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Abstract
Background: Many investigations have reported that advantageous mutations occurred more
frequently under selective conditions than those under non-selective conditions. This phenomenon
is referred to as adaptive mutation. Their characteristics are that adaptive mutations are directed
and growth-independent. The idea of directed adaptive mutation had been objected by some
reports, however, the idea of growth-independent adaptive mutation has been held till today.

Results: In this paper, we have observed that under leucine starvation conditions, leu+ revertants
accumulated as a function of time; leu- to leu+ reverse mutation rates and frequencies were higher
than those under non starvation conditions; and no divided cells could be monitored by the
penicillin method. These results were similar to the time-dependent manner of adaptive mutation
from previous reports. However, leucine concentration determinate experiments revealed that
certain traces of leucine, which leaked from the E. coli cells, was almost always present in the
culture. More numbers of leu+ revertants appeared when the similar cultures were dropped in
small areas on the selective plates than when spread on the whole selective plates. These results
have shown that mutations under leucine starving conditions are growth-dependent. Fluctuation
analysis of leu+ revertants indicated that leu-leu+ mutation occurred spontaneously and randomly.
In addition, the spectra of leuB gene in the revertants proved that mutations under selective
conditions were not specific or directed.

Conclusions: The above investigations led to the conclusion (1) that the occurrence of leu+

mutations under starvation conditions was growth-dependent. The occurence mutations was also
similar to that under non-starvation conditions (2). Under starvation conditions the mutation rates
were higher, and was not constant during the long process.

Background
In 1988 John Cairns and co-workers [1] described an ex-
perimental system, in which bacteria, when plated under
conditions where their growth was severely restricted by a

single defective nutritional gene, mutated over several
days to a phenotype that was able to grow. There are now
many examples of this phenomenon. In some instances
those late appearing colonies are actually slow growing
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mutants present in the culture at the time of plating. In
many cases, however, the mutants can be shown to have
arisen on the plate and it is characteristic that they do so
at a rate higher than would be expected from the amount
of genome DNA replication that occurs. This phenome-
non has become known as "adaptive mutation", although
other terms such as selection-induced mutation, station-
ary phase mutation, or starvation-associated mutation
have also been employed. Nowadays, adaptive mutation
is defined as a process that, during non-lethal selections,
produces mutations that relieve the selective pressure
whether or not the other, nonselective mutations are also
produced [2].

During severe or prolonged selection, the adaptive muta-
tions occurred at rates higher than those under non-selec-
tions. This observation is controversial to the New-
Darwinism evolutionary theory: which assumed that the
driving force of evolution is natural selection other than
the creation of genetic variants, because the rate of muta-
tion was presumably thought to be constant and unaffect-
ed by environments. The concept of mutation by
Darwinism is different from that of Lamarckian. By
Lamarckism, the adaptive mutations under selections
were "directed", which means: (1) mutations arise among
nonproliferating cells after selection is applied. (2) the
presence of the selective agent is required for the muta-
tions, (3) mutations that are not selected do not appear
during selection. Although this idea of directed mutation
had been rejected [3–6], another point of Lamarckism,
which emphasized that the selective stresses had its roles
on speeding up the mutation and evolution of organisms,
was accepted by Darwin himself, and was supported by
many experiments [7–14]. It was claimed that mutation
rates under selective conditions were higher than those
under non-selective conditions.

The widely used model bacterium for the study of adap-
tive mutation is Escherichia coil. Its growth restriction is
usually realized by deprivation of a required amino acid
or by supplying a sugar that cannot be metabolized. In
this paper, we have chosen the leuB gene to investigate
adaptive mutation for the following reasons: (1) the leuB
gene has been sequenced in 1994 by Kirion et al [15]. (2)
the reversion rate was conveniently low for using P0 meth-
od to calculate mutation rates [16]. (3) leucine is a sub-
strate for cell growth, and is involved in a gene expression
regulation system as an actor of leucine-responsive regula-
tory protein[17].

In this paper, the characteristics of reverse mutations and
mutation rates during leucine starvation and non-starva-
tion were compared. We found that the occurrence of mu-
tations under starvation was growth-dependent, which
was contrary to previous reports. Mutations under starva-

tion occurred similarly to those under non-starvation, ex-
cept at higher mutation rates. Based upon the
experimental results we discussed the possible explana-
tions about the role of selection on the mutation rates and
evolution speed.

Results
Mutation rates increased during leucine starvation
On solid plates for leucine starvation, a reverse mutation
formed only one leu+ revertant papilla on the flat colony.
Therefore a papilla can be regard as one mutation event.
The mutations accumulated in a time-dependent manner
(Fig. 1). Leu+ revertant papillae did not appear until 2 days
after plating due to the phenotype lag. The papillae ob-
served in the first 2–3 days probably existed pre-plated.
After that, new mutations continuously occurred and
more papillae formed. These were regarded as mutations
occurred under leucine starving pressure.

