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Duplicated genes provide an important raw material for adaptive
evolution. However, the relationship between gene duplication
and the emergence of new biochemical functions is complicated,
and it has been difﬁcult to quantify the likelihood of evolving
novelty in any systematic manner. Here, we describe a comprehensive search for artiﬁcially ampliﬁed genes that are able to
impart new phenotypes on Escherichia coli, provided their expression is up-regulated. We used a high-throughput, library-on-library
strategy to screen for resistance to antibiotics and toxins. Cells
containing a complete E. coli ORF library were exposed to 237
toxin-containing environments. From 86 of these environments,
we identiﬁed a total of 115 cases where overexpressed ORFs
imparted improved growth. Of the overexpressed ORFs that we
tested, most conferred small but reproducible increases in minimum inhibitory concentration (≤16-fold) for their corresponding
antibiotics. In many cases, proteins were acting promiscuously to
impart resistance. In the absence of toxins, most strains bore no
ﬁtness cost associated with ORF overexpression. Our results show
that even the genome of a nonpathogenic bacterium harbors a
substantial reservoir of resistance genes, which can be readily
accessed through overexpression mutations. During the growth
of a population under selection, these mutations are most likely
to be gene ampliﬁcations. Therefore, our work provides validation
and biochemical insight into the innovation, ampliﬁcation, and
divergence model of gene evolution under continuous selection
[Bergthorsson U, Andersson DI, Roth JR (2007) Proc Natl Acad Sci
USA 104:17004–17009], and also illustrates the high frequency at
which novel traits can evolve in bacterial populations.
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ll species must adapt to survive in changing environments.
At the molecular level, the presence of novel nutrients and
toxins can drive the evolution of proteins that recognize or metabolize them (1, 2). Duplicated copies of preexisting genes
provide the primary genetic source for functional innovation (3,
4). However, the relationship between duplication and the
emergence of new biochemical functions is complicated because
gene duplications are generally expected to be either selectively
neutral (5) or deleterious (6). Therefore, it has been difﬁcult to
systematically assess the likelihood of evolving novel traits. In the
present study, we have sought to address this gap in the Darwinian paradigm.
Numerous hypotheses have been proposed to explain the fates
of duplicated genes within populations (7–9). A particularly appealing model identiﬁes a mechanism by which selection can act
continuously to favor both an increase in gene dosage, and divergence of one copy from the parental gene. This model, termed
adaptive radiation (10) or the innovation, ampliﬁcation, and divergence (IAD) model (11), is rooted in the notion that many
existing proteins display broad speciﬁcity and secondary activities
in addition to the function that they evolved to carry out (12). In
primordial times, this “promiscuity” would have allowed many
metabolic functions to be carried out by a minimal number of
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multitasking proteins (13). In more specialized, modern-day
proteins, promiscuity is likely to be a product of contingency: active sites typically contain a variety of reactive groups (proton
donors and acceptors, metal ions, and so forth) that could (by
chance) play roles in secondary reactions (14). These secondary
activities are assumed to provide the necessary reservoir of selectable functions.
In the IAD model, selection is imposed on a weak, promiscuous activity. To increase ﬁtness, duplications (and higher-order
ampliﬁcations) of the promiscuous gene are selected and maintained in the population. In turn, this increase in copy number
improves the likelihood of point mutations that enhance the
promiscuous activity, by increasing the number of mutational
targets yet still allowing at least one copy to retain the parental
activity (11).
Two central tenets of the IAD model are: (i) that gene ampliﬁcation events are common; and (ii) that promiscuous activities
are widespread, as well as being biochemically and mechanistically diverse. Experiments with unselected bacterial populations
have shown the ﬁrst point to be accurate (15), with cells that bear
duplications at any given locus reaching steady-state frequencies
of ∼10−3 (16). We are interested in cataloguing the promiscuous
activities within an entire proteome to understand the protein
biochemistry that underlies the evolution of new phenotypes.
Multicopy suppression experiments are a powerful and tractable way of demonstrating that adaptation can begin with the
increased expression of promiscuous proteins. In these experiments, conditionally auxotrophic bacterial strains are transformed with plasmid-encoded libraries of ORFs. The libraries are
screened for genes that can suppress the phenotype of the original
mutation, provided they are present in high copy number (17–19)
or overexpressed (20, 21). Previously, we used the multicopy
suppression approach in an attempt to assess the prevalence of
promiscuity, on a proteome-wide scale. We made use of the
ASKA (A Complete Set of Escherichia coli K-12 ORF Archive)
library, which comprises every E. coli ORF cloned into the expression vector pCA24N (22). The plasmids of the library were
pooled and used to transform 104 conditionally auxotrophic,
single-gene deletion strains. Twenty-one of the auxotrophies were
speciﬁcally suppressed by the overexpression of noncognate
E. coli genes (23). The implication was that many proteins are
multifunctional; however, the ability of proteome-wide promiscuity
to drive an organism’s adaptation to new environments remained
unknown. The next logical step was to survey the entire E. coli
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Results
Library-on-Library Screen. We have conducted a global survey to
uncover latent resistance genes in the E. coli genome. E. coli cells
were transformed with the pooled plasmids of the ASKA ORF
library and then used to inoculate every well of 10 phenotype
microarray (PM) plates (Fig. 1 A and B). In total, these 10 PM
plates contained 237 toxins (including antibacterial agents), with
each toxin present at four concentrations (24). Growth in each
toxin-containing well could be monitored by purple color development because of the presence of a tetrazolium indicator dye
(25). A negative control (E. coli harboring the empty ASKA
vector, pCA24N-NoIns) was used to inoculate a second set of
PM plates in parallel. By comparing the growth rates of the ASKA
pool and the control, we were able to screen for examples in which
the isopropyl-β-D-thiogalactopyranoside (IPTG)-induced overexpression of ASKA-encoded genes conferred increased ﬁtness
(i.e., an improved capacity for survival and reproduction) in the
presence of a toxin.
The ASKA expression vector, pCA24N, has the same modiﬁed
pMB1 replication origin as pQE30 (Qiagen), which gives it a copy
number of 300 to 400 per cell. The pCA24N backbone also encodes the lacIq repressor, for tightly controlling the expression of
each ASKA ORF. Therefore, we were speciﬁcally seeking
examples where protein overexpression was essential for increased ﬁtness. However, induction with a high concentration of

