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Alternative reproductive cycles make use of different strategies to
generate different reproductive products. In Escherichia coli, recA
and several other rec genes are required for the generation of
recombinant genomes during Hfr conjugation. During normal
asexual reproduction, many of these same genes are needed to
generate clonal products from UV-irradiated cells. However, unlike
conjugation, this latter process also requires the function of the
nucleotide excision repair genes. Following UV irradiation, the
recovery of DNA replication requires uvrA and uvrC, as well as recA,
recF, and recR. The rec genes appear to be required to protect and
maintain replication forks that are arrested at DNA lesions, based
on the extensive degradation of the nascent DNA that occurs in
their absence. The products of the recJ and recQ genes process the
blocked replication forks before the resumption of replication and
may affect the fidelity of the recovery process. We discuss a model
in which several rec gene products process replication forks ar-
rested by DNA damage to facilitate the repair of the blocking DNA
lesions by nucleotide excision repair, thereby allowing processive
replication to resume with no need for strand exchanges or
recombination. The poor survival of cellular populations that
depend on recombinational pathways (compared with that in their
excision repair proficient counterparts) suggests that at least some
of the rec genes may be designed to function together with
nucleotide excision repair in a common and predominant pathway
by which cells faithfully recover replication and survive following
UV-induced DNA damage.

Genetic recombination is universal to all organisms and it is
clearly an important, sometimes essential, component of

many reproductive cycles. However, not all recombination is
beneficial for the cell or organism in which it occurs. When it
occurs at the wrong time in the cell cycle or the wrong place in
the genome, it can create the rearrangements, duplications, and
deletions found in cancer cells, or it can create the deregulated
overreplication of genomic material that occurs during lytic viral
replication. Thus, in trying to understand the biological role of
recombination in a given cellular context, it is important to
consider the strategy and products of the reproductive cycle
being studied.

Different reproductive cycles use different strategies to pro-
duce their own distinct products, and in some reproductive cycles
recombination plays a very clear role. Of the reproductive cycles
that do rely prominently on recombination, many appear to
tolerate or even promote variation among their progeny. Among
eukaryotic organisms, sexual reproductive cycles produce vari-
ation and create progeny that are genetically distinct from their
parents. That variation is achieved in part because genetic
material from more than one cell is used, and in part, because

homologous strand exchanges occur during the reproductive
cycle. Following chromosomal replication in meiotic cells, the
homologous chromosomes are aligned and paired, and numer-
ous strand exchanges occur.

Recombinational strategies are also prominent in many viral
reproductive cycles. In Herpes simplex virus, the progeny are
largely comprised of recombinant genomes (1, 2). Here, the
recombinational exchanges are intimately linked with the onset
of lytic viral replication and have been proposed to be used as
substrates to initiate replication, thereby allowing the virus to
rapidly produce more of its genetic material than it might if it
relied on a unique origin of replication (1, 2). However, the
recombinational replication produces a large, intricate mesh-
work of branched, genomic concatamers rather than discrete
viral chromosomes. Although much of the genetic material
produced will neither form complete genomes nor be packaged
into particles, this strategy is effective because the virus relies
more on mass production than precision in reproducing its
genetic message. Thus, viruses like Herpes use recombination as
a mechanism to escape from the limited genomic doubling that
occurs during processive replication in the host cell. In fact, many
viruses inactivate cellular proteins, such as p53 and Rb, which
otherwise suppress recombinational replication and prevent
genomic rearrangements from occurring (3–6).