The results in Fig. 1 also indicated that reversion rates were
not constant during the leucine starvation process. In the
early period, fewer reversions took place per day; while in
the later period, more reversions occurred per day. For ex-
ample, during day 4–9, the average reversions per day
were 5.14, but during day 14–18, the average reversions
per day were 26.44. On the other hand, the number of vi-
able cells decreased only about 17-fold during the same

Figure 1
Mutation rates increasing on leucine absent plates The rates
were given as the number of leu+ revertants that appeared
on a given day divided by the viable cells two days before.
Solid triangle: Accumulation of leu+ revertants as papillae on
colonies during leucine starvation. The data show the per-
cent value of the ratio papillae per colony. Open square: Via-
ble cells per colony with no papillae (107 cells/ml). Solid
circle: Number of new mutations occurred during each day.
Open triangle: mutation rates (10-8) in leucine starved colo-
nies.
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Table 1: Mutation rates and frequencies under different conditions in E. coli ATCC 31343

Media Time Mutations Viable cells Mutation rates Mutation frequencies

LB 1 day leu+ 1.31 × 109 1.91 × 10-10 2.65 × 10-9

LB 1 day pro+ 1.24 × 109 1.41 × 10-10 6.57 × 10-9

LB 1 day lac+ 1.26 × 109 2.45 × 10-10 9.86 × 10-9

MM+P 1 day leu+ 7.56 × 107 5.73 × 10-9 3.02 × 10-7

MM+L 1 day pro+ 4.89 × 107 3.07 × 10-9 2.78 × 10-7

CM(Lac) 1 day lac+ 8.34 × 107 3.60 × 10-9 2.90 × 10-7

MM+P 3 days leu+ 2.13 × 107 1.72 × 10-8 1.11 × 10-6

MM+L 3 days pro+ 1.09 × 107 4.06 × 10-8 1.79 × 10-6

CM(Lac) 3 days lac+ 3.61 × 107 1.47 × 10-8 1.18 × 10-6

The initial number of cells in the cultures were all 1.08 × 108 cells/ml.

Table 2: Leu+ reversions under selection were cell density-dependent

Description Number of micro-drops or plates with Ni papillae

Day 2 Day 4 Day 7 Day 11 Day 15 Day 18

A 8.27 × 107 cells/micro-drop N0 = 589 N0 = 501 N0 = 475 N0 = 462 N0 = 344 N0 = 264
Total micro-drops = 620 N1 = 29 N1 = 108 N1 = 125 N1 = 116 N1 = 199 N1 = 246
Total cells = 5.13 × 1010 N2 = 2 N2 = 11 N2 = 13 N2 = 20 N2 = 49 N2 = 63

N3 = 7 N3 = 9 N3 = 23 N3 = 31
N4 = 3 N4 = 5 N4 = 13

N5 = 3
Papillae/micro-drop 0.053 0.210 0.277 0.315 0.619 0.858

B 8.27 × 107 cells/plate N1 = 6 N1 = 8 N2 = 1 N1 = 8 N1 = 8 N1 = 7 N1 = 7
Total plates = 50 N2 = 2 N2 = 2 N2 = 2 N2 = 2
Total cells = 4.20 × 109 N3 = 1 N3 = 1
Papillae/plate 0.12 0.20 0.24 0.24 0.28 0.28

C 8.27 × 106 cells/micro-drop N0 = 1600 N0 = 1600 N0 = 1600 N0 = 1599 N0 = 1598 N0 = 1598
Total micro-drops = 1600 N1 = 1 N1 = 2 N1 = 2
Total cells = 1.32 × 1010

Papillae/micro-drop 0 0 0 0.001 0.001 0.001
D 8.27 × 107 cells/micro-drop N0 = 160 N0 = 154 N1 = 6 N0 = 152 N0 = 145 N0 = 137 N0 = 127

Total micro-drops = 160 N1 = 8 N1 = 15 N1 = 23 N1 = 33
Total cells = 1.32 × 1010

Papillae/micro-drop 0 0.038 0.05 0.094 0.144 0.206
E 2.96 × 108 cells/micro-drop N0 = 45 N0 = 41 N0 = 33 N0 = 21 N0 = 11 N0 = 8

Total drops = 125 N1 = 38 N1 = 39 N1 = 42 N1 = 40 N1 = 45 N1 = 42
N2 = 24 N2 = 24 N2 = 27 N2 = 37 N2 = 40 N2 = 38
N3 = 11 N3 = 12 N3 = 13 N3 = 12 N3 = 13 N3 = 19
N4 = 6 N4 = 7 N4 = 8 N4 = 12 N4 = 11 N4 = 12
N5 = 1 N5 = 2 N5 = 2 N5 = 3 N5 = 5 N5 = 6