Identiﬁcation of Novel Resistance Genes. Next we sought to
deconvolute the results of our library-on-library screen by isolating individual ASKA clones that were responsible for the observed improvements in growth rates. In each of the 99 conditions
identiﬁed above, we used serial transfer to enrich for the ﬁttest
clones within the ASKA pool (Fig. 1C). After two transfers, cells
from the enriched population were plated under nonselective
conditions. PCR and DNA sequencing revealed the plasmidencoded genes that had imparted improved growth.
An ASKA ORF was scored as a hit if it occurred at least twice
among the eight clones sequenced from a serially passaged
population. Given the large size of the ASKA pool (5,272 clones),
it was highly unlikely (P ≈ 0.005) that any two of the eight randomly chosen colonies would contain the same ASKA plasmid,
unless that clone had been positively selected during serial
transfer. Our approach yielded hits from 86 of the 99 conditions
tested, including representatives of all of the compound classes
that were tested (Table 1). For example, the PM plates contained
22 β-lactam antibiotics, and we isolated ASKA clones that improved growth in 11 of them (Table 1, row 1). Our serial enrichment strategy yielded a single hit from 60 of the 86 conditions.
In 38 of these, the ASKA clone was enriched to apparent homogeneity (i.e., eight of eight sequenced clones were identical).
However, serial transfer gave two different hits in 23 conditions,
Table 1. Summary of hits obtained from the library-on-library
screen

Fig. 1. The library-on-library screen and subsequent isolation of ASKAencoded resistance genes. (A) E. coli cells harboring the pooled plasmids of
the ASKA ORF collection (blue) and the negative control clone (gray) were
grown to midlog phase in parallel, and protein overexpression was induced
by the addition of IPTG (50 μM). (B) Both cultures were used to inoculate
every well of two sets of PM plates. A well was scored positive when the
ASKA pool out-grew the negative control, as shown by more rapid tetrazolium color development (Inset). (C) For each positive PM well, the ﬁttest
ASKA clone (or clones) was isolated by two rounds of serial transfer before
an aliquot of the enriched culture was plated on nonselective medium to
allow identiﬁcation of the ASKA ORF (or ORFs).

