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When subjected to selective conditions that impose starvation, a bacterial population can 
accumulate mutations, called adaptive, that allow colony formation. Here, the reversion 
of a lac allele under selective conditions, in a model system using Escherichia coli with 
the lac mutation on an F' plasmid, was shown to require the conjugational capacity of the 
plasmid. Reversion associated with transfer was shown, and when the samelac allele was 
chromosomal, reversion to Lac+ was 25 to 50 times less frequent. Postplating reversion 
was 25 times less when mating was inhibited by the presence of detergent. Mutability 
associated with conjugation provides new ways of thinking about the origin of adaptive 
mutations. 

T h e  notion that mutations are adaptive 
was dispelled more than 40 years ago by the 
observations that: (i) Bacteria resistant to a 
lytic phage were present in cultures before 
the addition of the phage used to select 
those resistant mutants (1). (ii) Bacteria 
resistant to streptomycin were present be- 
fore the addition of the drug used to select 
the mutants (2). The enthusiasm for rejec- 
tion of the possibility of adaptive or direct- 
ed mutations (those occurring because they 
provide a selective advantage) may have 
been premature, because the selections used 
were lethal and the mutations selected were 
recessive (3-5). Reversion of microbial loss- 
of-function mutants has provided a conve- 
nient tool for the investigation of mutagen- 
esis under less severe conditions (3, 4, 6). 
Because cultures of such mutants can be 
deposited on a semisolid selective medium, 
rare mutational events that result in recov- 
ery of that function can be readily detected 
as those that allow colonv formation. Mu- 
tant Lacf colonies, arising from a popula- 
tion of lac- Escherichia coli deposited on 
minimal medium with lactose as the sole 
carbon source (4), continued to appear dur- 
ing prolonged selection and did not accu- 
mulate when the bacteria were starved in 
the absence of the selective carbon source. 
This increase occurred in the absence of the 
accumulation of other unselected mutation- 
al events. These observations provoked the 
hypothesis that the reversion mutations 
were adaptive. 

Although the early experiments suffer 
from many uncertainties (7), much of the 
recent work on this problem, confirming 
and extending the primary observations (8- 
1 I) ,  has used an E.  coli strain (FC40) that 
contains a chromosomal lac deletion and an 
F' Lac episome with a revertible lac allele 
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(8). This lacI-lac2 fusion allele, lacI33, is out 
of frame for the lac2  ort ti on of the seauence 
and constitutes the indicator of mutation to 
lacf. Because of potential nonsense triplets, 
only frameshift events within about 100 
nucleotides in the lac1 portion of the con- 
struct can give rise to h Z +  revertants. 
FC40 yields new Lac+ colonies for many 
days after being plated under the selective 
conditions (8). After a few days, 90 to 95% 
of the revertants present on the plates seem 
to be the result of mutations that occur on 
the plate (8). The revertants that appear 
during prolonged selection have a different 
spectrum of sequence changes than do the 
mutations that arise during unselected ex- 
ponential growth (12). These latter obser- 
vations, together with some genetic evi- 
dence (lo),  suggest that they are the prod- 
uct of DNA replication errors in the ab- 
sence of net growth of the parental cell 
population. The origin of this replication 
process has been the subject of several mod- 
els involving recombination, residual cell 
growth, hypermutable states, and partial ge- 
nome amplification [reviewed in (5)]. We 
show here that a signal for F' conjugal 
transfer, or transfer itself, could provide the 
localized DNA replication in either the do- 
nor or the recipient cells or both, that 
appears to be responsible for the appearance 
of adaptive mutants. 

In these experiments, the cultures of 
strains carrying the lac133 allele were plated 
on minimal lactose plates with an excess of 
scavenger cells (8). A scavenger is used to 
deplete the plates of residual metabolites 
that could permit some growth of the re- 
vertible indicator strain on the selective 
medium (8). The scavenger strain (FC29) 
differs from FC40 because it is rifam~icin- 
sensitive and carries in its F' plasmid a 
nonrevertible deletion of the lac oweson 
that cannot complement or recombine with 
the revertible episome to give lac+. 