Papillae/micro-drop 1.18 1.29 1.42 1.70 1.90 2.02
F 2.96 × 108 cells/micro-drop N0 = 125 N0 = 125 N0 = 125 N0 = 125 ------ ------

Total drops = 125
Papillae/micro-drop 0 0 0 0 ----- ------

A,C,E: Cells were deposited as micro-drops on MM+P plates. B: Cells were spread on MM+P plates. D: cells were pre-cultured in 0.85% NaCl solu-
tion for 14 hours at 37°C before deposited as micro-drop on MM+P plates. F: Cells were deposited as micro-drops on MM+P plates with 100 µg/
ml Ampcillin. Ampicillin was added once a day with 1 ml (1000 µg/ml) around the every micro-drops till day 7.
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period. Thus the mutation rates were more than 100-fold
higher during day 14–18 than that during day 4–9. This
result was further supported by the data in Table 1 and Ta-
ble 2. In Table 1, mutation rates of other types in liquid
cultures also increased during starvation compared to
those in rich medium-LB. In Table 2, especially on the mi-
cro-dropped plates, the number of revertant papillae per
micro-drop increased with time of starvation.

Death rate of cells on the spread selective plates was about
13.67% higher than that of on the dropped plates (Fig 2).
But on both types of plate, the number of viable cells was
similar regardless of the presence or absence of Ampicil-
lin. It was previously regarded as the evidence that in the
starvation process, cells did not divide, so adaptive muta-
tions occurrence under selective conditions was regarded
as cell division-independent [11], i.e., growth-independ-
ent. However the data in Table 2,3 were not in line with it.

The leu+ reversions during leucine starvation were growth-
independent
The leu+ reversions during leucine starvation were cell density-de-
pendent
When same numbers of cells were spread on the whole
MM+P plates or dropped in a limited small area on the
MM+P plates for leucine starvation, similar amount of re-
vertants could be seen in the first several days, but in the
following days, fewer revertants appeared on the spread
plates than those on the dropped plates, and the rever-
tants accumulated as a function of time on the dropped
plates (Table 2 and Fig. 3).

In Table 2, the results showed that in dropped plates (Ex-
periment A, E), all the cells were heaped in a small area
and a small proportion of cells could divide by utilizing
enough leucine leaked from the other viable or dead cells,
then the reverse mutations could occur continuously in a
time-dependent manner. However, when the same num-
bers of cells were spread on a whole plate, (the area of a
plate was about 400 times larger than the area of a micro-
drop), the cells were so dispersed that they could not ab-
sorb enough leucine to support them to grow and divide,
and the reversion rate was much lower than those on the
dropped plates, especially in the later culturing period
(Experiment B). When the same numbers of cells were in-
cubated in 0.85% NaCl solution overnight at 37°C for ex-
hausting the nutrients in vivo of the cells before they were
dropped on the plates, much fewer revertants were result-
ed (Experiment D). When the same numbers of cells were
dropped on the MM+P plates (which contains 100 µg/ml
Ampicillin), no revertants were found (Experiment F). If
fewer cells were dropped on the plates, almost no rever-
tants could be seen (Experiment C). All these results sug-
gested that the reverse mutation under leucine starvation
was cell density dependent and growth-dependent. And

this conclusion was further supported by the following re-
sults in Table 3,4 and Fig 4.

Leucine leaked from the scavenger cells supporting strain 
ATCC31343 cells' growth and mutation
When the scavenger bacterium cells of strain ATCC35577
(in dialysis tubings) were transferred into the MM+P me-
dium, leucine was found to diffuse into the medium in
several hours and approached to the highest point at day
2 and maintained at a stable level. The leu+ reversions of
cells of strain ATCC31343 increased when the leucine
concentration increased (Table 3). This result provided
another evidence that the occurrence of leu+ mutation was
growth-dependent.

The concentration of leucine in the cells and in the media
The concentration of leucine in the cells and in the media
was determined using HITACHI 835 amino acid analyzer.
The percentage of leucine to the total amount of 19 amino
acids (tryptophan excepted) in vivo of strain ATCC31343
cells was summarized in Table 4. It could be seen that the
percentage of leucine from cells inoculated in rich medi-
um (LB) was higher than that of cells inoculated in syn-
thesized complete medium (CM). Once the cells gathered