Soo et al.

Class of toxic compound

Number of
positives*

Antibacterials
β-Lactams
Aminoglycosides
Anti-folates
Quinolones
Tetracyclines
MLS antibiotics
Glycopeptides
Nitrofurans
Rifamycins
Steroid antibacterial
Other toxins
Total

11
4
7
4
3
6
1
3
1
1
45
86

(of
(of
(of
(of
(of
(of
(of
(of
(of
(of
(of
(of

22)
14)
9)
9)
8)
7)
3)
3)
2)
1)
159)
237)

Number of
ASKA hits†
14
4
10
6
4
10
1
4
2
1
59
115

*The number of toxic compounds for which screening and serial enrichment
yielded at least one ASKA-encoded resistance gene. The total number of
toxins that were screened in each class is listed in parentheses.
†
Total number of ASKA ORFs that were isolated from PM wells containing
toxins of each compound class.
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IPTG (1 mM) severely inhibits the growth of 51% of ASKA
strains (including almost all that overexpress membrane proteins), and in addition, another 28% show moderate growth inhibition (22). To avoid this source of bias, we used a signiﬁcantly
lower concentration of IPTG (50 μM) to induce protein expression. This amount is sufﬁcient for derepression of the pCA24N
T5-lacO promoter, but minimizes ﬁtness differences associated
with overexpression of different ORFs (20, 23).
In duplicate screens, the ASKA pool out-grew the negative
control in the presence of 99 toxins (42% of those tested). In the
majority of cases, these improved growth phenotypes manifested
as small but reproducible changes in the intensity of tetrazolium
color development within the ﬁrst 48 h of incubation (Dataset S1).
The ASKA pool showed enhanced growth in 50 of the 78 antibacterial agents (64%) contained within the PM plates. We also
noted increased growth rates in the presence of 49 of the other 159
toxins that were tested (31%), which included antifungal and
antiparasitic agents, inorganic salts, and dyes (Dataset S1).

EVOLUTION

proteome for its latent ability to confer genuinely new phenotypes
(rather than to recreate old ones).
Here, we describe a comprehensive search for promiscuous
proteins that can impart new phenotypes on E. coli. We provide
experimental evidence that the overexpression of preexisting
E. coli proteins can provide resistance to >80 antibiotics and toxins.
Our results suggest that the evolution of novel traits is surprisingly
likely, and that even the genomes of well-characterized bacteria
harbor substantial reservoirs of latent resistance determinants.