Unlike the sexual and viral reproductive cycles noted above,
recombination is not clearly advantageous for all reproductive
strategies. The mitotic (asexual) reproductive cycles of eu-
karyotes produce precisely two genetically identical clones
through processive replication of the parental genome. In gen-
eral, recombination is not detected. On the large chromosomes
of mammals and insects, the number of exchange events between
sister chromatids can be observed directly by labeling them
differentially (reviewed in ref. 7). What is perhaps most striking
about this type of analysis is precisely how few exchanges are
observed in mitotic cells (Fig. 1A). In fact, the few observed
exchanges are primarily caused by the nucleoside analogs or
isotopes (e.g., BrdUrd or [3H]thymidine) used to label the
chromatids for analysis (8, 9). In one study using reduced
concentrations of BrdUrd, no strand exchanges were detected in
a sample of 361 Drosophila cells (8). By analogy, this strand
exchange frequency (i.e., zero) would amount to less than 1
exchange for every 20 cell divisions in human cells and less than
1 for over 10,000 cell divisions in Escherichia coli (9). Although
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such a direct comparison is clearly flawed, the point should not
be lost that recombinational exchanges during asexual cell cycles
are extremely infrequent. When higher frequencies of strand
exchange occur, they appear to be detrimental to the reproduc-
tive success of the cell (Fig. 1 B and C). In mammalian cells, the
frequency of strand exchange correlates quite directly with
genomic instability, cell death, and carcinogenic transformation
and, in fact, is often used as a diagnostic and prognostic marker
in cancer patients (10–13). Thus, whereas the role of recombi-
nation is quite clear in reproductive cycles that tolerate varia-
tions among the quantity or genetic makeup of the progeny,
when recombination occurs during asexual reproductive cycles
the effects often appear to be detrimental.

Considering these examples, can analogies be drawn between
the different reproductive cycles of eukaryotes and prokaryotic
organisms such as E. coli? In our opinion, the different pro-
karyotic cycles appear quite analogous to those of eukaryotes.
Several aspects of bacterial conjugation are similar to the sexual
cycles of eukaryotes (reviewed in refs. 14 and 15). During
conjugational reproduction, new genetic material is transferred
from one parent cell to another and recombinant products can
be isolated, thereby producing progeny that are genetically
distinct from the original parent cells. Furthermore, many
bacteriophage, including T4 and l, use recombination as a
mechanism to amplify their own genetic material during lytic
replication, similar to the amplification strategies of mammalian
viruses (reviewed in refs. 16 and 17). However during asexual
reproduction, as with eukaryotic cells, the frequency of recom-
bination is much less. Using an analysis based on chromosome
linkage during replication, Peter Kuempel (18) estimated that an
exchange event occurs in only 15% of E. coli replication cycles.
The actual value could be significantly lower considering that the
experimental analysis required labeling cells with both BrdUrd
and [3H]thymidine, the same agents known to stimulate sister
chromatid exchanges in mammalian cells. In E. coli, 5-BrUra
(5-BU) is also associated with toxicity and increased levels of
recombination. The bromine group of 5-BU is labile and leads
to the initiation of uracil glycolyase-induced nicks in the DNA
(19). Furthermore, strains that incorporate 5-BU fail to replicate
beyond roughly two generations. Extended growth causes a
lethality that resembles a ‘‘thymineless death-like’’ phenotype
that is also associated with an aberrant hyperrecombinational
form of replication (19, 20). The introduction of the thy-
mutation, which is required so that E. coli will use 5-BU, has also
been demonstrated to increase the recombinational frequencies
and cause abnormal replication patterns in E. coli (20, 21).
Clearly, chromosomal replication is not completely normal in
5-BrUra containing media. Additionally, several observations

(discussed below) suggest that when recombination does occur
in the asexual cycle of prokaryotes, it is often detrimental to the
genomic stability and reproductive success of the cell.

The high frequencies of recombination that occur during
conjugation and phage replication have made these systems
extremely useful for dissecting the mechanism by which recom-
bination occurs. However, these recombinational reproductive
cycles have very different strategies and products from those of
the asexual reproductive cycle, and thus, in trying to understand
the role of recombination in asexual reproduction, it is useful to
consider the differences between the strategies and products of
these processes.