Figure 2
The viable cells on MM+P plates in with and without Ampicil-
lin (100 µg/ml). Ampicillin was added onto the plates once a
day by threading 1 ml Ampicillin solution (1000 µg/ml)
around the whole plate surface. Each time, 3–5 micro-drops,
which with no revertant papillae, were dug out and
immerged into the tube with 1 milliliter 0.85% NaCl solution.
After half an hour, vortex the tubes and diluted the suspen-
sion. The viable cells were counted by plating the appropriate
aliquots onto LB plates after incubating at 37°C for 24 hours.
Solid diamonds, viable cells in micro-drops on MM+P plate in
the absence of Amp. Open circles, viable cells in micro-drops
on MM+P plate in the presence of Amp. Solid triangles, viable
cells in a whole MM+P plate in the absence of Amp. Open
squares, viable cells in a whole MM+P plate in the presence
of Amp.
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from LB or CM were added into the 0.85% NaCl solution,
the leucine quickly diffused from the cells into the solu-
tion. After about 6 hours in NaCl solution, the level of
leaked leucine approached the highest point and sus-
tained for a long time (Fig. 4). In MM and MM+P media,
in which leucine was absent, the amount of leucine was
similar to that in NaCl solution. In CM medium, the
amount of leucine dramatically decreased in the first few
hours, and then the decreasing rate slowed down and
maintained at a stable level of a little higher than that of
in MM and MM+P. These results suggested that the
amount of leucine leaked into the culture was sufficient
for the growth and division of a few cells during the pro-
longed incubation for leucine starvation. The number of
divided cells was dependent upon the total numbers of
the cells in the medium at the start time and the type of
medium in which the cells were inoculated. When there
was no leucine present, there would not be any cell
growth or mutation.

Mutations under selective conditions were spontaneous
Fluctuation analysis of leu-leu+ mutation
According to the hypothesis of adaptive mutation by
Cairns et al, the distribution of mutations under selection
should follow Poisson pattern [1]. But the statistical data
in Table 5 revealed that under different selective condi-
tions, there were significant difference between the exper-
imental data and the predicted data by Poisson
distribution. This agreed very well with the general princi-
ples of spontaneous and random mutations in bacteria
[16].

Sequence analysis of leuB gene of revertants
The sequence of the leuB gene, which encodes the enzyme
β-isopropyl malate dehydrogenease (EC 1.1.1.85), has
been determined [15] (GenBank accession no. D17631).
Sequence analysis of the leuB gene from the leuB- mutant
ATCC31343 revealed complete nucleotide sequence iden-
tity to the published leuB gene except for a C-to-T transi-
tion at nucleotide 857. This point mutation would result
in a serine-to-leucine substitution at amino acid residue
286 of the LeuB protein. The sequence of the leuB+ from
various revertants in the region of the mutation was
shown in Table 6 and the possible single base substitu-
tions in this cordon and the corresponding amino acids
were also summarized.

According to the report by Wright et al [18], there are three
general classes of leuB+ revertants: (1) true revertants, with
base substitutions encoding serine (wild type), (2) rever-
tants with base substitutions encoding valine and methio-
nine, these revertants had the growth rates and generation
time similar to the wild type. (3) suppressors, which still
retained the Leu-286 residue of the parental leuB mutant,
but usually had lower growth rates and longer generation
time than the wild type.

The spectra of leuB gene of 22 revertants (Table 6), which
were isolated under leucine starvation conditions (X+Y),
included all the three types of reverse mutations as report-
ed by Wright et al [18]. Their ratio of the three types is: Ser:
Val: Met = 16:18:2. Our data is Ser: Val: Met = 6:5:6. This
suggested that the occurrence of leu+ mutations under leu-
cine starvation have no specificity. It was in accordance

Table 3: Leucine leaked from scavenger bacteria supporting the cells' growth and mutation

Number of cells per culture at starting time Number of leu+ revertants in different media
Time of scavenger bacteria culturing (day)
0 6 hours 24 hours 48 hours 120 hours 168 hours

2.89 × 105 0 0 0 0 0 0
2.89 × 106 0 0 0 0 0 0
2.89 × 107 0 0 0 1 2 1
2.89 × 108 0 1 1 5 4 5
2.89 × 109 0 2 3 17 21 17
Total revertants 0 3 4 23 27 25

CFUA/culture 2.31 × 105 1.36 × 106 3.54 × 106 8.53 × 106 3.73 × 106 3.02 × 106

CFUB/culture 7.64 × 107 1.69 × 108 3.23 × 108 3.69 × 108 4.46 × 108 4.10 × 108

Leucine (ng/ml) ------ 578.7 842.3 971.9 963.2 962.1

A: The number of viable cells of 31343 which were cultured in the medium at 37°C for 24 hours. The initial number of 31343 cells were 2.89 × 105 
cells/ml. The medium was MM+P in which the scavenger bacteria cells (in the dialysis tubings) of 35577 were pre-cultured for different days at the 
concentration of 7.97 × 108 cells/ml. B Same as A except that the initial number of 31343 cells was 2.89 × 108 cells/ml.
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with the report by Hall [6], but not with the other reports
[19].

