) Information transfer 
between duplicated chromosomal sequences in mam- 
malian cells involving contiguous regions of DNA, Proc. 
Natl. Acad. Sci. USA, 83, 1802-1806. 

Liskay, R.M., A. Letsou and J.L. Stachelek (1987) Homology 
requirement for efficient gene conversion between dupli- 
cated chromosomal sequences in mammalian cells, Genet- 
ics, 115, 161-167. 

Littlefield, L.G., and E.E. Joiner (1986) Analysis of chromo- 
some aberrations in lymphocytes of long-term heavy smok- 
ers, Mutation Res., 170, 145-150. 

Low, K.B., and R.D. Porter (1978) Modes of gene tranfer and 
recombination in bacteria, Annu. Rev. Genet., 12, 249-287. 

Mahajan, S.K. (1988) Pathways of homologous recombination 
in Escherichia coli, in: R. Kucherlapati and G.R. Smith 
(Eds.), Genetic Recombination, Am. Soc. Microbiology, 
Washington, DC, pp. 87-140. 

Malissen, M., C. McCoy, D. Blanc, J. Trucy, C. DeVaux, A.M. 
Schmitt-Verhulst, F. Fitch et al. (1986) Direct evidence for 
chromosomal inversion during T-cell receptor beta-gene 
rearrangements, Nature (London), 319, 28-33. 

Marrak, P., and J. Kappler (1987) The T cell receptor, Sci- 
ence, 238, 1073-1078. 

Marshall, C.J. (1991) Tumor suppressor genes, Cell, 64, 313- 
326. 

Matsuoka, M., K. Yoshid~, T. Maeda, S. Usuda and H. 
Sakano (1990) Switch circular DNA formed in cytokine- 
treated mouse splenocytes: Evidence for intramolecular 
DNA deletion in immunoglobulin class switching, Cell, 62, 
135-142. 

Mohrenweiser, H.W., and I.M. Jones (1990) Review of the 
molecular characteristics of gene mutations of the germline 
and somatic cells of the human, Mutation Res., 231, 
87-108. 

Moulding, C., A. Rappoport, P. Goldman, J. Battey, G.M. 
Lenoir and P. Leder (1985) Structural analysis of both 
products of a reciprocal translocation between c-myc and 
immunoglobulin loci in Burkitt's lymphoma, Nucleic Acids 
Res., 13, 2141-2152. 



Mulkvag, S.L., R. Roberts and M.D. Schneider (1988) Cellu- 
lar oncogenes in cardiovascular disease, J. Mol. Cell. Car- 
diol., 20, 657-662. 

Miiller, H. (1990) Recessively inherited deficiencies predispos- 
ing to cancer, Anticancer Res., 10, 513-518. 

Miiller, H., and R. Scott (1992) Hereditary conditions in 
which the loss of heterozygosity may be important, Muta- 
tion Res., 284, 15-24. 

Muller, H.J. (1950) Our load of mutations, Am. J. Hum. 
Genet., 2, 111-176. 

Myerowitz, R., and N.D. Hogikyan (1987) A deletion involv- 
ing Alu sequences in the beta-hexosaminidase alpha-chain 
gene of French Canadians with Tay-Sachs disease, J. Biol. 
Chem., 262, 15396-15399. 

N6thiger, R., and A. Diibendorfer (1971) Somatic crossing- 
over in the housefly, Mol. Gen. Genet., 112, 9-13. 

Obe, G., and J. Herha (1978) Chromosomal aberrations in 
heavy smokers, Hum. Genet., 41, 259-263. 

Okamoto, M., M. Sasaki, K. Sugio, C. Sato, T. Iwama, T. 
Ikeuchi, A. Tonomura and T. Sasazuki (1988) Loss of 
constitutional heterozygosity in colon carcinoma from pa- 
tients with familial polyposis coli, Nature (London), 331, 
273-277. 

Ottolenghi, S., and B. Gigglioni (1982) The deletion in a type 
of 6°-/3°-thalassaemia begins in an inverted AluI repeat, 
Nature (London), 300, 770-77]. 

Penn, A., S.J. Garte, L. Warren, D. Nesta and B. Mindich 
(1986) Transforming gene in human arteriosclerotic plaque 
DNA, Proc. Natl. Acad. Sci. USA, 83, 7951-7955. 

Plasterk, R.H., M.I. Simon and A.G. Barbour (1985) Transpo- 
sition of structural genes to an expression sequence on a 
linear plasmid causes antigenic variation in the bacterium 
Borellia hermsii, Nature (London), 318, 257-263. 

Porter, R.D. (1988) Mode of gene transfer in bacteria, in: R. 
Kucherlapati and G.R. Smith (Eds.), Genetic Recombina- 
tion, Am. Soc. Microbiology, Washington, DC, pp. 1-41. 

Quertermous, T., W. Strauss, C. Murre, D.P. Dialynas, J.L. 
Strominger and J.G. Seidman (1986) Human T-cell gamma 
genes contain N segments and have marked junctional 
variability, Nature (London), 322, 184-187. 

Reynaud, C.A., A. Dahan and J.C. Weill (1987) A gene 
conversion program during the ontogenesis of chicken B 
cells, Trends Genet., 3, 248-251. 