The fundamental mechanism by which cellular replication
occurs (i.e., processive duplication of the genomic template)
provides several intuitive reasons to suspect that strand ex-
changes may confound rather than promote the generation of
the desired clonal products during an asexual reproductive
cycle. Although there are clearly special situations, such as
double-strand breaks or interstrand crosslinks, for which re-
combination may be essential for the repair process, the basic
observations stated above suggest that strand exchange may be
neither a frequent nor productive DNA transaction during the
asexual process of genomic replication. In marked contrast to
this view, however, is the prevailing hypothesis that recombi-
nation serves as an efficient and nearly essential ‘‘repair’’
mechanism, required to maintain genomic stability during
cellular reproduction (22–26).

The concept of recombination as a mechanism of DNA repair
developed from the founding study by Clark and Margulies (27)
in which they identified recA of E. coli as a gene that was required
for genetic recombination. In recognizing the sexual nature of
recombination, the authors defined the process as ‘‘the inheri-
tance by recombinant progeny of double-stranded elements of
DNA derived from two parents’’ and they used an Hfr conju-
gation assay in which they could select for recombinant genomes
based on the inheritance of growth properties from both parents.
Using this technique, they identified recA and, subsequently,
several additional genes involved in the formation of recombi-
nant molecules during bacterial sex. Clark and Margulies also
made the important observation that many of their recombina-
tion-deficient mutants were hypersensitive to UV light and
ionizing radiation during the normal asexual reproductive cycle.
Based on these observations, Howard-Flanders and Theriot (28)
speculated that recombination may additionally operate during
asexual reproduction as a mechanism for repairing DNA lesions
such as those generated by UV light. To test this possibility,
Howard-Flanders and his colleagues (29) reasoned that if recA
promotes recombinational DNA repair, then that should be most

Fig. 1. Visualization of sister chromatid exchanges during genomic replication in human cells. By growing cells in the presence of the thymine analog, 5-BrUra,
for two generations, sister chromatids can be differentiated by using Giemsa stain. Exchanges between sister chromatids can then be observed directly by the
staining pattern. (A) In normal human cells, semiconservative replication is maintained and few, if any, exchanges are observed. (B) However, cells from patients
with the cancer-prone disorder of Bloom’s syndrome lack a RecQ homolog that allows recombination to occur more frequently between sister chromatids. (C)
Sister chromatid exchanges can also be induced in normal cells by treatment with carcinogenic agents such as MMS. [Photos taken from Sister Chromatid
Exchange, S. Wolff, ed. (Copyright 1982; this material is used by permission of John Wiley & Sons, Inc.; ref. 7) and from The Chromosomes in Human Cancer and
Leukemia, A. A. Sandberg (Copyright 1990; McGraw–Hill Companies, Inc.; ref. 62).]
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easily revealed in a uvrA mutant that cannot remove UV-induced
lesions from its genome because of a defect in nucleotide
excision repair. Indeed, they found that a recA mutation further
sensitized uvrA mutants to UV irradiation and thus concluded
that the survival promoted by recA could represent a recombi-
national mechanism of repair, independent of excision repair
(Fig. 2A). Following this initial interpretation, it was assumed in
many subsequent studies that recA promotes recombinational
repair. Investigators then went on to characterize the molecular
events occurring in uvr mutants with the belief that the observed
phenotypes must have resulted from this new repair pathway.
These subsequent studies in uvr mutants revealed that the very
limited replication occurring after UV irradiation was fragmen-
tary and accompanied by high frequencies of strand exchanges
(30–33). Because these events were assumed to represent repair,
a model was proposed in which RecA promoted recombination
as a mechanism to reconstruct genomes from the partially
replicated sequences of undamaged regions. Because of the
extreme hypersensitivity of recA mutants to UV, the general
view evolved that the proposed recombinational function must
represent a major repair pathway, required for cellular survival
and genomic stability (30–33).