Discussion
Mutations occurrence under leucine starvation were 
growth-dependent
The data in Table 2 and Table 3 indicated that the occur-
rence of leu+ reverse mutations was growth-dependent un-
der leucine starvation conditions. Although the death
rates of cells on the spread MM+P plates and on the
dropped MM+P plates was similar with or without the ad-
dition of Ampicillin (Fig. 2), and the reverse mutations
under leucine starvation increased with the time pro-
longed (Fig. 1). These two results were similar to the pre-
vious investigations reported by Hall [9]. They were
previously regarded as the evidence that in selective con-
ditions, cells did not divide, and adaptive mutation was
growth independent [11]. Our explanation for this dis-
crepancy is that: under selective conditions, only small a
part of cells divided, and these divided cells were so few
compared to the mass of the viable but non-dividing cells
that they could not be monitored by the penicillin meth-
od.

Although the cells in divisions may only account for a
small proportion of the total viable cells under leucine
starving conditions, they might become the important
source for the appearance of leu+ revertants. This was con-
sistent with the results from Table 2, which indicated that
the occurrence of mutation was cell density and growth
dependent, and was further supported by the results in
Fig. 4 of the leucine concentration determination and by
the reversions occurred in the media where scavenger bac-
teria were pre-cultured (Table 3). Besides, extracellular
DNA and nucleotides could also be consumed as the
source of carbon and energy supporting the bacteria cells
to grow under nutrient deprived conditions [20]. This also
suggested that a small proportion of the population cells
could grow in nutrient deprived conditions by absorbing
the amino acids and peptides or absorbing DNA and nu-
cleotides, which may leak from the other viable or dead
cells.

It has already been proved that mutations under selection
require trace nutrient which the cell is defect in the func-
tion to synthesize or metabolize. Hall used minimal me-
dium containing 5 µM tryptophan to select trp+ revertants
[9], Fani [7] reported the number of his+ revertants was al-
ways greater in plates containing trace of histidine (0.25
ug/ml) than those without histidine in E. coli FB184 hisA.
All these results also suggested that occurrence of muta-
tions under selection were growth-dependent.

Figure 3
Leu+ revertants accumulating in the micro-drops as a func-
tion of time. A: On CM plate(day 12), without papillae can be
seen on the thicker mosses. B: On MM+P plate(day 5), papil-
lae can be seen on the thin mosses. 1.87 × 107 cells per drop.
C: On MM+P plate(day 5), papillae can be seen on the thin
mosses. 2.96 × 108 cells per drop. D: On MM+P plate(day
12), papillae can be seen on the thin mosses. 2.96 × 108 cells
per drop.
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Mutations occurred spontaneously under selections
Fluctuation analysis of mutations in liquid culture indi-
cated that mutations occurred spontaneously during leu-
cine starvation. It is well known that mutations occurred
spontaneously under nonselective conditions in bacteria.
From the results 2.3, we could see that under starving con-
dition, there was still trace amount of leucine leaked from
other cells in the medium, the reverse mutations could
originated from the minority divided cells by the support
of this amount of leucine, and then would have the Luria-
Delbrück distribution patterns.

The spectra of leuB gene of leu+ revertants, isolated from
leucine starvation conditions, did not show specificity.
This was in agreement with our conclusion that mutations
under starvation were growth dependent and occurred
spontaneously.

Mutation rates were not constant during leucine starva-
tion
Our results in fig. 1 indicated reversion rates under leucine
starvation condition were not constant. In the first few
days (2–3 days, in Fig. 1), the leu+ reversions accumulated
quickly, and they were regarded as existing pre-plated and
formed papillae at different time intervals because of the
phenotype lag. In the days followed, new reversions accu-
mulated very slowly, and the mutation rate during this pe-
riod (day 4–10) was low. Later on, reversions
accumulated more quickly, and the mutation rate was

high. This stage could sustain for some time (day 12–21)
and decreased at last.

Although other researchers have reported the mutation
rates increased under selective conditions, they did not
mention or emphasis that the mutation rates were not
constant. For examples, Hall [9,10] used E. coli FCY2B
trpB- mutant, E. coli FCY6B trpAB- mutant, on tryptophan
limited plates; Shapiro[14] used E. coli MCS2 ara-lacZ, on
Ara-Lac selection plates with different concentrations of
glucose; Bridges[21] used E. coli trp A23 mut Y under on
minimal plates; Kasak[22] used P. Putica PaW85 phe- on
phenol-minimal plates. All of curves (the mutants ap-
peared in a day versus culturing time) involved several
parts which with different curvatures respectively. They
could not be simply regarded linear as Hall did [9].

In fact, during the selection process, the viable cells did
not increase but decreased slowly. This is an important
reason for elevating the mutation rate. But, the magnitude
of viable cells decreased was less than that of increased
mutation rate, which suggested the selection played a role
on elevating the mutation rates.

Why were mutation rates inconstant during selections,
and were higher under selections than that of under non-
selections? Here are some possible explanations.