and three hits in another three cases (the β-lactam, aztreonam;
the antiseptic, benzethonium chloride; and the toxic alkaloid,
sanguinarine). Overall, therefore, we identiﬁed 115 positively
selected hits from 86 toxin-containing environments (Table 1 and
Dataset S1).
In 13 cases, serial transfer failed to enrich any individual
ASKA clone to a frequency of two or more in the eight sequenced clones (Dataset S1). One explanation is that there were
many plasmid-encoded ORFs that all imparted ﬁtness advantages (of similar magnitudes) in those conditions. It is also possible that chromosomal mutations were responsible for improved
growth, although this is unlikely when the experimental design
(two independent ASKA pools, both required to out-grow negative control populations) and the small size of each input population (∼50,000 cells) are considered. Alternatively, further
transfers may have been required to identify the fastest-growing
clones in the ASKA pool. By imparting stringent criteria for
identifying novel resistance genes, we minimized the probability
of isolating false-positives.
Diverse Mechanisms of Resistance. Our initial focus was on identifying proteins—and particularly enzymes—that possessed weak
secondary activities. However, it rapidly became apparent that
our library-on-library screen had uncovered many different classes of protein that were contributing to resistance. Therefore, we
used the EcoCyc (26) and UniProt (27) databases, in addition to
the references cited in Dataset S1, to assign proposed modes of
action for each of the 115 cases that we had identiﬁed (Table 2).
Eighteen genes occurred multiple times and were responsible
for improving growth in a total of 72 toxin-containing environments (Table S1), suggesting broad and nonspeciﬁc mechanisms.
Consistent with previous results (28–31), the expression of efﬂux
pumps and transporters was common among this subset of compound nonspeciﬁc resistance determinants. For example, expression of the Bcr multidrug transporter increased growth in the
presence of three antifolate antibiotics (sulfachloropyridazine,
sulfathiazole, and sulﬁsoxazole), two tetracyclines (oxytetracycline
and rolitetracycline), and one β-lactam (cefoperazone). An uncharacterized outer-membrane β-barrel, YcbS, improved growth in the
presence of four toxic compounds: a mutagen, 9-aminoacridine; an
uncoupling agent, FCCP; a herbicide, methyl viologen; and an alkaloid, sanguinarine. Similarly, the MdtM and Cmr efﬂux pumps
improved growth in the presence of ﬁve and three toxins, respectively
(Table S1). The selection of these membrane proteins conﬁrmed that
we had minimized any bias associated with IPTG-induced overexpression.
We also discovered regulators, stress-response proteins, and
proteins from capsule biosynthesis that each improved ﬁtness
in the presence of multiple toxins (Table S1). The only readily
predictable example was the transcriptional activator MarA,
Table 2. Proposed modes of action for 115 cases of resistance
imparted by ASKA ORFs
Mechanism of resistance
Efﬂux pump/transporter
Regulatory effect
Catalytic promiscuity and/or substrate ambiguity
Prophage gene
Stress response
Envelope/capsule synthesis
Bioﬁlm formation and regulation
Overexpression of the drug’s target
Maintenance of metabolic ﬂux
Unknown
Total
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Frequency
22
19
15
14
13
8
5
1
1
17
115

which we isolated from environments containing two quinolones
(ciproﬂoxacin and oﬂoxacin), a tetracycline (penimepicycline), a
macrolide (tylosin), and a mutagen (proﬂavine). MarA is known
to mediate multidrug resistance by up-regulating the efﬂux system
and down-regulating membrane permeability (32, 33). In other
cases, we found genes that had not previously been associated
with resistance, including the bioﬁlm modulation protein, Bdm,
the small stress response protein, YcgZ, and the global regulator
of transcription, CpdA (cAMP phosphodiesterase). The likely
pleiotropic effects of these in altering the expression of downstream resistance determinants can be rationalized. Another prominent hit was the UDP-glucose 4-epimerase (GalE) ASKA
strain, which was isolated from seven PM wells. GalE is involved
in a variety of galactose metabolic processes, including glycolysis
and the biosynthesis of lipopolysaccharide and capsule components. The host strain, E. coli DH5α-E, is gal−, although the exact
mutations responsible for this phenotype are not known. It is
possible that the ﬁtness effects seen when GalE was overexpressed
were simply a result of complementation of the gal− mutation.
However, if this was the case, we would have expected the GalEexpressing ASKA strain to out-grow the negative control in many
more than seven of the 237 environments that we tested. Instead,
GalE expression appears to mediate a suite of pleiotropic effects
that are relevant for the evolution of resistance. Finally, other
multiple-occurring ORFs hint at the functions of previously
uncharacterized proteins (Table S1). For example, the YejGexpressing clone was isolated from PM wells containing apramycin, sisomicin, and tobramycin, suggesting that it may possess
broad enzymatic activity toward these aminoglycoside antibiotics.
In 43 cases, an ASKA-encoded gene improved growth in the
presence of a single toxin (Dataset S2). These compound-speciﬁc
responses included 12 cases in which metabolic enzymes appeared
to display catalytic promiscuity or substrate ambiguity. Examples
included the carbonic anhydrase, CynT, evincing growth in the
presence of enoxacin [reminiscent of the human enzyme’s promiscuous esterase activity (34)] and the purine nucleotidase,
YrfG, increasing ﬁtness in the presence of a toxic analog (6mercaptopurine). Finally, 13 of the 17 instances in which we were
unable to assign a mechanism of action (Table 2) involved uncharacterized ASKA ORFs that were isolated from a single
environment (Dataset S2).
Interplay of Fitness and Resistance. Mutations that confer antibiotic resistance can have a variety of effects on the ﬁtness of the
cell in the absence of drug (35). Resistance mutations often bear
ﬁtness costs, although examples of cost-free resistance (36) and
mutual compensation (i.e., simultaneous increases in resistance
and ﬁtness) have also been described (37). Our library-on-library
screen revealed cases where ASKA clones were responsible for
enhancing ﬁtness in the presence of a toxin. It was unclear from
our screen whether the plasmid-encoded ORFs were improving
the general vigor of the host or increasing resistance. To investigate this further, we measured the ﬁtness value (W) for each
of 25 strains relative to the negative-control strain (i.e., E. coli
DH5α-E with pCA24N-NoIns). Fitness tests were conducted in
the absence of toxin, but the presence of 50 μM IPTG. Using the
same set of 25 strains, we also determined the minimum inhibitory concentrations (MICs) for 29 toxin/strain combinations.
We chose to focus on anti-bacterial compounds and to test
examples of each mechanistic class (as deﬁned in Table 2).
In the absence of toxin, only two of the 25 ASKA strains
showed signiﬁcantly reduced ﬁtness (i.e., W < 1; P < 0.01) compared with the negative control (Table 3). Nine ASKA strains
were not signiﬁcantly different from the control (P > 0.01), and 14
of the strains out-competed it (W > 1; P < 0.01). In contrast, almost all of MICs determined for ASKA strains were increased
compared with those that were measured for the negative-control
strain (Table 3).
Soo et al.