Considering that recA was discovered through a recombina-
tion assay and that recombination was the only known phenotype
associated with recA, the proposal was very reasonable, and it led
to a line of investigation that has unquestionably provided an
immense amount of information about the genetic elements
involved in recombination. However, today we know much more
about the different strategies of reproductive cycles and more
specifically about RecA function itself, which allows for addi-
tional and alternative possibilities. For example, we now know
that RecA itself is central to the induction and regulation of over
three dozen genes (termed the SOS response) in response to the
arrest of replication (reviewed in ref. 34; see also ref. 35). When
one examines the functions of the genes that are induced, one is
struck by the observation that most of them have nothing to do

with recombination, but instead center on the task of restoring
processive replication. Among the genes up-regulated by RecA
are the uvrA and uvrB genes, which are required for removing
UV-induced lesions from the DNA template. Recently, this
induction was shown to be critical for efficient DNA repair and
survival of E. coli following moderate UV doses (36). Indeed, in
the absence of the SOS response, there is very poor repair of the
predominant UV-photoproduct, the cyclobutane pyrimidine
dimer. Although the SOS-controlled excision repair is recA-
dependent, it would be expected to reduce rather than increase
the need for recombination to deal with the problems of
UV-induced genomic stress. Other genes up-regulated by RecA
include at least three DNA polymerases, polB, dinB, and umuCD
(Pol II, Pol IV, and Pol V), thought to operate in translesion
DNA synthesis, a process that by its nature does not require
recombination. It helps the replication machinery processively
overcome DNA lesions that otherwise block replication (37–39).

Based on these recent advances, we have reexamined the
original question, Is recombination an efficient mechanism for
repairing DNA damage? (40). A simple alternative that the
initial speculation and experiments could not address, and that
may be worth reconsidering now, is that recA function may not
be specific to recombinational processes. Perhaps recA is re-
quired for a fundamental step common to both types of repro-
ductive cycles; one that is necessary to achieve the recombinant
products of Hfr conjugation and the clonal products of asexual
replication. Even though the end products of each reproductive
cycle are unique, the same recA function may be needed to
successfully complete both processes, a perspective that we have
recently considered in greater depth (40).

If the authors of these original studies had the benefit of what
is now known about the different reproductive cycles, recA
function, and genomic replication, they might have alternatively
suggested that recombination is not a predominant repair path-
way—a reasonable conclusion considering the dramatically
higher UV resistance of wild-type cells compared with that of
either uvrA or recA mutants (Fig. 2B). Clearly, the survival
promoted by recA is synergistically increased in the presence of
excision repair, a phenomenon that was not addressed in the
original study, nor in most subsequent studies that have focused
on recombinational pathways of recovery. Fundamental genetics
would argue that the contributions of truly independent path-
ways should be additive. Yet, the UV survival of wild-type cells
reduces to almost zero in the absence of either gene, suggesting
that the recovery in wild-type cells requires that both genes are
functional. From a practical point of view, the survival curves
suggest that the ability of recA to promote recombination is
virtually useless for cellular survival. Considering the survival of
uvr mutants, the potentially minor contribution from recombi-
nation is further diminished if one considers that in the presence
of recA, the polmerases Pol II, Pol IV, and Pol V are promoting
survival by bypassing some lesions. Furthermore, it should be
noted that RecA is a direct participant in the translesion
synthesis carried out by Pol V, a process that clearly does not
depend on recombination. One cannot avoid the conclusion that
the vast majority of RecA-catalyzed events are, in fact, epistatic
with excision repair. Although strand exchanges and some
limited fragmentary replication are observed when uvr mutants
are UV-irradiated, these populations also contain high levels of
lethality, mutagenesis, and genomic rearrangements. This leads
to the possibility that the few surviving cells could represent
‘‘lucky individuals’’ that either survived the recombinational
exchanges or did not undergo extensive strand exchanges at all.
The fact that significant levels of strand exchanges are observed
in the uvr2 populations in which replication does not recover
normally could suggest that these strand exchanges represent a
potentially lethal consequence of DNA lesions that cannot be
repaired normally.