Because the mutational target is present 
on an F' plasmid, we explored the possibil- 
ity of an involvement of episome transfer 
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on the appearance of the lac+ mutants. 
After reaching stationary phase, cells with 
an F' can temvorarilv lose the surface ex- 
clusion phenotype and behave as F' recipi- 
ents without the loss of their sex factor 
(13). To  determine whether lac reversion 
could be associated with such transfer dur- 
ing the starvation on the selective plates, 
we used the fact that streptomycin-sensitive 
cells, pretreated with the antibiotic, can act 
as episome donors to streptomycin-resistant 
cells (14) even though their viability is lost 
within a few minutes of addition of the 
drug. A streptomycin resistant (Smr) deriv- 
ative of the scavenger strain was isolated 
(PR287) and an excess of this scaveneer -, 

ilOlO) was mixed in streptomycin contain- 
ing soft agar with lo9 streptomycin-sensi- 
tive (Sm" FC40 cells and layered on min- 
imal lactose plates containing streptomycin 
(100 pdml). The plates, incubated at 37OC, 
were examined daily and showed that Lac+ 
Smr colonies accumulated with time (15) 
(Fig. 1). Thus, the indicator allele in FC40 
could be transferred to the Smr scavenger - 
cells and experience mutation to lac+. 
When we ~rovided scaveneer cells in a - 
separate agar layer by first depositing them 
on plates in soft agar and then adding the 
indicator strain in another layer of soft agar, 
virtually no Lacf Smr colonies appeared 
(Fig. 1). Thus, physical proximity between 
cells from the two strains is necessary in 
order to obtain Lac+ Smr revertants. 

The evidence for mutation-accompa- 
nied episome transfer under these experi- 
mental conditions ~rovoked the question 
of whether or not such transfer, or the 
capacity for such transfer, could be essen- 
tial for the events that give rise to the 
Lacf revertants on the selective plates. If 
conjugation was involved, the rate at 
which postplating Lac+ revertants appear 
would be expected to be enhanced with 
increasing concentrations of potential 
conjugation partners; that is, scavenger 
cells. To  examine this possibility, about 
10' indicator (FC40) cells were mixed 
with increasing numbers of scavenger cells 
and deposited in soft agar on minimal 
lactose plates previously layered with 101° 
scavenger cells. The increase in the con- 
centration of scaveneer cells mixed with - 
the indicator cells was accompanied by 
a modest increase in the rates of ac- 
cumulation of the revertant Lacf colonies 
(Fig. 2). 

Among late-appearing colonies, an in- 
crease in the concentration of scavenger 
cells would be expected to result in an 
increased likelihood of the presence of lac+ 
mutant episomes in scavenger bacteria. The 
drug resistance genotypes of several hun- 
dred Lac+ colonies that appeared on day 6 
were analyzed in order to distinguish be- 
tween the indicator (FC40) and the scav- 



enger (PR287) backgrounds (16). When 
indicator cells were deposited without an 
admixture of scavenger cells, all of the re- 
vertants bore the drug resistance genotype 
of the FC40 indicator strain. When the 
FC40 cells were mixed with 2 x 10'' 
PR287 scavenger cells, 40% of the colonies 
displayed the drug resistance genotype of 

the scavenger, and an additional 10% 
showed the presence of cells with the scav- 
enger genotype as well as cells with the 
indicator genotype. These mixed colonies 
are likely to be products of conjugational 
transfer occurring after a clone of lac+ mu- 
tants had been established. The remaining 
colonies were of the indicator genotype 

Fig. 2. Effect of cell density on the 300 - 
yield of mutants after plating. Mini- 
mal M9 lactose plates (26) were 
overlaid with 0.2% lactose soft agar , 250 - 
containing 1 OiO scavenger cells. % 
Samples with 1.5 X lo8  indicator 

O 

a" 200 - (FC40) cells from one culture were 2 
then mixed with increasing num- 
bers of scavenger cells. 0 (circles), 1 2 150 - 
X lo9 (downward-pointing trian- 3 
gles), 5 x lo9  (squares), and 2 x 5 
1 OiO (upward-pointing triangles). 8 100 - 
The mixtures, in 0.2% lactose soft L 
agar, constituted the top layer. 3 
Each point represents the mean of 

