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Adaptive reversion of a + I  frameshift mutation in Escherichia coli, which requires ho- 
mologous recombination functions, is shown here to occur by -1 deletions in regions of 
small mononucleotide repeats. This pattern makes improbable recombinational mecha- 
nisms for adaptive mutation in which blocks of sequences are transferred into the mutating 
gene, and it supports mechanisms that use DNA polymerase errors. The pattern appears 
similar to that of mutations found in yeast cells and in hereditary colon cancer cells that 
are deficient in mismatch repair. These results suggest a recombinational mechanism for 
adaptive mutation that functions through polymerase errors that persist as a result of a 
deficiency in post-synthesis mismatch repair. 

A new process of mutation has been de- 
scribed that differs in multiple respects from 
spontaneous mutation in growing cells (1). 
The mutations occur only after exposure to a 
nonlethal genetic selection (2-7), in the 
apparent absence of cell division (3-5, 7), 
and have been termed adaptive because their 
formation has been detected in the eenes - 
whose function was selected but not in 
irrelevant genes (2, 4) [but see (7)]. Adap- 
tive reversion of a lac2 frameshift mutation 
in E. cob requires a distinct group of DNA 
metabolism genes-the genes for homolo- 
gous recombination, which are not required 
for growth-dependent mutation (3, 8). This 
requirement implies that a different molecu- 

, lar mechanism generates the adaptive muta- 
: tions, a mechanism that involves recombi- 

nation. 
I Possible recombinational mechanisms 

for adaative mutation can be divided into 
two brdad classes (8). In the first, templated 
mutation, blocks of information from pre- 
existing DNA sequences that are similar to 
those of the mutating gene (templates) are 
transferred into the 'gene by recombination 
(9-1 1). The preexisting templates need be 
only partially homologous to the mutating 
gene (9). In the second class, nontemplated 
mutation. recombination is reauired but 
the mutant sequences occur de novo (2, 4, 
5, 8, 12, 13). For example, the mutations 
could result from errors made either by an 
RNA polymerase (2, 12) or by a DNA 
polymerase (8, 13), with the errors either 
indirectly (2, 12, 13) or directly (8) associ- 
ated with recombination. 
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These models are distinguishable by the 
sequences of the reversion mutations that 
each predicts (8). If mutations were tem- 
plated from somewhat similar sequences, 
then revertants would usually have the 
same reversion mutation sequence or a 
small subset of sequences, because few suit- 
able temalates should be available. Also. a 
distinctive pattern of co-transfer of extrane- 
ous nucleotide changes near the reversion 
mutations could occur if the information- 
donor template or templates were not per- 
fectly identical to the lac gene. In chicken 
immunoglobulin genes, in which somatic 
hypermutation occurs by this mechanism, 
such a pattern has been observed (14). If 
mutant sequences were formed de novo and 
not templated, then the mutations would 
be expected to occur anywhere in a region 
that is capable of restoring the correct 
reading frame for lac2 function. Also, only 
very rarely would they include any extrane- 

ous nucleotide changes. These predictions 
were distinguished by the sequencing of a 
276-base pair (bp) region spanning the lac- 
+ 1 frameshift mutation among intragenic 
lac+ adaptive revertants (15). 

Post-selection reversion mutations of a 
frameshift mutation (CCC to CCCC) in 
the E. coli lacl-lac2 fusion gene (3) were 
isolated as Lac+ colonies, arising on days 4 
through 6 after plating, as previously de- 
scribed (3, 4, 8) and purified by streaking 
on minimal lactose medium (8). Fieure 1 ~, - 
shows the sequence of a 276-bp region of 
DNA spanning the frameshift mutation. 
This region from Lac+ isolates was ampli- 
fied by polymerase chain reaction (PCR) 
and sequenced (1 6). Compensatory frame- 
shift mutations capable of restoring func- 
tion to the lac2 gene product would have to 
occur between the two stop codons boxed 
in Fig. 1 to avoid creation of a truncated 
polypeptide chain, stopped in an incorrect 
reading frame. All of the lacf reversion 
mutations found are single base deletions in 
the small mononucleotide repeats high- 
lighted in Fig. 1. Figure 2 shows the distri- 
bution of mutations at each site. No extra- 
neous changes were found nearby in any of 
the adaptive mutants whose lac genes were 
sequenced. The observed spectrum of mu- 
tations is characteristic of polymerase errors 
(17). 