Fig. 2. The average number of UV-induced lesions that results in lethality is
plotted for each E. coli strain. (A) Focusing on the question, Can recombination
promote recovery following UV irradiation?, it has been suggested that
because a uvrA mutant is more resistant to UV irradiation than a uvrArecA
mutant, recA may promote survival in the uvrA mutant by recombining
around DNA lesions. (B) However, focusing on the question, How do cells
recover following UV irradiation?, one might conclude that the recombina-
tion does not significantly contribute to the recovery seen in wild-type cells
(lesion numbers plotted: uvrA, 60; recA, 22; uvrArecA, 1.5; wild type, 3,600; as
reported in ref. 28).
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It seems reasonable that the phenotypes classically associated
with recombinational repair could also be generated when
blocked replication forks are prevented from recovering nor-
mally. Again, looking to analogies in eukaryotes, it is known that
defects in human cells that prevent the recovery of replication
produce similar phenotypes. Cells from the xeroderma pigmen-
tosum variant (XPV) complementation group exhibit the same
clinical features as classical, excision-repair-deficient, XP pa-
tients (sunlight sensitivity and cancer predisposition). However,
following UV irradiation the XPV cells are proficient in repair-
ing UV lesions. Yet, despite their ability to repair DNA lesions,
replication does not recover and limited fragments of nascent
DNA are generated. Additionally, the abnormally high frequen-
cies of strand exchanges that are associated with repair-deficient
XP complementation groups are not observed in XPV cells
(41–43). Although such observations initially led to the inter-
pretation that XPV cells were defective in recombinational
repair, the results of more recent studies and the cloning of the
XPV gene have shown that these phenotypes are produced by a
homolog of the E. coli dinB gene that allows replication to
continue processively through the otherwise blocking DNA
lesions (41, 44). Thus, recombination is neither necessary nor
desirable in that case.

A Common Pathway Involving Both Nucleotide Excision Repair
and rec Genes
Several studies, including our own, have linked the synergism
between recA function and excision repair, to an effect on the
recovery of replication following UV irradiation (21, 45–47).
Furthermore, other studies have observed a strong correlation
between the time at which replication recovers and the time at
which DNA repair is almost complete (45, 48, 49). To explain
these observations, we have considered the possibility that
during the asexual reproductive cycle, RecA function does not
normally promote recombination to circumvent DNA lesions,
but rather that it is needed to maintain and process replication
forks that are blocked by DNA lesions so that those lesions can
be removed as shown in Fig. 3 (21, 40, 45). Of course, if the
offending lesion can be repaired, then there is no need for
recombination to occur.

A connection between the rec genes, nucleotide excision
repair, and the recovery of replication was also made by P. K.
Cooper and P.C.H. (48, 50) while characterizing a phenomenon
they termed long-patch excision repair. The authors originally
reported that the size distribution of the nucleotide excision
repair patches in UV-irradiated E. coli was bimodal. Short
patches appeared at early times and were shown to be due to
normal nucleotide excision repair. At later times, correlating
with the recovery of DNA replication, long patches were ob-
served that were dependent on recA, recF, and the nucleotide
excision repair genes. Furthermore, the long patches were shown
to localize primarily at DNA replication forks and were found to
be either 1,500 bp or greater than 9,000 bp in size (48, 51),
corresponding to the DNA sizes expected for Okazaki fragments
on the lagging-strand and leading-strand DNA synthesis, respec-
tively. At the time, the authors simply noted that the long patches
were important for the recovery of replication. In light of present
knowledge however, several of these features are remarkably
consistent with a mechanism for the processive recovery of
replication as presented in Fig. 3.

