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The evolution of antibiotic resistance in bacteria has become one of the defining problems in modern biology. Bacterial resis-
tance to antimicrobial therapy threatens to eliminate one of the pillars of the practice of modern medicine. Yet, in spite of the
importance of this problem, only recently have the dynamics of the shift from antibiotic sensitivity to resistance in a bacterial
population been studied. In this study, a novel chemostat method was used to observe the evolution of resistance to streptomy-
cin in a sensitive population of Escherichia coli, which grew while the concentration of antibiotic was constantly increasing. The
results indicate that resistant mutants remain at a low frequency for longer than expected and do not begin to rise to a high fre-
quency until the antibiotic concentrations are above the measured MIC, creating a “lull period” in which there were few bacte-
rial cells growing in the chemostats. Overall, mutants resistant to streptomycin were found in >60% of the experimental trial
replicates. All of the mutants detected were found to have MICs far above the maximum levels of streptomycin to which they
were exposed and reached a high frequency within 96 h.

Incidents of resistance of bacterial populations to antibiotic
treatments are on the rise worldwide (1, 2). In human patho-

gens, resistant strains represent a growing threat to public health
and foretell of a loss in medical and technological capabilities that
is unprecedented in the history of humanity. The loss of antibiotic
treatments would all but cripple not only the field of infectious
disease medicine but all aspects of medicine, including surgery
(postsurgical wound management) and oncology (chemothera-
peutic immune suppression). Given that antibiotic resistance is an
acknowledged and growing problem, and given the innumerable
negative impacts that the loss of anti-infection treatments would
bring, the question remains: how does antibiotic resistance arise
within populations?

We know that resistance can arise de novo in susceptible pop-
ulations through mutations that inhibit the action of the antibi-
otic or that increase the efflux of the antibiotic or through hori-
zontal gene transfer from resistant strains to susceptible strains (3,
4). However, while the mechanisms of resistance are well under-
stood, the population-level dynamics inherent in frequency shifts
from sensitivity to resistance are not well understood. There has
been some excellent work showing that resistance can be selected
for in populations that are in very low-concentration (��MIC)
antibiotic environments (5), and some clever approaches to inves-
tigating intermediate mutational steps in the evolution of resis-
tance have been developed (6–8). For example, using the mor-
bidostat (7), a culturing device that keeps population growth
below the maximal growth rate (�max) by the addition of sublethal
doses of an antibiotic, Toprak et al. (6) showed that trimethoprim
resistance in Escherichia coli increases in a stepwise fashion, with a
preponderance of mutations occurring in the folic acid synthesis
genes, while doxycycline and chloramphenicol resistance in-
creases more continuously, and mutations promoting resistance
are found in membrane proteins and in proteins involved in tran-
scription and translation. Thus, the target of selection will be im-
portant in the dynamic of selection for resistance. Also, Girgis et
al. (9) used transposon-induced mutations (mostly amorphs) to
characterize many genes that increase antibiotic tolerance. Of par-
ticular note, reduced flagellar synthesis increased tolerance to

�-lactams, and the disruption of electron transport and oxidative
respiration increased tolerance to aminoglycosides.

In another example, Miller and colleagues (8), using turbi-
dostats (which maintain populations at the �max), identified con-
served mutational paths to daptomycin resistance in a clinically
relevant strain of Enterococcus faecalis. The paths were the result of
mutation and selection interacting on a genomic scale to explore
the phenotypic landscape available to extant populations as the
concentration of daptomycin was increased in a stepwise fashion.
Their observation of conserved multistep mutational paths in the
relevant cellular pathways recalls the pleiotropic interactions
identified at the protein level by Weinreich et al. (10) in �-lacta-
mase-mediated resistance to a cephalosporin.

Changes such as these are not always likely to be those that are
selected to lead to resistance in clinical practice. However, they all
help highlight the importance of the questions at hand, namely,
when and how does resistance rise in frequency within a popula-
tion. These questions are basic to our understanding of the nature
of antibiotic resistance, particularly in situations in which there
are suspected environmental reservoirs of resistant phenotypes,
such as water treatment facilities or livestock waste pools in agri-
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culture. Here, we attempt to look more deeply at how and when a
mutation granting resistance to the antibiotic streptomycin comes
into existence and rises in frequency within a population that is
initially streptomycin sensitive.