overexpression of YdaC imparted a fourfold increase in erythromycin resistance and a small increase in ﬁtness (W = 1.33);
YdfW overexpression gave a smaller increase in resistance (threefold) but a larger increase in ﬁtness (W = 1.51). Similarly, overexpressing NudB gave a higher MIC for sulfadiazine than LuxS
overexpression (32 vs. 24 μg·mL−1), yet the NudB-expressing
strain was considerably less ﬁt (W = 0.68 vs. W = 1.11).
In a single case, expression of an ASKA ORF (an uncharacterized prophage gene, tfaX) decreased the MIC for the antibiotic
(nitrofurantoin) in which it was selected. The TfaX-expressing
strain showed a small but statistically signiﬁcant ﬁtness improvement in the absence of nitrofurantoin (W = 1.18). This
suggests that increased ﬁtness in the absence of an antibiotic can
translate into a selective advantage when the drug is introduced;
however, this appears to be uncommon. It is noteworthy that no
single ASKA gene was isolated from more than seven PM wells
(vide supra) (Table S1). It might be expected that one (or a
handful) of general, growth-enhancing genes would have been
isolated from a majority of the 237 toxin-containing environ-
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By far the largest increase in MIC was for trimethoprim, where
overexpression of its intracellular target, dihydrofolate reductase
(folA), effected very high levels of resistance (at least 500-fold
greater than the negative control strain). The FolA-expressing
strain was also one of the least ﬁt in the absence of antibiotic
(W = 0.84). Expression of the multidrug transporters MdtM and
Cmr led to 16-fold and 8-fold increases in the MICs for puromycin and lincomycin, respectively, without imparting ﬁtness
costs in a toxin-free environment. The remainder of the selected
ASKA strains exhibited modest increases (<8-fold) in MICs
compared with the negative control (Table 3).
In general, there was a poor correlation between resistance
and ﬁtness in the absence of toxin. In some cases, ﬁtter clones
were also more resistant. For example, the YcgZ-expressing
clone had the highest relative ﬁtness of the 25 that we measured
(W = 1.72), and it also showed a greater increase in aztreonam
resistance (5.9-fold) than the other two clones that were isolated
from the aztreonam-containing PM well (Table 3). However,
there were also cases where the opposite was true. For example,