Using different techniques to identify genes that are required
for the recovery of chromosomal replication when it is blocked
by UV-induced DNA damage, we observe that replication does
not recover in the absence of the rec genes, recA, recF, and recR,
or the nucleotide excision repair genes, uvrA or uvrC (Fig. 4 and
ref. 21 and 45). It remains likely that additional genes will be
required in this process, but many have not yet been examined
directly. One of the earlier suggestions for an alternative role of

the rec genes during asexual replication came from the studies by
Hori and Suzuki (52). By examining the fate of the genomic
DNA after UV irradiation, they found that a rapid and complete
degradation of the entire genome occurred in the recA mutants,
something that did not occur in either wild-type or uvrA mutants.
Furthermore, the genomic degradation only occurred if the recA
mutants were actively replicating DNA at the time of irradiation.
Through pulse–chase labeling techniques, they also found that
the degradation initiated from the replication forks and proces-
sively degraded back from these points, leading them to initially

Fig. 3. Working model for the recovery of replication at a blocking DNA
lesion.
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propose that RecA plays a role in protecting the DNA at
replication forks when they are blocked by DNA damage.

Using a similar technique, we examined the degradation of
both the genomic DNA and the nascent DNA at the blocked
replication forks and observed that limited degradation of the
nascent DNA at blocked replication forks occurs in wild-type
cells at times before the recovery of replication. In the absence
of either recF or recR (when replication does not recover), the
nascent DNA degradation is much more extensive (Fig. 5 and
ref. 21). We interpret this to mean that recF and recR are needed
to protect and maintain the DNA strands of the replication fork
when it is blocked by DNA damage. Interestingly, although uvrA
and uvrC mutants also fail to recover replication, the nascent

DNA of the blocked replication forks remains protected (45).
This observation we interpret to suggest that although the rec
machinery can function to protect and maintain the replication
fork, replication cannot efficiently resume because the blocking
lesion has not been removed.

In characterizing the nascent DNA degradation, we demon-
strated that other recF pathway genes, recJ and recQ, are

Fig. 4. The recovery of replication following UV irradiation requires both the
nucleotide excision repair genes and the recA and recF genes. The amount of
replication occurring within 1 h postirradiation was analyzed by alkaline CsCl
density gradients. Cells prelabeled with [14C]thymine were either UV-
irradiated or mock-treated. Cells were then filtered and grown in media
containing [3H]BrdUrd for 1 h to density label the replication occurring during
this period. [Adapted with permission from ref. 21 (Copyright 1997, PNAS) and
ref. 45 (Copyright 1999, Am Soc. Microbiol.).] Whereas little replication occurs
in irradiated recA, recF, or uvrA mutants, wild-type cells and recBC mutants
recover replication within this time period.

Fig. 5. Degradation or processing of the nascent DNA at blocked replication
forks following UV irradiation in various mutants. (A) A 10 s pulse of [3H]thy-
midine is added to [14C]thymine-prelabeled cells immediately before the cells
are filtered and irradiated with 25 Jym2 in nonlabeled medium. To assay for
degradation, the fraction of radioactivity remaining in the DNA, as measured
by TCA precipitation, is plotted against time. (B) The loss (or degradation) of
14C genomic DNA (open symbols) can be compared with the loss of the 3H DNA
synthesized at the growing fork just before irradiation (closed symbols). In
wild-type cells, no DNA degradation is detected in the absence of UV irradi-
ation. Following UV irradiation, limited degradation at the growing fork is
detected at times before the recovery of replication. (C) In recA mutants, both
the nascent DNA and the entire genomic DNA is rapidly degraded. In recF
mutants, approximately half of the pulse-labeled nascent DNA is degraded. In
uvrA mutants, the nascent DNA degradation is similar in extent to that in
wild-type cells. In recJ or recQ mutants, no detectable degradation of nascent
DNA occurs. In recBC mutants, the nascent DNA degradation is similar in
extent to that in wild-type cells. [Adapted with permission from ref. 45
(Copyright 1999, Am. Soc. Microbiol.) and from Mol. Gen. Genet., “RecQ and
RecJ process blocked replication forks prior to the resumption of replication in
UV-irradiated Escherichia coli,” J. Courcelle & P. C. Hanawalt, 262, pp. 543–551,
figures 2 and 3 (Copyright 1999, Springer-Verlag; ref. 53).]
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responsible for the degradation and appear to preferentially
degrade the nascent lagging strand of the blocked replication
forks before their resumption (Fig. 4 and ref. 53). Interestingly,
RecQ homologs in yeast, Drosophila, and humans have been
found to play critical roles in maintaining processive replication
and suppressing strand exchanges from occurring (Fig. 1B;
reviewed in ref. 54). In E. coli, RecQ acts by increasing the
single-strand region at blocked replication forks, creating a much
larger substrate on which the RecA protein may bind and
stabilize. Perhaps as is seen in other organisms, this action may
help prevent recombination from occurring during replication.
Potentially reflective of this role, RecQ has recently been shown
to reduce the frequency of illegitimate recombination in E. coli
as well (55).