MATERIALS AND METHODS
Strain. The ancestral strain used is the DD1953 strain of E. coli, an
MG1655 derivative of K-12 lab strains used widely. DD1953 is rpoS-,
having a mutation causing a premature stop codon early in the coding
region of the rpoS gene, which codes for the �S protein. The MIC of
streptomycin for DD1953 was measured as being 3 (�1) �g/ml. DD1953
has been used extensively in our lab, both in serial transfer and especially
in chemostat experiments. For the purposes of a molecular marker, resis-
tance to the bacteriophage T5 was used. T5 resistance is caused by a nat-
urally occurring and fairly common mutation (fhu) in this strain and has
been shown to be selectively neutral with respect to fitness (11) in chemo-
stats under glucose-limiting conditions. The ancestral strain stock used
for all experiments was grown from a single plated colony of DD1953 in
order to ensure that the ancestral strain utilized was genetically homoge-
neous at the start of experimentation. That initial stock was plated with T5
to screen for a T5-resistant mutant. Once a T5-resistant mutant colony
was found, a stock of T5-resistant DD1953 was grown from this single
colony, ensuring a genetically homogeneous stock. The two stocks were
independent in their array of new mutations.

Chemostats. All experimental trials were conducted in chemostats
using a protocol modified from that previously described elsewhere (12–
14). Basically, a chemostat is a continuous culture device that supplies a
measured amount of fresh medium to an exponentially growing popula-
tion while it removes an equal volume of spent medium and cells, always
allowing the population size (N) to remain constant. For these experi-
ments, the chemostats were all 30-ml experimental volumes with a pop-
ulation size (carrying capacity) of 108 cells/ml (N � 3.0 � 109). The
experimental temperature was maintained at 37°C at all times.

The medium used was Davis salts minimal medium with 0.01% glu-
cose added. The medium was metered via a Wizco pump set to deliver
5.625 ml of medium per hour to the chemostat chamber (D � 0.1875).
This rate of dilution results in a generation time of 3.69 h per generation
(15). This generation time was held constant throughout all replicate tri-
als. Of note, in control experiments that utilized the same or similar start-
ing strains with higher dilution rates (D � 0.35 and 0.46) in chemostats,
no differing results were observed in terms of gene targets outside those
observed here.

In addition to the usual single-medium jar, a second medium jar con-
taining the same Davis salts minimal medium and glucose, supplemented
with streptomycin at a concentration of 100 �g/ml, was connected to the
primary medium jar via a siphon line. This siphon line replenished half of
the volume of medium metered out of the primary jar on a continuous
basis. A magnetic stir bar ensured that the medium in the primary jar was
well mixed. This means that at T0, the concentration of streptomycin in
the medium delivered to the chemostat, was 0. As the experiment pro-
gressed and more of the medium used was replenished with streptomycin-
laden medium, the concentration of the medium in the primary jar, and
hence, the chemostat, increased. The concentration of streptomycin in the
medium delivered to the chemostat can be calculated, to a close approxi-
mation, for any time point by using the equation

Yh � ���Xh � Yh�1� � c�
Xh

�
Where h is the time point in hours, X is the volume of medium in the
primary medium jar, Y is the concentration of streptomycin, and c is the
constant delivered total mass of streptomycin to primary medium jar
from h 	 1 to h; here, that rate is 281.25 �g/h.

The concentration of streptomycin in the chemostat will be less than
that in the medium bottle. By the iteration of adding 5.625 ml from the
medium bottle each hour, we estimated that the concentration of strep-

tomycin in the chemostat would be one-third of the concentration in the
medium bottle (Fig. 2).