50 - 
the daily counts of six plates. Error 
bars represent the standard errors. 0  

1 2  3  4  5  6  

Days 

Fig. 1. F' plasmid transfer and re- 100 I I I I I 

Fig. 3. The accumulation of lacf 100 I I a I I , 
revertants for a chromosomal allele 
of lac133. 1 O9 cells from strains car- 
rying the lac133 allele either on an 5 80 - 
episome (PR321) (open circles) or 
on the chromosome (PR269) (filled 3 
circles) (1 7) were layered on mini- $ 60 - 
mat-lactose plates together with a 6- 
10-fold excess of M I  82 scavenger 
cells. Points represent the daily 3 40- 
means of the lact colonies from 'g 
100 independent cultures. Error 2 
bars represent standard errors. + 20- 

2 
'' 

0  - 
2 3 4 5 6 7 8 9  
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version of a lac frameshifl mutation. 
About 1 O9 Smr cells from an FC40 
(lac133) culture (7) were used for 2 80- 
each plate (29). These cells and a 
10-fold excess of Alac Smr scaven- 0 

ger cells (7) were mixed in soft agar $ 60 

only. In a similar test, when only lo9 scav- 
enger cells were present, 20% displayed the 
drug resistance genotype of the scavenger 
cells and 3% were mixed. 

- 

These observations are consistent with 
the proposal that conjugation plays a role 
in these reversion events. However, most 
of the Lacf colonies were nevertheless of 
the indicator genotype. If conjugation is 
indeed required for reversion, conjuga- 
tion-specific replication of the F' in the 
donor, provoked by initiation of the con- 
jugation process, could provide the sub- 
strate for reversion without requiring suc- 
cessful euisome transfer to another cell. 

containing streptomycin and plated 
on minimal lactose plates with 
streptomycin (100 pg/ml). The lacf 
Smr colonies (filled triangles) accu- 

Alternatively, the low plate concentration 
of the indicator bacteria raises the uros- 

mulate with time. These colonies +g 
must be reverted products of the 2 20- 
transfer of the indicator episome to " 
an Smr scavenger cell. No signifi- 
cant accumulation of lacf Smr col- 0  

pect that such transfer could occur within 
the same bacterium. 

To further examine the proposal that 
the observed mutability is characteristic of 
its presence on an F' plasmid, we intro- 
duced the lac133 allele into its normal chro- 
mosomal location, creating strain PR269 
(17). In parallel, we constructed in the 
same background a strain PR321 that car- 
ried the FC40 F' plasmid (18). When the 
latter strain was plated on lactose minimal 
plates, it behaved qualitatively like FC40, 
as shown by the continuous appearance of 
Lac+-revertants during several days of incu- 
bation (Fig. 3). The frequency of mutants 
that occurred during unselected growth in 
liquid medium and the rate of accumulation 
after day 2 on the selective plate were about 
10 times less in this background than in the 
FC40 strain. This is consistent with ~ rev i -  

- 

ous observations showing that the back- 
ground from which FC40 is derived (P90C) 
displays elevated episomal lac reversion 
rates when compared with another E. coli 
background (19). Analysis of the postplat- 
ing reversion of the chromosome-borne 
lac133 allele in strain PR269 showed that 

onies was observed when the two 
I I I I I I 

1 2 3 4 5 6 7 8  
strains were separated by deposit- Days 
ing the FC40 cells over minimal-lac- 
tose streptomycin plates previously overlaid with the excess of scavenger cells (open triangles). Each 
point represents the mean from 10 independent FC40 cultures with its standard error. Pailwise samples 
from the same cultures were plated mixed and separated from the scavenger. 

the rate of accumulation of revertants was 
25 to 50 times less than for the chromo- 
somally isogenic strain with lac133 on the 
episome (Fig. 3). The residual time-depen- 
dent accumulation of lac revertants of the 
chromosomal allele has not been investieat- 
ed but could reflect the uncovering of-low- 
frequency revertants with a spectrum of re- 
duced growth rates on lactose. 