ASKA ORF

W ± SE*

β-Lactams
bdm
1.47 ± 0.04†
bfd
1.16 ± 0.03†
rbsR
1.40 ± 0.04†
yeaD
1.20 ± 0.03†
ycgZ
1.72 ± 0.05†
ycgZ
See above
Aminoglycosides
yejG
0.94 ± 0.04
yejG
See above
Anti-folates
folA
0.84 ± 0.03†
luxS
1.11 ± 0.02†
nudB
0.68 ± 0.04†
Quinolones
cynT
1.17 ± 0.04†
marA
1.08 ± 0.02
galE
1.16 ± 0.01†
yfdO
1.03 ± 0.02
Tetracyclines
bcr
1.03 ± 0.04
Macrolide-Lincosamide-Streptogramin
cmr
1.45 ± 0.02†
rbsR
See above
ydfW
1.51 ± 0.12†
ydfW
See above
ydaC
1.33 ± 0.03†
Glycopeptides
mzrA
1.23 ± 0.07
Nitrofurans
tfaX
1.18 ± 0.02†
Rifamycins
feoC
0.78 ± 0.07
tusE
0.87 ± 0.04
Other toxins
mdtM
1.07 ± 0.03
puuD
1.12 ± 0.03†
ybcD
1.02 ± 0.02
yhiK
1.19 ± 0.01†

Compound

MIC (μg/mL) with
ASKA ORF

MIC (μg/mL) with
pCA24N-NoIns

Fold-increase
in MIC

Cephalothin
Penicillin G
Aztreonam
Aztreonam
Aztreonam
Cefuroxime

16
48
0.19
0.094
0.38
16

8
32
0.064
0.064
0.064
6

2.0
1.5
3.0
1.5
5.9
2.7

Sisomicin
Tobramycin

0.19
1.5

0.125
0.5

1.5
3.0

Trimethoprim
Sulfadiazine
Sulfadiazine

>32
24
32

0.064
16
16

>500
1.5
2.0

Enoxacin
Ciproﬂoxacin
Nalidixic acid
Nalidixic acid

0.25
0.125
96
48

0.19
0.032
32
32

1.3
3.9
3.0
1.5

Oxytetracycline

6

2

3.0

Lincomycin
Lincomycin
Spiramycin
Erythromycin
Erythromycin

1,536
384
36
96
128

192
192
24
32
32

8.0
2.0
1.5
3.0
4.0

Vancomycin

256

128

2.0

Nitrofurantoin

0.094

0.19

0.5

Rifampicin
Rifampicin

6
6

4
4

1.5
1.5

Puromycin
Benzethonium chloride
Benzethonium chloride
Benzethonium chloride

128
6
8
12

8
6
6
6

16.0
1.0
1.3
2.0

*Fitness (W) of the ASKA strain, in the absence of toxin, relative to a neutrally-marked negative control that harbors pCA24N-NoIns. Values are expressed as
mean ± SE (n = 8).
†
Signiﬁcance level of P < 0.01 for a two-tailed test with the null hypothesis that W = 1, calculated using the t distribution and 7 df.
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Table 3. Relative ﬁtness and drug resistance data for E. coli cells overexpressing ORFs from the ASKA library