Plating and population tracking. A sample was taken from all che-
mostats at roughly 24-h intervals. This sample was diluted 100,000-fold
and replicate plated on LB agar in petri dishes. The diluted samples were
plated 4 times on LB agar and 4 times on LB agar with T5 bacteriophage as
a screen for T5-resistant (T5R) clones. The samples were pour plated
using soft agar (LB agar with a reduced concentration of Difco agar) and
then topped with top agar (Difco agar and water). All plates were incu-
bated at 37°C overnight and counted the next day using a ProtoCOL
automatic plate reader and ProtoCOL software version 3.15, both by Syn-
biosis (Cambridge, United Kingdom). The number of T5-sensitive (T5S)
colonies was calculated as the mean number of T5R colonies subtracted
from the mean number of total colonies. Populations of T5S and T5R
were then able to be tracked over the time course of the experiment.

Sequencing and bioinformatics. Resistance mutations to streptomy-
cin in E. coli strains are most often linked to single nucleotide polymor-
phisms (SNPs) in the rpsL gene. This gene codes for the ribosomal protein
S12, which makes up part of the small (30S) subunit of the E. coli ribo-
some. In particular, this protein interacts with rRNA and mRNA at the
codon-anticodon recognition site (A site) of the ribosome. This implies
that S12 plays a role in codon-anticodon recognition, aminoacyl-tRNA
selection, and/or the translational proofreading process (16–19).

The rpsL gene was PCR amplified using forward and reverse primers
and then Sanger sequenced at the University of Arizona Genetics Core,
Tucson, AZ. These sequence reads were then vetted for quality and aligned
to the ancestral rpsL gene from the DD1953 strain and the reference K-12
MG1655 genome (GenBank accession no. NC_000913.3) sequence for
rpsL. SNPs were identified only when forward and reverse reads of high
quality agreed.

Along with rpsL, compensatory mutations in the rpsD and rpsE genes
have been reported in the literature (17, 20, 21). These genes were se-
quenced using a similar protocol for comparative reasons. All alignments
and assemblies were completed using Geneious bioinformatics software
tools (Biomatters Ltd., Auckland, New Zealand), version 7 or later.

MICs. The MICs for all strains were found experimentally using opti-
cal density (OD) measures in Luria-Bertani (LB) liquid medium. Basi-
cally, the strain of E. coli to be tested was grown overnight in a test tube in
LB at 37°C and shaken at 200 rpm. After the population had entered
stationary phase, 100 �l of the overnight growth was put into fresh LB
medium and allowed to enter exponential-growth phase. At this point,
100 �l of the growing population was put into an array of fresh test tubes
containing 1.9 ml of fresh LB along with a spectrum of streptomycin
concentrations ranging from 0 to 1,000 �g/ml. Growth in these tubes was
tracked by measuring optical density at 600 nm at regular intervals with a
WPA Biowave model CO8000 cell density meter.

RESULTS

Four rounds of experiments were conducted. Each round con-
sisted of two chemostats each inoculated with approximately
equal amounts of the two E. coli strains, DD1953 T5R and DD1953
T5S. This gave a total of four experimental replicates per round of
two chemostats, resulting in 16 replicate experimental runs over
those 4 rounds (2 strains per chemostat, 2 chemostats per round,
for 4 total replicate rounds). Each chemostat was continued for a
minimum of 120 h, although the results were usually clear by 96 h.
In 5 of the 16 (31.25%) replicate trials, the populations of E. coli
went extinct within 48 h as the concentration of streptomycin in
the chemostat approached 2.5 �g/ml (see Fig. 2). In 10 replicates,
the population was observed to decline to low levels and then
rapidly recover within the next 48 h (Fig. 1, colony counts for
experiments). Of the 8 chemostats run (2 chemostats per round),
only 1 had no observed streptomycin mutant come into the pop-
ulation at a detectable level within 120 h. The remaining 7 chemo-
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stats had at least 1 streptomycin-resistant mutant rise to a high
frequency within that time frame.