Several aspects of the mechanism by which excision repair
synergistically enhances the recovery promoted by these rec
genes remain to be determined. One question that arises from
transcriptional studies is, How does the excision repair machin-
ery gain access to a lesion that may be hidden or obstructed by
a blocked polymerase? In the case of transcription, an RNA
polymerase blocked at a DNA lesion is known to prevent access
and lesion recognition by the excision repair machinery (56, 57).
Before repair can occur in E. coli, a special helicase-like protein,
encoded by mfd, is needed to displace the RNA polymerase and
transcript. In mfd mutants, transcription-blocking lesions are not
rapidly repaired and the cells are moderately UV sensitive. One
might expect that for excision repair machinery to access and
repair the DNA lesion, the replication machinery and nascent
DNA will also have to be transiently displaced. By analogy,
perhaps a helicase, such as RecG, is required to displace the
replication machinery and nascent DNA to effect repair. It is
worth noting that RecG catalyzes branch migration on three-
stranded branched substrates with a polarity that would be
required for this function (58). Also of interest is the reported
observation that recG shares a significant degree of homology
with mfd and confers a moderate degree of hypersensitivity to
UV irradiation when mutated (59). At present however, no
direct experimental test of RecG action in replicational recovery
has been reported.

Additional genes, of which many display poor viability or
confer a UV-sensitive phenotype when mutated, have been

speculated to be involved in the recovery of blocked replication
forks, but have yet to be examined experimentally. Because any
number of critical biological steps might be responsible for these
viability problems, it will be important to ascertain where and
when the defects in each of these mutants are manifested in the
reproductive cycle. One surprising example of the need to carry
out this rigorous scrutiny comes from the study of recBC
mutants, which are deficient in double-strand-break repair.
Based on their UV-sensitive phenotype and poor viability during
growth, it was initially speculated that replication forks may
frequently collapse to form double-strand breaks at DNA lesions
and that RecBC was then required for replication recovery (60).
However, multiple studies, including our own, have reported that
the recovery of replication occurs quite normally in recBC
mutants following UV irradiation, despite their hypersensitivity
(21, 53, 61). Thus, in the case of recBC, and possibly other genes
as well, survival analysis in itself does not provide adequate
information to conclude that a gene is involved in the recovery
of replication forks that are blocked by UV-induced lesions.

In our opinion, the poor survival and recovery of populations
dependant on recombinational repair pathways (compared with
that in their uvr1 counterparts) suggests that the rec and uvr
genes may be designed to cooperate in a common and predom-
inant pathway by which cells faithfully recover replication fol-
lowing DNA damage. Although recombination is vital to many
cellular processes and is certainly essential to the generation of
diversity, adaptation, and evolution, perhaps during asexual
replication it does not efficiently promote cellular survival.
Genomic replication appears to accomplish its monumental task
of duplicating multimegabase chromosomes at high fidelity by
maintaining a symmetry throughout this process. Although the
recombination proteins are indeed central to this process, it is
worth reflecting more broadly on their possible roles to accu-
rately describe how they function; taking a step back from the
molecular level to the cellular level, to appreciate the symmetry
and stability of the overall replication process.
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