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Abstract: This paper presents the research findings of a sequence of three experiments that were used to assess the impact of a cell’s stage
in its life cycle on mutatability and its possible mechanism. The first experiment consisted of a modified fluctuation test (Luria-Delbruck) to
test for concurrency of jackpot streptomycin-resistant mutant colony in synchronously treated cultures. The second experiment consisted
of performing the same test with each set of parallel cultures consisting of different media that included adenosine tri-phosphate (ATP),
adenosine di-phosphate (ADP), adenosine mono phosphate (AMP), and adenosine, to see if these compounds, whose levels were modified
in bacterial cells during cell division, promoted or suppressed mutation. A third experiment was performed using the same methodology to
test the effect of magnesium on the occurrence of the mutant colonies. In the first experiment, the occurrence of jackpot counts of
streptomycin-resistant bacteria was concurrent among parallel cultures, indicating that mutation was directed. In the second experiment,
ATP and adenosine suppressed mutation, though in different levels. ADP and AMP promoted mutation in different levels. In the third
experiment, addition of extracellular magnesium (in the form of magnesium sulphate) promoted mutation, even in the presence of
adenosine, which was identified as a mutation suppressor in experiment 2. We conclude that bacterial mutation is a directed response to
external stress and that mutatability is dependent on the cell’s phase during the time of external stress. We also conclude that mutation is
possible during the cell division process due to the availability of cellular magnesium for ribosomal ribonucleic acid (rRNA) modification.
Findings from this research may be used to prevent development of drug resistance, whether epigenetic or arising due to deoxyribonucleic
acid (DNA) modification, in several pathogens, especially Mycobacterium tuberculosis through the co-administration of adenosine along
with antibiotic treatment.
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Introduction jackpot number of mutant colonies presented as statistical
evidence for random mutation in the fluctuating test actually
demonstrated a specific stage in the cell’s life cycle present across
the culture, during which the cells were able to mutate in response
to the stress. In those cultures demonstrating non-jackpot
number of colonies, the majority of cells had passed or was
hypothesized as yet to pass the specific stage in their life cycle. If
the theory was correct, a set of parallel cultures grown from a
small innocula and treated at fixed time intervals with
streptomycin should have exhibited jackpot streptomycin-resistant
colonies at periodic time intervals coinciding with the specific
stage of the cell that was occurring synchronously across a
majority of the cultures. However, as bacterial cell division is not
symmetrical [20], the experimental results differed from the
expected results (data not shown). To account for asymmetrical
cell division, the test was modified to check for concurrent
occurrence and non-occurrence of jackpot number of mutant
colonies in synchronously plated cultures. If the random mutation
hypothesis was correct, then there would be no concurrency in
parallel plates. If the mutation was dependent on the cell being
exposed to streptomycin at a specific stage in the cell cycle, the
occurrence of mutant jackpot number of streptomycin colonies
would be concurrent across synchronous parallel cultures.

Direct mutagenesis or directed mutation is the hypothesis that
mutations arise as a specific response to external stresses.
Random mutagenesis is the hypothesis that mutations occur
randomly, and are pre-existing before being selected for fitness.
The acquisition of drug resistance by bacteria has been considered
to be a result of random mutation. While drug resistance has been
quantitatively researched for different taxa against different
antibiotics, there is little or no research on the mechanism by
which bacteria acquire drug resistance.

Classical experiments [1-4] have undertaken to prove that
mutation is random and not directed. These experiments have
employed statistical methods and have involved certain
assumptions in the interpretation of the results. The findings have
been corroborated by recent experiments [5-16] have attempted
to demonstrate the possibility of directed mutation using
beneficial interactions, which have been disproved and shown to
be mechanistically Darwinian, or as being a product of
mechanisms such as hypermutatability. In some instances these
‘directed mutations’ have been identified as being truly random
mutation [5, 17-19]. Other mechanisms that have been proposed
to apparent directed mutation include epigenetic modifications.