In one replicate, a contaminant was observed at 120 h that was
later identified as belonging to the genus Bacillus (Fig. 1H, T5R).
This contaminant was found at a low frequency (approximately
6.7% of CFU) and was not present at the 96-h sample, at which
point the E. coli strain was extinct. This contamination is not
wholly unexpected when we consider that the chemostat was an
available niche with all the resources needed for microbial growth.
The streptomycin-resistant mutant in this chemostat, K42N in the
rpsL gene, was increasing in frequency but did not completely fill
the niche space available during this time.

Sequences from the populations that recovered showed that in
all cases, one of three SNPs had swept to fixation (Table 1). The
three SNPs observed all occurred at the same codon position
within the rpsL gene, codon 42, which codes for the amino acid

FIG 1 (A to H) CFU/ml counts within experimental chemostats. Within 48 h, all chemostats indicated that sensitive strains were significantly depleted to or near
0. In all but one case, the resistant mutant had reached a high frequency (when a mutant was present) by 96 h. The two strains within each chemostat were labeled
with or without resistance to T5 bacteriophage. Note that a Bacillus contaminant was found in chemostat 2 of round 4 at the 120-h mark, which was not present
in the 72-h sample.

TABLE 1 Chemostat resultsa

Round

Results of chemostat trials

Chemostat T5S T5R

1 1 Extinct Extinct
2 K42T K42T

2 1 K42T K42N
2 K42T K42T

3 1 K42T K42T
2 K42I Extinct

4 1 Extinct K42N
2 K42N Extinct

a All mutations were found in the rpsL gene. In cases in which no mutant was observed,
the populations both went extinct. Note that in round 2, chemostat 1, both the T5R and
T5S strains were observed to have a K42T mutation (these have to be independent
mutations) and that in round 4, chemostat 2, a Bacillus contaminant was found in place
of a T5R strain at 120 h.
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lysine (K) (codon AAA), in the ancestor, DD1953 (both strains,
T5R and T5S). The observed SNPs were either AAA¡ACA (lysine
to threonine), AAA¡AAC (lysine to asparagine), and
AAA¡ATA (lysine to isoleucine). The threonine mutant was ob-
served to fix in 7 of the 11 (63.6%) replicates in which a strepto-
mycin-resistant mutant was observed. In three cases (round 2,
chemostat 1, T5R; round 4, chemostat 1, T5R; and round 4, che-
mostat 2, T5S), the K¡N change was observed. One case (round
3, chemostat 2, T5S) was found to be the isoleucine mutant K42I.
The MICs for all mutants were measured to be 
1,000 �g/ml for
streptomycin.

In order to test whether the discrepancy between the number
of trials that resulted in the K42T mutant fixing as opposed to the
K42N mutant fixing was an experimental condition or a result of
mutant presence/absence in the initial ancestor stocks, a control
experiment was conducted. The ancestor strains, DD1953 T5R
and DD1953 T5S, were grown overnight in LB. Twenty milliliters
of this overnight growth (OD at 600 nm [OD600] at time of inoc-
ulation, 1.96, for density of 1.96 � 109 and a total population size
of 3.92 � 1010 cells) was added to 180 ml of soft agar supple-
mented with streptomycin at a concentration of 100 �g/ml. The E.
coli and soft agar mixtures were then plated in 250-ml glass petri
dishes and incubated for 7 days at 37°C. This control was per-
formed in two replicates.

After the 7-day incubation period, a total of 59 streptomycin-
resistant colonies were observed (from 4 plates; see Tables 2 and
3). These colonies were collected, and their rpsL, rpsD, and rpsE
genes were PCR amplified and Sanger sequenced. As in the exper-
imental condition, no SNPs were found in rpsD or rpsE; once
again, all SNPs found were in the rpsL gene. However, not all of the
SNPs found in the control experiment were in the codon 42 posi-
tion, although most were. The complete list of SNPs from the
control experiments is given in Table 3. Of the 59 streptomycin-
resistant mutants from the control experiments, 41 (69.5%) mu-
tants were exact matches of the threonine mutant (K42T) ob-
served in the chemostat experiments. This represents the largest
portion of the control mutant list and is a close match in terms of
percentage to the chemostat experiments (63.6% in the experi-
ment versus 69.5% in the control). The second most frequent
mutant observed from the control experiments was a match to the
asparagine mutant (K42N) (11.8% [7/59 mutants] versus 27.3%
in the experiment). Of course, other streptomycin mutants were
also found in the controls (5 others) that were capable of growing
in streptomycin concentrations of at least 100 �g/ml.