Our final evidence for ' the reauirement 
of a capacity for episome transfer in the 
generation of postplating revertants was ob- 
tained by physical impairment .of conjuga- 
tion. A low concentration (0.01%) of the 
detergent SDS dissociates mating pili into 
subunits and interferes with cell aggregation 
and conjugational transfer (20). This low 
concentration of SDS severely reduced the 
conjugation capacity of FC40, although it 
did not affect the growth rate in liquid 
culture. the viabilitv under starvation con- 
ditions on a semisolid medium (21 ), or the 
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Fig. 4. Effect of detergent on the 
appearance of postplating rever- 
tants. Strain FC40 was grown from 
an inoculum of 1 O3 bacteria per cul- 
ture in minimal 0.1 % glucose medi- 
um containing 0.01 % SDS. Ten 
samples containing 3 x 1 O7 cells 
from one culture were then mixed 
with 10'O scavenger FC29 cells 
each and plated on minimal lactose 
with (open circles) or without (filled 
circles) 0.01 % SDS (n = 10). 

Days 

plating efficiency of Lac+ cells, under con- 
ditions used to detect Lact revertants. The 
presence of SDS in the selective plates 
markedlv reduced the rate of accumulation 
of Lac revertants during the postplating in- 
cubation. whereas it did not alter the vield 
of early mutant colonies that are presum- 
ably products of mutations occurring during 
the period of unselected growth in liquid 
(Fig. 4). Similar results were obtained with 
cells that were initially grown in the pres- 
ence or absence of 0.01% SDS (22). 

Thus, our experiments suggest a re- 
quirement for the formation of mating 
aggregates in order to obtain postplating 
Lac revertants with strain FC40. Results 
obtained with a Salmonella system (23) 
provide evidence for a similar conclusion. 
Vigorous F' transfer in agar surface lawns 
of E. coli populations subject to nonlethal 
selection has been observed (24).  The ~ . ,  

conjugation-provoked replication of the 
F' plasmid in nongrowing cells could dis- 
play a characteristic mutability or enlarge 
the pool of targets for new mutations as 
the result of a net increase in the plasmid 
population. The basis for the reported re- 
quirement for recombination functions (8, 
1 I ) is unclear but could reflect a need for 
those functions. under starvation condi- 
tions, to allow conjugation to occur or to 
process conjugation products. The conju- 
gation-associated replication of the epi- 
some, either in the indicator or the scav- 
enger cells, could provide the localized 
DNA synthesis required for the accumula- 
tion of the adaptive mutants (10, 12). If 
mismatch repair were slow in starving 
cells, as suggested by Stahl (25), a tran- 
sient lac+ DNA sequence could be tran- 
scribed, providing a source of energy that 
allows the replication and fixation of the 
revertant seauence. 

A perhaps simpler hypothesis would sug- 
gest that the lactose requirement for the 
appearance of new mutants reflects a low 
level of lactose metabolism in the FC40 
indicator cells ( 9 ) ,  that is inadequate for 

cell du~lication but sufficient for ~ i l u s  as- 
sembly and plasmid replication. The report- 
ed 'failure of lac+ mutants to accumulate 
when the lactose selection is carried out 
under conditions lacking a required amino 
acid (8) would be consistent with this hy- 
pothesis: The predominance of revertant F' 
plasmids in the indicator cells could reflect 
the greater stringency of the lac deletion 
allele in the scavenger cells and the conse- 
quent difficulties in replication of trans- 
ferred DNA. 

Whatever the mechanism that will ulti- 
mately be elaborated, a role for conjugation 
in the occurrence of mutations under con- 
ditions of selection stress introduces a new 
consideration and could have implications 
when mechanisms of evolutionary change 
are conside~ed. 

Note added in proof: Foster and Trimarchi 
have described observations showing that 
the RecA-dependent yield of postplating 
revertants of the lac133 allele "requires that 
the lac allele be on the episome and is 
enhanced by the expression of conjugal 
functions" (30). 
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