The starting point for the investigation was taken as Luria and
Delbruck’s fluctuating test. Our initial hypothesis was that the
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Table 1. Colony count of streptomycin resistant bacteria with each row
containing the colony counts for a set of plates synchronously treated
with streptomycin

Number Set 1 Set 2 Set 3 Set 4
1 400+ 400+ 400+ 400+
2 48 400+ 98 27
3 15 35 11 4
4 65 3 18 4
5 3 9 18 14
6 2 1 0 1
7 16 4 12 18
8 24 25 NR* 5
9 23 3 1 19

10 9 17 10 5

* —invalid culture (no result).

{a) Predicted Random
{pre-existing) Mutation
Outcome

(b) Predicted {c) Experimental
Directed Mutation Results
Cutcome

. Jackpot colony count
. Mon-Jackpaot colony count
S Dividing cells

Mon-dividing cell

Figure 1. lllustration depicting the predicted outcomes for Experiment 1 if
mutation is random (a), mutation is directed (b), and the actual
experimental results (c).

Streptomycin is an aminoglycoside that inhibits protein
synthesis and causes cell death in bacteria by binding to the 16S
ribosomal ribonucleic acid (rRNA) of the 30S subunit of bacterial
ribosome. Streptomycin acts by frame shift mutation during
translation and defective protein synthesis which ends in cell
death. It binds to the 30S ribosomal subunit, thereby preventing
N-formylmethionine (fMet) transfer ribonucleic acid (tRNA) from
binding with the 30S subunit when initiating protein synthesis [21].

Here, we demonstrate that occurrence of streptomycin
resistant mutant strains in Escherichia coli occurs during a specific
point in the cell's life cycle. We also demonstrate that the
occurrence of streptomycin resistance can be increased and
decreased by inclusion of adenosine mono phosphate (AMP) and
adenosine (ADO) respectively. We also demonstrate that the
mechanism of action by these compounds is by increasing or
decreasing the amount of cellular magnesium (Mg2+). This increase

or decrease in mutatability was found to be unrelated to the
number of mutations arising from exposure to streptomycin only.
These findings imply that mutation in general and drug resistance
in E. coli in particular may be directed by external stress.

Material and Methods
Experiment 1

Wild type E. coli was isolated from fecal matter. The isolated
E.coli was cultured in nutrient beef broth for 24 hours. The bulk
culture was used to innoculate forty slants containing
streptomycin sulphate solution.  Sets of four slants were
inoculated with 10ul of innocula for each slant, synchronously*
and each set was inoculated after a five minute interval. A total of
10 sets (40 cultures) were inoculated. After an incubation period
of 8 hours, 10ul of innocula from each slant was cultured on
individual nutrient agar plates using swabs. The plates were
examined after 36 hours and 48 hours and colony counts were
taken.

Experiment 2

A small innocula of wild type E. coli that was isolated from
fecal matter and grown in a nutrient beef broth culture for
24 hours. The bulk culture was used to inoculate five types of
media kept in slants. Two sets of each type of media were
inoculated.

(1) Streptomycin (Sm),

(2) Streptomycin with adenosine tri-phosphate (ATP),

(3) Streptomycin with adenosine di-phosphate (ADP),

(4) Streptomycin with adenosine mono-phosphate (AMP),
(5) Streptomycin with adenosine (ADO).

Each set of ten media slants was inoculated with 10ul of
innocula for each slant in parallel (identical time of innoculation)*.
The cultures were allowed to stand for 7-8 hours before 10ul of
innocula from each slant was plated on individual nutrient agar
plates.

A total of fifteen sets of the cultures (total of 150 cultures)
were plated. The plates were examined after 24 hours and a
colony count was taken.

Experiment 3

Experiment 2 was repeated with modification in the media
used for the slants. The following media were used:

(1) Streptomycin,

(2) Streptomycin with adenosine,

(3) Streptomycin with adenosine and magnesium (in the form of
magnesium sulphate),

(4) Streptomycin with magnesium,

(5) Adenosine.