DISCUSSION

This series of experiments highlights the incredible speed with
which a streptomycin-resistant mutant can sweep to fixation within a
population exposed to low levels of streptomycin. The sensitive
clones within the population die off quickly, and the resistant mu-
tants, with MICs of 
1,000 �g/ml, grow to fill the emptied envi-
ronmental space of the chemostat. We should note here that the
MIC of the resistant populations (
1,000 �g/ml) was over 400
times higher than the streptomycin concentration in the medium
at the time when the susceptible population had already com-
pletely died off (2.35 �g/ml streptomycin at 48 h). The rise was so
rapid, in fact, that the overall time to fixation for the streptomy-
cin-resistant mutants observed in these experiments was far
shorter than the typical 10- to 14-day treatment cycle for many
antibiotics, including streptomycin. Further, toxic levels of strep-
tomycin are reached at about 430 mg/kg of body weight (as per the
material safety data sheet [MSDS] for streptomycin sulfate: 50%
lethal dose [LD50] in rats, oral ingestion [http://www.pfizer.com
/files/products/material_safety_data/284.pdf]), far below the 1,000
�g/ml level of resistance and still at least 160 times higher than the
highest concentration of the antibiotic to which the populations
were exposed (Fig. 2).

Additionally, while the overall shift of the populations from
streptomycin sensitivity to resistance occurred rapidly, in each
individual case, the dynamics of the population shift differed from
the expectation provided by current theory. In each case, there was
a short but definitive period in which the sensitive clones within
the population were at or near extinction and the resistant clones
were not yet occurring at a high frequency within the chemostats.
This lull period, which was present in every case in which a resis-
tant mutant was later recovered from a chemostat trial, indicates
that resistant mutants do not increase in frequency as the environ-
ment approaches the MIC of the susceptible population, as ex-
pected. This is so even though the chemostat systems are designed
to maintain population size over time. Instead, the streptomycin-
resistant mutant was found to be at low frequency until well after
the sensitive population declined to extinction or near extinction
(Fig. 3). This suggests that the resistant mutant remains at a low
frequency until the susceptible clones decline.

The results from the control experiment indicate that by the
time of inoculation, the streptomycin-resistant mutants were al-

TABLE 3 Control experiment results: 59 streptomycin mutants found
in rpsL in the control experiment with MICs for streptomycin of 
100
�g/ml

rpsL SNP Codon Sequence Amino acid Quantity %

WTa 42 AAA Lysine NAb

K42T 42 ACA Threonine 41 69.5
K42N 42 AAC Asparagine 7 11.8
K42R 42 AGA Arginine 1 1.7
WT 87 AAA Lysine NA
K87R 87 AGA Arginine 5 8.5
WT 90 CCG Proline NA
P90L 90 CTG Leucine 1 1.7
P90Q 90 CAG Glutamine 2 3.4
WT 91 GGT Glycine NA
G91D 91 GAT Aspartic acid 2 3.4
a WT, wild type.
b NA, not available.

TABLE 2 Complete list of SNPs found in the control experimenta

rpsL SNP

Replicate 1 Replicate 2

T5S T5R T5S T5R

K42T 11 11 11 8
K42N 1 2 1 3
K42R 0 0 1 0
K87R 1 2 2 0
P90Q 0 1 0 1
P90L 0 0 0 1
G91D 0 1 0 1

Total 13 17 15 14
a All SNPs were identified in the rpsL gene, which is known to play a role in
streptomycin resistance.
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ready present in the population, and the shift in environment was
into one in which the antibiotic selects for the mutants, while also
selecting against the sensitive strain. This is evident by the number
of mutants that were recovered from the control experiments. If
the streptomycin-resistant mutants were present in the 20 ml of
inoculum that went into each control petri dish containing agar
and streptomycin, the colonies would grow and they would be
recoverable. This is indeed what happened. If the streptomycin-
resistant mutants had not been present in the inoculum, we would
expect a dynamic similar to that observed in the chemostat trials in
which no resistant strains were found (see Fig. 1A), namely, that
the sensitive cells would very rapidly be killed by the antibiotic in
the agar, and no mutant colonies would have been expected. Ad-
ditionally, the distributions of SNPs found in the control experi-
ment were consistent across the two experimental conditions (Ta-
bles 2 and 3), and these distributions also correlate well with the
distribution of SNPs observed in the chemostat experiments (Ta-
ble 1).