We previously found that a hyperrecom- 
binagenic recD mutant strain is adaptively 
hypermutable (8). The hypermutation in 
this strain appears to occur by the same 
mutational pathway as that in rec+, because 
in both strains the hypermutation depends 
on functional recA and recB recombination 
genes (8). These dependencies imply that 
the recD mutation does not activate a new 

Fig. 1. The DNA se- 986 

quence of a region of ~ T C A M C ~ ~ ~ G A ~ ~ ~ ~ C C T O C T ~ ~ ~ O C A M C C A G ~ ~ ~ T G O A C ~ ~ ~ ~  lacl 
Prlrner Ladl 

the lacl-IacZ fusion 
gene that was amplified 
by PCR. The mutant lac l m  1039' 11x0 
gene is the one used ~ O C T O C M C T C T C T C ~ ~ ~ G G C C ~ ~ ~ O C O @ ~ C M T C ~ ~ ~ C T G ~ G ~ G T C T C A C T ~ T G A M  lacl 

previously (3, 4, 8). The 
lacl gene is fused to 
IacZat position 1146 so 
that a frameshift muta- 
tion of CCC to CCCC at 
position 1039 (mutation 
indicated by an aster- 

lacl 

lacl- lacZ - 
isk) is polar on lacZ, tl stop 

making the cells Lac-. 
lntragenic lac+ rever- 1414 

sion mutations could CC~CGCCAGC- lacZ 
potentially restore the Primer L ~ C D  

reading frame by deletion or addition anywhere between the two stop codons (boxed), which occur 
in incorrect reading frames, and would cause translation stops if a compensatory frameshift 
mutation were to occur before (first box) or after (second box). The region was amplified by PCR 
with the LacU and LacD primers indicated (16) and then sequenced (16). Adaptive revertants each 
possess only one single base deletion, all occurring at the underlined bases, all but one of which 
are small mononucleotide repeats. Nucleotide position numbers are those used by Miller (29), and 
the +1 frameshift mutation is not numbered. 
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route to the formation of adaptive muta- 
tions but more intensivelv uses the same 
route that operates in rec+ strains. Thus, a 
correlation exists between the ability to re- 
combine DNA and the ability to generate 
adaptive mutants: The recD cells are hyper- 
recombinagenic (1 8) and for this reason are 
hypermutable (8). If our argument is correct, 
then a similar adaptive mutation spectrum 
would be seen in recD as is seen in rec+. In 
recD, as in rec+, the intragenic adaptive 
mutations (15) are only single base dele- 
tions, and nearly all occur in the regions of 
small mononucleotide repeats (Figs. 1 and 
2). Also, as in rec+, no extraneous nucleo- 
tide changes were found within the region 
sequenced. 

Spontaneous growth-dependent rever- 
sion mutations of the same lac frameshift 
mutation do not reauire recombination 
functions (3, 8) and thus presumably occur 
bv a different mechanism. one that does not 
require recombination. The idea that the 
mechanism are different is supported by the 
observation of a different and much more 
heterogeneous mutation spectrum in grow- 
ing cells (Table l). Whereas only one sort of 
adaptive mutation is observed, the growth- 
dependent mutations include duplications, 
insertions, and deletions of from 1 to 112 
nucleotides, with the smaller deletions not 
confined to mononucleotide repeats (Table 
1). This suggests multiple mechanism of 
growth-dependent mutation but a single 
mechanism of ada~tive mutation. 

The adaptive mutations that restore 
Lac+ function to the + 1 frameshift muta- 
tion in rec+ and recD strains are all single 
base deletions. almost all occurrine in small - 
mononucleotide repeats, and are not ac- 
companied by nearby extraneous muta- 
tions. Mutations such as these are common 
errors of DNA polymerases (1 7), probably 
caused by slippage of the newly synthesized 
strand, which results in mispairing with the 

Nuckotida position 

Fig. 2. Positions of adaptive reversion, single 
base deletion mutations. Nucleotide positions 
are shown in Fig. 1 .  Black bars indicate rec+; 
gray bars indicate recD. 

template during synthesis (1 9). These re- 
sults support recombinational models for 
adaptive mutation that use polymerase error 
as the mechanism of formation of the mu- 
tation. Templated mutation models (9-1 1) 
are made improbable by these results. 