Rubnitz, J., and S. Subramani (1984) The minimum amount of 
homology required for homologous recombination in 
mammalian cells, Mol. Cell. Biol., 4, 2253-2258. 

Simon, P., C. Decoster, H. Brocas, J. Schwers and G. Vassart 
(1986) Absence of human chorionic somatomammotropin 
during pregnancy associated with two types of gene dele- 
tion, Hum. Genet., 74, 235-238. 

Singer, B.S., L. Gold, P. Gauss and D.H. Doherty (1982) 
Determination of the amount of homology required for 
recombination in bacteriophage T4, Cell, 31, 25-33. 

Sobels, F.H. (1956) Studies on the mutagenic action of 
formaldehyde in Drosophila. II. The production of muta- 
tions in females and the induction of crossing-over, Z. 
Indukt. Abstamm. Vererb. Lehre, 87, 743-752. 

13 

Sobels, F.H. (1957) The possible role of peroxides in radiation 
and chemical mutagenesis in Drosophila, in: G.C. de 
Hevesy, A.G. Forssberg and J.D. Abbatt (Eds.), Advances 
in Radiobiology, 1, Oliver and Boyd, Edinburgh, pp. 449- 
456. 

Stern, C. (1936) Somatic crossing-over and segregation in 
Drosophila melanogaster, Genetics, 21, 625-730. 

Stoye, LP., S. Fenner, G.E. Greenoak, C. Moran and J.M. 
Coffin (1988) Role of endogenous retrovirus as mutagens: 
The hairless mutation of mice, Cell, 54, 383-391. 

Strathern, J.N. (1988) Control and execution of homotallic 
switching in Saccharomyces cereuisiae, in: R. Kucherlapati 
and G.R. Smith (Eds.), Genetic Recombination, Am. Soc. 
Microbiology, Washington, DC, pp. 445-464. 

Subramani, S., and B.L. Seaton (1988) Homologous recombi- 
nation in mitotically dividing mammalian cells, in: R.K. 
Kucherlapati and G.R. Smith (Eds.), Genetic Recombina- 
tion, Am. Soc. Mic¢obiology, Washington, DC, pp. 549- 
574. 

Symington, L.S., and T.D. Petes (1988) Meiotic recombination 
within the centromere of a yeast chromosome, Cell, 52, 
237-240. 

Szostak, J.W. (1989) Telomerase: The beginning of the ends, 
Nature (London), 337, 303-304. 

Szostak, J.W., T.L. Orr-Weaver, R.J. Rothstein and F.H. 
Stahl (1983) The double strand break repair model for 
recombination, Cell, 33, 25-35. 

Temin, H.M. (1991) Sex and recombination in retroviruses, 
Trends Genet., 7, 71-74. 

Therman, E., and E.M. Kuhn (1976) Cytological demonstra- 
tion of mitotic crossing-over in man, Cytogenet. Cell. 
Genet., 17, 245-267. 

Thompson, C.B., and P.E. Neiman (1987) Somatic diversifica- 
tion of the chicken immunoglobulin light chain gene is 
limited to the rearranged variable gene segment, Cell, 48, 
369-378. 

Traverse, K i . ,  and M.L. Pardue (1988) A spontaneous opened 
ring chromosome of Drosophila melanogaster has acquired 
He-T DNA sequences at both new telomeres, Proc. Natl. 
Acad. Sci. USA, 85, 8116-8120. 

Vig, B.K. (1982) Soybean (Glycine max (L.) merill) as a 
short-term assay for study of environmental mutagens. A 
report of the U.S. Environmental Protection Agency 
Gene-Tox Program, Mutation Res., 99, 339-347. 

Vogel, E.K. (1992) Tests for recombinagens in somatic ceils of 
Drosophila, Mutation Res., 284, 159-175. 

Vogel, F. (1979) Our load of mutation: reappraisal of an old 
problem, Proc. R. Soc. London B, 205, 77-90. 

Wasmuth, J.J., and L.V. Hall (1984) Genetic demonstration of 
mitotic recombination in cultured Chinese hamster cell 
hybrids, Cell, 36, 697-707. 

Watt, V.M., C.J. Ingles, M.S. Urden and W.J. Rutter (1985) 
Homology requirements for recombination in Escherichia 
coli, Proc. Natl. Acad. Sci. USA, 82, 4768-4772. 

Wiirgler, F.E., and E.W. Vogel (1986) In vivo mutagenicity 
testing using somatic cells of Drosophila rnelanogaster, in: 
F.J. de Serres (Ed.), Chemical Mutagens, Principles and 



14 

Methods for their Detection, 10, Plenum, New York, pp. 
1-72. 

Zimmermann, F.K. (1992) Tests for recombinagens in fungi, 
Mutation Res., 284, 147-158. 

Zimmermann, F.K., R.C. von Borstel, E.S. von Halle, J.M. 

Perry, G. Zetterberg, D. Siebert, R. Barale and N. Lo- 
prieno (1984) Testing of chemicals for genetic activity with 
Saccharomyces cerevisiae: a report of the U.S. Environ- 
mental Protection Agency Gene-Tox Program, Mutation 
Res., 133, 199-244. 