The total volume of inoculum for the control experiments was
20 ml of E. coli at an OD600 of about 1.96. This means that the petri
dishes with agar and streptomycin were each seeded with 3.92 �
1010 live growing cells. The average number of streptomycin-re-
sistant colonies recovered from the 4 trial petri dishes of the con-
trol experiment was 14.75 (P � 0.5238 for the four trials, G-test of
independence) (22). Put another way, we can calculate a condi-
tional mutation rate for the rpsL gene for streptomycin resistance.
Taking the average of results from the four control plates, the
mutation frequency for rpsL is calculated to be 2.69 � 10	9, mean-
ing that this is the rate at which we can expect to find a streptomy-
cin-resistant mutant with an MIC of 
1,000 �g/ml.

Since the mutation frequency and distribution are about the
same for both the T5S and the T5R control cultures, we can as-

sume that all the mutations happened in the last three generations.
Assuming a mutation rate of 10	10 (lower than measured) and a
population size of 4 � 1010, there is an expectation of 4 new mu-
tations per generation. When the population size is 2 � 1010, there
is an expectation of 2 new mutations per generation, which will
double to give 4 mutations in the final generation. Likewise, when
the population size is 1 � 1010, the expectation is one new muta-
tion, which will increase to four mutations in the final generation.
The expectation in the previous generation is less than one that
there will be a new mutation, and if there is, it will give the appear-
ance of unevenness in the distribution of mutation frequency
across populations. This will give an expectation of 16 mutations
for each petri plate, compared to the observed 14.75 mutations.
Thus, we can conclude that the mutation rate of streptomycin
resistance is just a little more than 10	10, and that the last two
generations contributed most of the observed mutations.

In the chemostat experiments, each chemostat was inoculated
with 1 ml of T5S and 1 ml of T5R, both at an OD600 of about 0.8.
This means that each milliliter of inoculant contained about 8 �
108 cells, for a total of 1.6 � 109 cells per chemostat inoculation.
Given the calculated frequency of streptomycin-resistant strains,
we would expect 59.3% of chemostat replicate trials to result in an
observed streptomycin-resistant mutant in the rpsL gene (1.6 �
109 total E. coli cells/2.7 � 10	9 expected gene frequency). At
equilibrium, these chemostats contain about 3 � 109 cells. Across
8 chemostats, this would be 2.4 � 1010 cells. With a mutation rate
of 10	10, this gives an expectation of an additional 2.5 new muta-
tions in the chemostats. Since about half the populations already
carry at least one cell that is resistant to streptomycin, only half of
these new mutations in the chemostat will be in populations con-
sisting of sensitive cells only. Thus, we expect 10.75 (9.5 � 1.25)
populations to contain a strain that is resistant to streptomycin.

FIG 2 Concentration of streptomycin over time. As the concentration of antibiotic increased, susceptible strains died off, but resistant mutants did not increase
in frequency until later, even though streptomycin continued to increase. In almost all cases for which resistance was observed, the resistant strain(s) reached high
frequency by the 96th hour.
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This agrees closely with the observed 11/16 populations that con-
tained streptomycin-resistant cells.