*The experiments are extremely time-sensitive and may
produce varying results if there are deviations (time lag between
plates when inoculating a set). Change to time intervals but with
adherence time sensitiveness should produce accurate data but

with increase or decrease in detail for decreased and increased
time intervals respectively.
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Table 2. Colony count of streptomycin resistant bacteria tested for mutation rates in different media, with each row containing the colony counts for a

set of plates synchronously treated with streptomycin

Media composition Streptomycin only ATP ADP AMP ADO
(2mg/1000ml) (1mg/100ml of Sm (1mg/100ml of Sm (1mg/100ml of Sm (1mg/100ml of Sm
solution with conc. of solution with conc. of solution with conc. of solution with conc. of
2mg/1000ml) 2mg/1000ml) 2mg/1000ml) 2mg/1000ml)
Setlabel 12 3 4 s 6 T 8 5 10

A 127 286 19 15 17 4 92 62 6 6

B 2 1 0 8 1 5 4 4 0 0

¢ 0 0 0 0 3 48 58 4 3 2

D 2 2 2 0 14 2 64 54 0 1

E 1 1 0 2 1 1 2 8 1 2

F 0 1 0 0 0 2 Con 1 2 0

G 2 1 0 3 1 1 65 45 13 2

H 0 0 1 0 1 26 63 63 1 0

| 2 0 10 6 54 39 51 36 0 1

J 0 1 2 1 22 1 41 37 1 0

K 1 1 6 0 2 41 148 93 6 0

L 1 0 Con 6 6 27 67 176 0 0

M 1 1 3 3 2 29 121 183 0 4

N 0 1 0 23 46 0 32 123 0 0

S . 8 A 1 138 .18 92 ... ! 0 5
Avg. mean for series 9.8 20.1 29.8 4.5 20.5 16.3 86.7 61.1 2.2 1.6
Avg. mean for media 14.9 17.2 18.4 73.9 1.9

All slants consisted of 0.5 ml of media.

Results

In Experiment 1 results shown in Table 1. The cultures with
jackpot number of mutant colonies were found to occur
concurrently across a set of synchronously treated plates, which
was in agreement with the hypothesis for directed mutation as
shown in Figure 1.

In Experiment 2 results shown in Table 2. Cultures treated with
streptomycin+ATP, and streptomycin + ADP were statistically
found to have slightly higher number of mutant colonies. Cultures
treated with streptomycin+tAMP  had significantly higher
percentage of mutant colonies (500% increase compared to
cultures treated with only streptomycin). Cultures treated with
streptomycin+adenosine were found to have a considerably lesser
number of mutant colonies (785 % decrease compared to cultures
treated with only streptomycin).

In Experiment 3 (data not shown), the cultures, in which
magnesium and streptomycin, showed jackpot number of colonies
(non-confluent), while the cultures treated with streptomycin only
and streptomycin with adenosine displayed high level of mutation
suppression. The cultures with only adenosine showed normal
confluent growth.

Discussion

Cultures treated with ATP appear to have an effect of
suppressing mutation, though statistically, they showed a slightly
higher level of mutation. Addition of extracellular ATP that is not
bound to Mg2+ probably decreases the level of free Mg2+ (which
would be otherwise available on the hydrolysis of MgATPZ'
available in the cell [22], due to ATP being hydrolysed instead of
MgATPZ’. However the occurrence of a confluent growth
(Table 2: 1L3), and higher number of mutant colonies (Table 2: A3,
A4, 13, N4) may be due to cellular MgATPZ' being hydrolysed (due
to cell division taking place) prior to the addition of extracellular
ATP, which results in free Mgz* being available and thereby results
in a high number of mutant cells.

Cultures treated with ADP have higher instances of mutant
colonies (13 out of 30 cultures) indicating that the presence of ADP
may generally increase mutation to streptomycin. This may be
caused by the cell’s response of increasing MgATPz' synthesis in
response to MgATPZ'/ADP imbalance caused by the addition of
extracellular ADP. In the case of AMP, the cell’s capability to
mutate increased significantly. Addition of extracellular AMP may
have increased the level of Mg2+ due to increase in the level of
MgATPZ' and its subsequent hydrolysis caused by the added AMP
[23].