ments, were such a gene present in the ASKA pool. Instead, our
approach has revealed many latent resistance determinants in the
E. coli genome.
Discussion
The aim of this study was to gauge the extent to which a simple
adaptive response—overexpression of a preexisting protein—
could impart new phenotypes on E. coli. A handful of analogous
examples have been discovered adventitiously (2), but at the
outset of this study the likelihood (and therefore relevance) of
this route to evolutionary innovation was unclear. We used resistance to antibiotics and toxins as a readily selectable trait. Our
survey was the most comprehensive to date, because we used the
wells of 10 PM plates as our toxin-containing environments. We
also used the ASKA ORF collection to directly identify proteins
that could impart resistance. This process contrasts with previous
studies where roles in resistance have been inferred indirectly,
based on the increased sensitivity of mutants produced by
transposon inactivation or gene knockouts (28, 30, 31).
In the ﬁrst part of our experiment, we identiﬁed toxincontaining conditions where the pooled ASKA clones out-grew
the negative control. In those PM wells, at least one member of
the pool had gained an improved ability to survive and reproduce, through the overexpression of a single, wild-type ORF.
Next, serial transfer was used to identify the ﬁttest strains in the
ASKA pool. Our approach was designed to focus on monogenic
examples, and to exclude multicell phenomena (such as crossfeeding between members of the pool). Our experimental design
also precluded the identiﬁcation of ASKA clones with increased
susceptibility to toxins, although these are likely to have been
present in many (and perhaps all) of the PM wells. In total, we
identiﬁed 61 ASKA ORFs that improved ﬁtness in 86 of 237
toxin-containing environments. Eighteen of these ORFs were
hits in multiple wells (Table S1); overall, we identiﬁed 115
examples of resistance. Hits were obtained from every class of
toxic compound tested (Table 1). The hit rate (resistance to 36%
of all toxins) was even higher than in our previous study (23),
where only 20% of single-gene knockout strains were rescued by
noncognate ASKA ORFs. As hypothesized previously (38), we
have shown that a bacterium from a nonclinical environment (in
this case, a laboratory strain of E. coli) can nevertheless possess
a signiﬁcant reservoir of latent resistance determinants. More
generally, our study emphasizes just how likely evolutionary innovation can be. Our results imply that the overexpression of
a randomly chosen E. coli protein will impart resistance to a novel
toxin with a probability of (61/5,272) × (86/237) ≈ 0.4%.
The PM plates contained four concentrations of each toxin.
Therefore, a hit could have been because of an increase in resistance (i.e., a strain undergoing division at a toxin concentration
that was inhibitory to the other strains, including the negative
control), or because of particularly rapid growth in a subinhibitory
concentration of the toxin (i.e., dividing faster than the other
strains in the pool). In this respect, our experiment mimics the
dynamics of a clinical setting (37, 39). Almost exclusively, the
proteins that we identiﬁed did facilitate increased resistance
(Table 3). The majority of the measured MIC increases were
modest (<8-fold); nevertheless, even small changes such as these
can be responsible for increasing the severity of bacterial infections (40). In one case—cefuroxime—we showed that expression
of a small stress response protein, YcgZ, increased the MIC from
6 to 16 μg·mL−1. The clinical breakpoint for resistance to this
β-lactam is 8 μg·mL−1 (41); that is, our nonpathogenic host strain
attained clinically relevant levels of resistance, simply through
overexpression of a previously uncharacterized protein. Furthermore, most strains showed no ﬁtness cost associated with
expressing an ASKA ORF in the absence of toxin (and indeed,
many out-competed the negative control) (Table 3). Strong selection pressure for cost-free resistance mutations has been ob1488 | www.pnas.org/cgi/doi/10.1073/pnas.1012108108