Firstly, there was misapprehension for defining and calcu-
lating mutation rate. Generally, mutation rate (µ) was de-
fined as mutations per cell per division. For a certain gene
in a bacterium such as E. coli, regardless of the hot spots,
suppose that the generation time is about constant during
the exponential phase and all the cells are synchronized,
µ is proportional to the mutation rate µb (mutations per
base pair per genome replication), according to Drake's
paper [23]. For bacteria growing in rich medium (such as
LB) in the exponential phase, the number of cells is ap-
proximate to the number of dividing cells. So, in the nor-
mally growing populations in exponential phase, almost
each originating of DNA replication can result in a com-

Figure 4
The concentration of leucine in different culture media con-
taining 1.8 × 109 cells/ml. The cells were pre-cultured in LB
medium. Solid circle, in 0.85%NaCl solution; Open square, in
MM medium; Solid triangle, in MM+P medium; Open circle, in
CM medium
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Table 4: The percentage of leucine to the total protein in vivo of 
31343 cellsA

MediaB Leu+ revertant Leu- revertant

Leu% Ala% Lys% Leu% Ala% Lys%
LB 9.074 9.796 7.275 8.840 9.792 7.260
CM 8.713 9.640 7.804 7.738 9.710 7.477

A The data is the mean of three experiments. B: The cells were cul-
tured in the media LB and CM over night before they were collected 
and analyzed.
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plete genome and accompany a cell division, µb is thus al-
most equals to the number of damages or mistakes per
base pair occurs during one genome replication, and µb is
low.

Under selections, the divided cells are so few that it is dif-
ficult to determine the number of divided cells. Then the
mutation rate is usually defined as mutations per viable
cell per day[7,9,10,12,14], marked as µd in this paper. If
the generation time is constant during the selective proc-
ess, µd is also proportional to the mutation rate µ and to
µb .

Under selections, the growth of E. coli cells was severely re-
stricted. The generation time is much longer than that un-
der non-selective conditions. During the prolonged
period of cell division, although most cells cannot repli-
cate complete genomes, they might have initiated genome
replications and produced incomplete genomes. This as-
sumption was based on the result that 25% of the genome
turned over per day during amino acid starvation as esti-

mated by Bridges from the mutation rate of a mutT mutant
[24], and based on that 20% of genome DNA was turned
over in 24 hours in the buffer determined by Tang [25]. Of
the whole population, where small portion of cells ac-
complish complete genome replication, most of cells
would undertake incomplete replication. Thus the accu-
mulated spontaneous DNA damages in the uncompleted
cycles, which would cause mutations when DNA replica-
tion resumes, may be fixed in the completed genome, and
become true mutations. Different pathways may be used
to fix DNA damages and an important one is homoge-
nous recombination. The long generation time provides
opportunities for cells to fix these DNA damages. So the
mutations per base per genome replication not only in-
clude the damages in one cycle of complete genome DNA
replication, but also include any accumulated DNA dam-
ages in other incomplete genome DNA replications. Thus,
under selective conditions, mutation rate per base pair per
genome replication becomes a collective result and would
be higher than that under non-selection. Due to the same
reason, a bacteria population at different growth stages

Table 5: Fluctuation tests and analysis of mutations under selective conditions

Exp.>A Media /Mutation Cultures with no mutants/
total cultures

Number of mutants MeanB VarianceC DistributionD

1–1 LB leu-leu+ 3/10 1,1,1,2,2,2,2 1.10 0.767 P
1–2 CM leu-leu+ 0/10 16,16,18,19,21,21,24, 24,27,28 22.60 18.267 P
1–3 MM+P leu-leu+ 0/10 519,552,526,612,572,634,632,619, 601,597 586.4 1774.5 P
1–4 PB leu-leu+ 0/10 1,1,2,2,2,,3,3,4,5,8 3.10 4.545 P
2–1 LB leu-leu+ 34/45 3,16,27,37,85,116,146,326,680,372,1284 90.64 63989 LD
2–2 CM leu-leu+ 16/45 2,5,7,7,9,9,10,12,13,14,14,16,16,16,18,18,1

9,19,30,35,42,44, 48,50,62,75,104,126,231
23.80 1770.3 LD

2–3 MM+P leu-leu+ 22/45 1,2,2,3,3,4,6,6,8,8,9,10,11,13, 
15,19,23,24,25,32,55,67,103