Adenosine significantly reduced the cell’s capability to mutate.
Compared to ATP, which sometimes displayed inability to suppress
mutation (Table 2: A3, A4, 13, N4), adenosine consistently
displayed an ability to suppress mutation. The ability of
extracellular magnesium to promote mutation, even in the
presence of adenosine as seen in Experiment 3 provides the
possible mechanism of suppression by adenosine. When Mg2+ is
available in excess, the ability of adenosine to supress mutation is
negated. This indicates that adenosine supressed mutation by
reducing the amount of free cellular Mg2+. This may be effected by
adenosine binding to the free cellular Mg2+ resulting in decrease of
free cellular Mg2+. The effect of Mg2+ may be to cause structural
modification of the 30S ribosome of streptomycin sensitive cells to
enable fMet tRNA bind to the 30S subunit and initiate protein
synthesis [24] or by increased polymerase activity that enables a
mutational response to the streptomycin action.

The results demonstrated in the classical experiments
demonstrated a statistical distribution consistent with random
mutation, as two possibilities were not considered. The first
possibility was that mutation occurred at a specific stage in the
cell’s life cycle, and the second possibility was that bacterial cell
division was asynchronous. Asynchronous cell division and our
finding that mutation possibly occurs only during the cell division
process results in a pattern of mutation that appears random
when tested at specific points. Asynchronous cell division may
result in occasional synchronous cell divisions across a culture,
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which showed up as random jackpot number of mutant cells in the
classic fluctuation test [11]. The classical re-spreading test’s [12]
hypothesis did not account for mutatability at a specific stage in
the cell cycle. The hypothesis behind the experiment, and
therefore the experiment itself becomes invalid.

Modern experiments against directed mutation have been
very specific counters to prior experiments that have argued for
directed mutation. However, the same omissions in considering
mutatability with respect to cell life cycle, and asynchronous
mutation have been responsible for the failure for experiments in
supporting directed mutations, and the false-positive success of
the research supporting random mutation.

The possible mechanism of Mg2+ through increased
polymerase activity as a response to streptomycin action may be
illustrated by the use of a tape recorder analogy. If DNA can be
considered as a tape in a tape recorder, ribosomes and
polymerases as the read-write head and cellular ions, especially
magnesium as the power source or input signals, external inputs
may result in increase or decrease in the level of cellular
magnesium through cellular signalling. The level of cellular
magnesium in turn may be responsible for the fidelity of both
transcription and translation processes, since magnesium is
involved in ribosome function, catalysis of enzyme action and
deoxyribonucleic acid (DNA) repair and synthesis [24]. The level of
magnesium may therefore increase or decrease the level of fidelity
during transcription, which may result in mutation, or during
translation, which may result in epigenetic modifications. The
presence (crest) or absence (trough) of magnesium would be
similar to the wave of an electronic signal that ‘writes’ the data on
a magnetic tape, which when read, faithfully reproduces the data
(or audio). Since normal levels of magnesium ensures fidelity in
the process, absence or lack of magnesium may result in lack of
fidelity and thereby mutation such as through the mechanism of
DNA methylation [25, 26], while higher levels of magnesium may
result in mutation through change in rate of polymerase activity as
evidenced by PCR optimization tests.

Conclusion

This research demonstrates that mutation to an external stress
such as streptomycin can be manipulated using Mg2+ to increase
mutatability, or by using adenosine to reduce mutatability. Mg2+ is
possibly used by the cell to modify or repair rRNA during
transcription as a response to damage or cell signalling. The ability
to manipulate mutatability indicates that mutation is not random
and is directed. Bacterial mutation that confers drug-resistance
arises when the drug is encountered by the cell during the cell
division process. Therefore the measurement of drug-resistant in
bacteria from a source cannot be performed using random
samples, but has to be performed as a series of timed
experiments, where the level of drug-resistance has to be
consistent across the cell’s life cycle for the bacteria to be truly
drug-resistant.

Regardless of whether the mutation that is promoted (by
Mg“) or supressed (by adenosine) is epigenetic or due to DNA
modification (mutation), the ability of adenosine to reduce
mutatability may be researched further with other pathogens for
suppression of antibiotic resistance. If adenosine is found to be
effective across different pathogens, it can be co-administered or
may be made an additional ingredient, where it is mechanically
bonded to the compound. Adenosine is being manufactured and
sold commercially for the treatment of supraventricular

tachycardia, and much is known about its contraindications [27].
Adenosine may be used along with an agonist during antibiotic
administration to prevent drug-resistance. Alternatively, other
methods of reducing magnesium levels during drug administration
may also be examined.

Conflict of interest: none declared.
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