The chemostat trials support the conclusion of the control ex-
periment that most of the mutants come into the population dur-
ing the exponential-growth phase prior to exposure to the antibi-
otic in the chemostat. If the SNPs that are responsible for
resistance were to occur after inoculation of the chemostats, we
would have to expect that the time of mutation would again be
before the level of streptomycin reaches a concentration capable of
killing most of the bacterial cells. This must be the case, because
once streptomycin concentrations reach a level that results in bac-
terial killing, population sizes drop very quickly (Fig. 1), repre-
senting a decreasing probability of an SNP occurring, not an in-
creasing one. In fact, keeping pathogen population sizes small is a
basic tenet of controlling many infectious diseases, including HIV
(23), tuberculosis (24), and malaria (25). This is because host
immune systems function well when infection size is controlled, as
opposed to the uncontrolled growth of pathogens that warrants
antibiotic treatments. By keeping the overall population size of the

pathogen in check, the immune system can most probably elimi-
nate the antibiotic-resistant mutants that occur through random
SNPs before they are selected for and become the dominant
strains in an infection.

Extrapolating the results observed here to general infections
treated with streptomycin beginning in the 1940s would mean
that streptomycin should almost immediately have been rendered
effectively useless as an antimicrobial therapy. In fact, this was a
concern for researchers investigating streptomycin efficacy in tu-
berculosis as early as 1948 (26, 27). The Marshall et al. (27) study
found resistance to streptomycin after treatment with streptomy-
cin in samples collected from tuberculosis patients in 35 of 41
cases (85.4%). Initially, all the populations were sensitive to strep-
tomycin. After treatment, no bacteria were isolated from sputum
samples for a few days to months, and then the populations were
resistant to killing by streptomycin (27). Putting aside the large
number of differences between the two studies, the in vivo out-
come of the 1948 study did not differ drastically from the 63.6%
rate of high-level resistance in vitro observed here, suggesting that

FIG 3 Theory versus observation. (A) Expected graphs of relative growth rates for a population of bacteria in an antibiotic gradient. The expectation was that the
susceptible population would go extinct when the antibiotic concentration reached the MIC of the susceptible bacteria (MICS). Another expectation was that the
growth rate of any of the resistant mutants in the population would continue unabated until the antibiotic concentration reached a threshold capable of killing
these resistant cells (MICR). The underlying assumption was that both strains grew at the maximum growth rate (�max), with the antibiotic-resistant clone having
a slightly lower maximum growth rate. (B) Same scenario as in panel A but in terms of population size (N) instead of growth rate (�). The resistant clone filled
the available niche space and increased in frequency as the growth rate of the susceptible clone declined. Overall, N remained constant. (C) Results of chemostat
experiments are graphed in panel A. Contrary to expectation, the resistant mutant underwent an apparent bump in growth rate (in chemostats, bacteria
experience submaximal � at equilibrium) and then a return to baseline after a lull period in which the total population size was greatly diminished. The resistant
strain increased in growth rate to �max as the growth rate of the susceptible strain declined. (D) Results of the current experiments in terms of N. The low starting
frequency of the resistant strain did not take up niche space as quickly as it was yielded by the susceptible strain even though the resistant mutant grew as quickly
as physiologically possible. This resulted in the observed lull period. Whether similar dynamics would be observed in hosts with an active immune system is
unknown.
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the streptomycin-resistant mutations that arose were preexisting
in the population. This is particularly clear when you consider that
the present study looked at a window of only 5 days, as opposed to
up to 5.5 months in the 1948 study.

However, if many infections can reach pathogen population
sizes of 1010 (28), like our control trial population sizes, we should
expect that most cases of streptomycin treatment would have pro-
vided for the selection of resistant mutants present in the patients
at rates similar to those seen in the present series of experiments.
One reasonable explanation for why this did not occur would be
the major component of host-pathogen dynamics not present in
the chemostat, the host immune system. The immune system
would have acted on the relatively small number of resistant mu-
tants, along with any persister cells that escaped chemotherapy,
thus ending the line of streptomycin-resistant E. coli organisms
before they had a chance to grow under positive selective condi-
tions and spread beyond the host. This would be particularly ef-
fective during the lull period observed here, when overall bacterial
population size is low, thus preserving streptomycin effectiveness.
While antibiotics helped the immune system, the implication is
that the immune system also helped control the spread of antibi-
otic-resistant mutants.
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