9.98 402.20 LD

3–1 MM+P leu-leu+ 14/45 1,1,1,3,3,4,4,13,21,66 4.875 193.42 LD
3–2 MM+P leu-leu+ 4/24 1,1,1,2,2,3,3,3,4,4,5,5,7,7,9,12,12,19,26,50 7.333 123.19 LD
3–3 MM+P leu-leu+ 11/24 1,1,1,2.3.7.9.12.14,21,29,33,38 7.125 134.03 LD
4–1 MM+L pro-pro+ 14/24 1,1,1,1,3,4,9,13,15,41 3.708 80.65 LD
4–2 MM+L Pro-pro+ 14/24 1,1,1,2,2,2,4,5,7,9,18,34 3.583 59.04 LD
4–3 MM+L pro-pro+ 14/24 1,1,1,1,2,2,3,3,5,11,11,12, 24,42 4.958 95.26 LD
5–1 CM-lac lac-lac+ 19/24 1,1, 4,23,38 2.792 78.43 LD
5–2 CM-lac lac-lac+ 14/24 1,1,1,1,2,2,2,6,30,44 3.750 110.89 LD
5–3 CM-lac lac-lac+ 11/14 1,1,1,2,2,2,3,3,5,6,9,14,72 5.042 214.99 LD

A: Experiments in group 1 (1–1 to 1–4) , aliquots from cultures in same flasks; experiments in other groups, each cultures were independent in a lit-

tle tube or in a well of 48 wells microtittle. B: Mean of mutants. , here, n = number of cultures, xi = number of mutants in a culture. C: 

Variance of simples. D: distribution patterns were judged by the Value of X2.   n = 10� a0.95 = 3.94; n = 24, 

a0.95= = 13.848; n = 45 a0.95 = 30.612. If the value of X2 > a0.95, the distribution type was non-Poisson pattern; If the value of X2 < a0.95, the distri-
bution type was Poisson pattern.
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during the selection progress may have different genera-
tion times and would result in different mutation rates re-
spectively.

Secondly, changes of metabolic control system under se-
lective conditions may also elevate the background muta-
tion rates, which can also affect advantageous adaptive
mutation rates. It is well known that in the long process of
evolution of microbes, diverse mechanisms had been de-
veloped to maintain their genetic stability (µg) and de-
crease their mutation rates (µb) during their genome
expanding[23]. These mechanisms may include metabol-
ic controls over concentrations of endogenous and exoge-
nous mutagens, pre-replication DNA repair systems, the
insertion accuracy of polymerases, 3'-exonucleolytic
proofreading, and several post-replication systems for re-
pairing mismatches [2,26–36]. Different bacteria apply
different sets of these mechanisms, and the efficiency of a
particular mechanism varies among microbes.

Leucine starvation and other selective condition can be re-
garded as an environmental signal. Populations that have
experienced a severe challenge from the selective environ-
ment might therefore be expected to change their physio-
logical state extensively, such as stringent response, global
regulation in gene expressions, and other inducible re-
sponses such as SOS. These changes are to keep cells sur-
viving and adapting to the selective environment. During
this process, the elaborate enzymatic machinery, which
can keep the fidelity of DNA replication and control the
spontaneous mutation rate, are destroyed; some new pro-
teins must be synthesized using exogenous and endog-
enous nutrition and energy sources. In the end, populated
cells could get into a relative stable states, in which, cell di-
vision becomes more difficult, generation time becomes
longer; the fidelity of DNA replication decreases, the

spontaneous mutation rates (adaptive mutation rates) in-
creases.

Conclusion
From the above discussions, we reached the conclusion
that mutations under leucine starvation were growth-de-
pendent. Mutations can occur spontaneously either under
starvation and non-starvation; and show no specificity in
the sequences of leuB genes between the leu+ revertants
isolated from leucine starvation. The higher mutation rate
under starvation could be caused by two reasons. One is
an error in defining and calculating mutation rate; the
other by the changes of metabolic control system under
selective condition, which can elevate the background
mutation rates, including the advantageous mutations.

Our explanation for the higher mutation rates under se-
lective condition is not an inconsistency with other mech-
anisms of adaptive mutation, such as "hupermutable
state" model [9,29,30]; homogenous recombination
mechanism [2,14,31,32]; and the functions of mismatch
repair system and mutator alleles [31–37]. The results
could provide valuable information for further under-
standing of the relationship between environmental con-
ditions and speed of evolution.

Materials and Methods
Strains
The strain used in this study was purchased from ATCC.

Escherichia coli ATCC 31343 F- hsdS20 ((r- B m- B)) ara-14
leuB6 proA2 lacY1 galK2 rpsI20 xyl-5 mtl-1 supE44 lambda-.

Escherichia coli ATCC 35577 F- recA1 uvrA6 phr-1 thi-1 thr-
1 leuB6 lacY1 galK2 ara14 xyl15 mtl1 proA2 argE3 rpsL31
tsx-33 supE44 gyrA98 lambda-.