served in clinical isolates of Mycobacterium tuberculosis (36).
Together, our MIC and ﬁtness data suggest that up-regulating the
expression of preexisting, latent resistance determinants may play
an important role in the emergence of drug-resistant pathogens.
We discovered proteins acting through a variety of mechanisms
to effect resistance (Table 2). Many of these mechanisms—such
as toxin efﬂux/transport, stress responses and bioﬁlm formation—
were unsurprising, even if the identities of the individual resistance genes were less predictable. In 15 of 115 cases, overexpressed enzymes appeared to be acting promiscuously to impart
resistance. In addition to these mechanisms, there was a prevalence of prophage genes and genes of unknown function in our
list. Prophage genes are usually assumed to be cryptic or defective
remnants of temperate bacteriophage genomes, although a recent
study has shown that genes from the CP4-57 and DLP12 prophages can play roles in bioﬁlm development (42). Here, we have
reported 14 cases in which the overexpression of prophage genes
(including two from DLP12) can improve growth in the presence
of toxins. Twelve of these cases arose from the overexpression of
only three prophage genes: ydaC, ydfW, and yfdO (Table S1). This
result extends the previous ﬁnding (42), demonstrating that prophage genes can modulate broad, compound nonspeciﬁc cellular
responses when they are activated from latency.
In contrast, we identiﬁed 20 uncharacterized, nonprophage
genes that showed speciﬁcity in their actions; that is, they each
imparted a growth advantage in the presence of a single toxin.
These included genes for putative enzymes (wbbL_1, yeaD, ysgA),
predicted transporters (yedA, yjeH), and a predicted transcriptional regulator (yidF), as well as 14 genes for which functional
annotation was impossible due to insufﬁcient homology with any
gene of known function (Dataset S2). These results provide experimental evidence for the importance of cryptic genes as a reservoir of evolutionarily-accessible functions (43).
Our experiments have demonstrated the biochemical feasibility of the IAD model for the origins of new genes (11). Every
plasmid-carrying ASKA clone approximated a nonplasmidcontaining strain in which a single chromosomal locus had been
ampliﬁed. Growth under selection began when the pooled ASKA
clones were used to inoculate each PM well. To be scored positive,
a PM well had to contain cells that out-grew the negative control,
in which no ASKA ORF was being expressed. Therefore, we were
speciﬁcally looking for cases in which proteins possessed activities
that were valuable in the presence of a toxin and cases in which
increases in their dosage were required to uncover the latent activities. We halted our selection experiments at this stage; that is,
we applied selection, but we did not consider mutation beyond
(artiﬁcial) gene ampliﬁcation. The next step will be to determine
feasible mutational routes for the divergence of ampliﬁed copies
from their original function toward their new role in antibiotic
resistance. These studies are on-going in our laboratory, and will
allow related questions, such as the nature of the tradeoff between
new and old enzymatic functions, to be addressed.
Concluding Remarks. We have used two tools from functional
genomics (PM plates and the ASKA collection) to conduct a
comprehensive search for E. coli proteins that can impart improved growth in the presence of toxic compounds. The resulting
catalog provides a unique picture of a bacterium’s latent evolutionary potential and emphasizes the high frequency at which
novel traits can evolve. By cataloguing sources of phenotypic innovation, we have revealed the diversity of adaptive mechanisms
that can be underpinned by overexpression mutations such as
gene ampliﬁcation. Our results suggest that the IAD model (11)
is a biochemically and evolutionarily feasible—and perhaps
dominant—mechanism for the birth of new genes under selection.
Soo et al.

Library-on-Library Screen. The library-on-library screening protocol is outlined
in Fig. 1. Plates PM11 to PM20 were from Biolog Inc. After inoculation, the
PM plates were incubated at 37 °C for 7 d and the growth in each well was
scored daily. Two independent replicates of the screen were performed.
Serial Enrichment to Identify Resistance Genes. For conditions in which the
ASKA pool reproducibly out-grew the negative control, fresh aliquots of the
pool were now used to inoculate the corresponding wells of new PM plates.
At the ﬁrst sign of growth (i.e., purple color development), the culture in that
well was diluted 50-fold with fresh medium and transferred to the corresponding well of a new plate. After a second transfer, cells were spread on LBchloramphenicol plates. PCR ampliﬁcation and sequencing of the ASKA ORFs
from at least eight of the resulting colonies revealed each ORF that was
responsible for enhanced growth.

and used to transform fresh aliquots of E. coli DH5α-E. The ﬁtness of each
IPTG-induced strain, in the absence of antibiotics and in competition with
the negative control harboring pCA24N-NoIns, was measured using Lenski’s
protocol (44). E. coli DH5α-E carries the lacZΔM15 mutation. To distinguish
the two strains in each ﬁtness assay, a mini-Tn7 system (45) was used to mark
the negative control with a functional copy of lacZ. Control experiments
showed that marking the strain had no effect on its ﬁtness in the conditions used. The initial (t = 0 h) and ﬁnal (t = 24 h) densities of each competitor could then be measured by spreading them on LB agar plates
supplemented with X-gal. Each relative ﬁtness value (W) in Table 3 is the
mean of eight replicates.
Antibiotic Susceptibility Testing. MICs were determined using either E-test
strips (AB bioMérieux) or a broth microdilution method (46). Reported values
are the mean of at least two independent experiments.

Relative Fitness Assays. Twenty-ﬁve ASKA plasmids that conferred increased
growth in the presence of antibiotics were puriﬁed from individual clones
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SEE COMMENTARY

Experimental methods are summarized below. Detailed protocols are provided in the SI Materials and Methods.
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