Recombinational models have been pro- 
posed in which polymerase error during nor- 
mal replicative synthesis (13) and during 
unusual DNA synthesis events (2, 4) is 
indirectly associated with recombination. In 
a model with direct association of synthesis 
and recombination, we have suggested that 
repair synthesis associated with recombina- 
tion could be error-prone (8). This mutagen- 
ic recombination model is made tenable by 
observations of mutation that is associated 
with normal homologous recombination 

(20) or sex (or both) (21) in bacteria, yeast, 
and other fungi. In this model, hyperrecom- 
bination would yield hypermutation because 
of the increased opportunity for faulty syn- 
thesis. On the basis of our previous results, 
we argued that recombination is probably 
increased because of the presence of double- 
strand DNA breaks in adaptively mutating 
cells (8). Here we modify this view to 
include a second parameter4ecreased post- 
synthesis mismatch repair-that would pro- 
duce the distinctive mutation spectrum ob- 
served and would further increase mutation. 

The different mutation spectra for 
growth-dependent and adaptive mutations 
could be caused if the polymerase generat- 
ing the adaptive mutations were different 
from the normal replicative polymerase and 

Table 1. Spectrum of growth-dependent mutations (30) 

Nucleotide Strain 

position recf recD 

-110 

-2 with - 1 at 1022* 

+8 (not mononucleotide); 
[(CG)3 to (CG)4] x 2 

- 1 
Duplication of 26 (1 09%1117) 

beginning after 1 1 17 
- 1 
- 1 
(-1) x 3 

Duplication of 67 (1082-1361) 
beginning after 1361 

'These deletions do not restore the correct reading frame but do disrupt or delete the first stop codon indicated 
(Fig. 1) and so are presumably accompanied by a different frameshifting mutation upstream of the sequenced 
region. ?Not part of a mononucleotide repeat. $Including bases not in repeat. 
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made different mistakes more frequently. 
However, a second, perhaps additional, 
explanation appears likely in view of the 
prevalence of the adaptive mutations in 
simple repeats. Template-slippage muta- 
tions in simple repeats are characteristic of 
yeast cells (22) and of hereditary colon 
cancer cells (23-25) that are deficient for 
post-synthesis mismatch repair. Thus, the 
hypermutability caused by apparent poly- 
merase errors in E. coli cells exposed to 
selection could also indicate decreased mis- 
match repair (26). Down regulation of mis- 
match repair during adaptive mutation has 
been suggested (6, 9, 27) but not in a 
context of recombination-dependent, non- 
templated adaptive mutations. In both the 
cancer cells and in the bacteria ex~osed to 
nonlethal selection, the ability to mutate 
adaptively confers the ability to grow and 
divide. Mechanistic as well as formal simi- 
larities in the two processes may exist (28), 
which raises the possibility of bacterial 
model systems for mutagenesis in cancer. 
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Adaptive Reversion of a Frameshift Mutation in 
Escherichia coli by Simple Base Deletions in 

~omopolymeric Runs 

Patricia L. Foster* and Jeffrey M. Trimarchi 

Spontaneous mutations are thought to occur primarily in growing cells. However, spon- 
taneous mutations also arise in nutritionally deprived cells, and in some cases this process 
appears to be adaptive. Here it is reported that when a Lac- strain of Escherichia coli is 
under selection for lactose use, the spectrum of Lac+ mutations that arises is different, and 
simpler, than that arising without selection. Mutations appearing during selection were 
mainly one-base deletions in runs of iterated bases. Similar mutations occurring in repet- 
itive DNA elements are associated with a variety of human hereditary diseases and are 
increased in cells that cannot correct heteroduplex DNA. 

T h e  mechanisms by which spontaneous are intrinsic polymerase errors and endoge- 
mutations arise in growing cells have been nous DNA lesions. Indeed, many of the 
the subject of much research. Two causes of mutations that arise spontaneously in bac- 
spontaneous mutation that are often cited teria and in their viruses are the same types 

of errors as those made by DNA polymer- 
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