Table 6: Sequence of the leuB- mutant and leuB+ revertants

Signal base substitution Sequence predicted at 856–858 Amino acid residue 286 Description

TTG Leucine LeuB- mutant
TCG Serine Wild type
GTG Valine Phenotypic wild type
ATG Methionine Phenotypic wild type
TTG Leucine Suppressor mutant
Amino acid residues in revertants Description
Amino acid 286 Strain Type (Number)
Ser X(4), Y(2), Z(1) X: Isolated from solid Leucine Starvation plates
Ser X(2), Y(3), Z(2) Y: Isolated from liquid Leucine Starvation cultures
Met X(2), Y(4), Z(1) Z: Isolated from non-Starvation plates and cultures
Leu X(3), Y(2), Z(1)
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Media
The rich complete medium was Luria broth (LB), consist-
ing of 10 g of peptone, 5 g of yeast extract powder, and 10
g NaCl per liter. pH7.2. Minimal medium (MM) consist-
ing of 0.5 g of sodium citrate, 7 g of K2HPO4·2H2O, 3 g
of KH2PO4·2H2O, 1 g of (NH4)2SO4, 0.1 g of
MgSO4·7H2O, 2 g of glucose, and 1 mg of thiamine per
liter. Selective medium containing, in addition to the
minimal medium, 30 mg leucine per liter for selecting
pro+ mutants (MM+L), or 30 mg proline for selecting leu+

mutants (MM+P). Complete synthesized medium (CM)
containing, in addition to minimal medium, 30 mg leu-
cine and 30 mg proline per liter. CM-Lac medium was
used to select lac+ revertants, it was same to CM except that
glucose was replaced by lactose.

Growth conditions for mutation rate and mutation fre-
quency determinations on solid plates
Cells were grown at 37°C for 12–16 hours in LB medium.
Then the cells were centrifuged, washed, and resuspended
to about 1 × 109 cells/ml. The 10 µl aliquots were distrib-
uted on the MM+P selective plates and on CM plates. All
plates were incubated in a humidified chamber at 37°C.
On dropped plates, the suspension formed "flat colony"
that was normal in appearance except for a slight dimpled.
The number of leu+ revertants papillae on the flat colonies
was counted each day; and the number of viable cells in
the flat colony was determined by transferring them onto
LB plates.

On solid plates, only one papilla formed after a mutation
occurred. So, the number of mutations is approximately
equal to the number of revertant papillae. The mutation
rates is determined according to the expression µ = M/N,
where M is number of reverse mutations, is about equal to
the number of revertant papillae Nm. N is the number of
viable cells in the flat colonies with no papillae, these col-
onies were present on the plates 2 days earlier than the pa-
pillae counted. The mutation frequency is determined
according to the expression f = Nm/N.

Growth conditions for mutation rate and mutation fre-
quency determinations in liquid cultures
Cells were grown at 37°C for 12–16 hours in LB medium
. Then the cells were centrifuged, washed, and resuspend-
ed to about 1 × 109 cells/ml. The 2-ml aliquots were trans-
ferred into 18 ml MM+P, CM and LB medium,
respectively. A serial of 0.5 ml aliquots from each well
mixed suspension were dropped into 48 wells of a micro-
tilter dish and incubated at 37°C. The number of leu+ re-
vertant were determined by plating the cultures onto
MM+P plates, the number of viable cells were determined
by diluting and plating the cultures onto LB plates.

The mutation rates were calculated by the P0 methods of
Luria and Delbrück [16]. According to the equation of µ =
-lnP0/N, where P0 is the proportion of cultures with no re-
vertants, and N is the mean number of cells per culture.
The mutation frequency is determined according to the
equation of f = �Nm/nN. Where, �Nm is the total number
of revertants in all cultures, N is the mean number of cells
per culture, and n is the number of cultures.

PCR amplification and sequencing the leuB gene
The PCR primers were based upon the nucleotides se-
quence from the GenBank (accession no.D17631) The
primer 1 is 5'-gctaccgatattgtcgagtc-3', 110 bp upstream the
initiate code 'atg'; the primer 2 is 5'-cgtcttagccatgattacac-3',
14 bp downstream the terminate code 'taa'. The PCR
product is 1216 bp, containing the full length of leuB gene
(1092 bp).

All PCR reactions and PCR products purification have
done according to the manufacturer's instructions of Qia-
gen PCR kit. The purified PCR products were separated
and sequenced by cycle sequencing according to the man-
ufacturer's instructions on an ABI Model 3700 automated
sequencer by United Gene Holdings, Ltd.(Shanghai, Chi-
na).

Determination of the leucine concentrations during the 
process of cells' growth
Cells were grown at 37°C for 12 hours in LB medium.
Then the cells were centrifuged, washed, and resuspended.
The aliquots were distributed in 0.85%NaCl, MM, MM+P
and CM media respectively, and continuously incubated
at 37°C. After every period, part of the cultures were
picked off to determination the number of viable cells by
transferring appropriate culture onto LB plates. The leu-
cine concentrations in the cultures (discarding the cells)
and in the supernatants of the cells lysates were deter-
mined by using HITACHI 835 high speed amino acids an-
alyzer. See additional file 1, 2 for the information about
this analyzer and the determination conditions (Addi-
tional File 1 and Additional File 2).
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