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ABSTRACT: The evolution of antibiotic resistance has
engendered an impending global health crisis that necessitates
a greater understanding of how resistance emerges. The impact of
nongenetic factors and how they influence the evolution of
resistance is a largely unexplored area of research. Here we
present a novel application of CRISPR-Cas9 technology for
investigating how gene expression governs the adaptive pathways
available to bacteria during the evolution of resistance. We
examine the impact of gene expression changes on bacterial
adaptation by constructing a library of deactivated CRISPR-Cas9
synthetic devices to tune the expression of a set of stress-response
genes in Escherichia coli. We show that artificially inducing perturbations in gene expression imparts significant synthetic control
over fitness and growth during stress exposure. We present evidence that these impacts are reversible; strains with synthetically
perturbed gene expression regained wild-type growth phenotypes upon stress removal, while maintaining divergent growth
characteristics under stress. Furthermore, we demonstrate a prevailing trend toward negative epistatic interactions when multiple
gene perturbations are combined simultaneously, thereby posing an intrinsic constraint on gene expression underlying adaptive
trajectories. Together, these results emphasize how CRISPR-Cas9 can be employed to engineer gene expression changes that
shape bacterial adaptation, and present a novel approach to synthetically control the evolution of antimicrobial resistance.
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As bacteria continue to demonstrate their ability to adapt to
a broad range of antibiotics1 and other antimicrobials,2 a

dearth of effective treatments for life-threatening pathogenic
infections has become a prominent concern.3 Although
genomic divergences (i.e., mutations) have been the focus of
conventional adaptive evolutionary research, the impact of
variations in gene expression on microbial evolution during
stress exposure4−6 is a relatively unexplored field. Heteroge-
neous gene expression has been shown to enable bacterial bet-
hedging7 strategies to create diversity in order to dynamically
respond to sudden environmental stressors.6 This mutation-
independent process, known as adaptive resistance,8 could
expedite the evolution of antimicrobial resistance. Supporting
this notion is the observance of distinct changes in bacterial
transcriptomes during exposure to antibiotics9 and disinfec-
tants,10 as well as significant heterogeneity in interpopulation
gene expression during the first hundred or so generations of
adapting bacterial populations.11−13

In this study, we take inspiration from these adaptive
strategies found in nature, and hypothesize that synthetically
inducing small perturbations in gene expression can enable
artificial control over both positive and negative fitness
phenotypes in adapting strains. Assuming that gene expression
is normally distributed around basal levels in a bacterial
population, we hypothesize small changes in the distribution of

gene expression could exacerbate the pre-existing growth and
fitness phenotypes of subpopulations with altered gene
expression (Figure 1A). Further, we hypothesize that the
simultaneous perturbation of multiple genes can induce unique
phenotypic responses via epistatic interactions. Negative
epistatic interactions, where the combined fitness benefits of
simultaneous mutations are less than expected, have been
shown to either overshadow positive epistasis during
adaptation14,15 to environmental conditions or impact long-
term evolvability.16 While it has been suggested that the
epigenetic epistatic interactions of gene expression ultimately
constrain long-term evolution,17 very little is understood
regarding how these interactions might impact the early stages
of adaptive resistance.
To investigate our hypotheses, we engineered deactivated

CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats)-associated protein 9 (dCas9) based genomic devices
to synthetically induce small perturbations in the transcriptome
of Escherichia coli (E. coli). This presents a novel application of
CRISPR technology as we employ it to explore the impact of
subtle gene expression changes on bacterial fitness in the
presence of sub-lethal levels of stressors, and to the best of our
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knowledge is the first of its kind.18 dCas9 and dCas9 constructs
fused with the ω-subunit of RNA polymerase (dCas9-ω) have
been shown to controllably inhibit19 or activate20 gene
expression, respectively. When combined in vivo with small
guide RNAs (sgRNAs), these devices exhibit highly specific and
localized control over the transcription rates of individual
genes. Moreover, these CRISPR devices are able to perturb
expression of multiple genes simultaneously, thereby allowing
for the investigation of combinatorial effects19 of targeted gene
control and the subsequent interactions this induces.
We chose to investigate seven stress-response genes, whose

functions are outlined in Supplementary Table S1. These
include the global transcriptional regulators marA, soxS and
recA. MarA (multiple antibiotic resistance) activates expression
of the mar operon to increase efflux activity, decrease porin
expression, and regulate other biochemical processes to confer
tolerance to solvents and drugs.21 SoxS (superoxide stress
response) shares 49% homology in binding sites with MarA,
and regulates similar genes to promote antimicrobial
tolerance.22 RecA activates the SOS response, wherein DNA
repair occurs and cell growth is arrested.23 The remaining four
genes we chose to examine were downstream genes of these
global regulators: mutS, dinB, acrA and tolC. MutS functions in
DNA mismatch repair pathways (thereby decreasing mutation
rates),24 while DinB acts as an error-prone polymerase lacking
proofreading capacity (thereby increasing mutation rates).25

Finally, TolC and AcrA work in tandem to construct an efflux
pump to channel toxic materials outside of the cell.26 We

engineered CRISPR devices to systematically inhibit and
activate the expression of these stress-response genes in
E. coli during short-term (72 h) exposure to various stress
conditions, including antibiotics (tetracycline and rifampicin),
disinfectants (bleach and hydrogen peroxide) and glucose
limitation. We monitored the resulting growth and fitness
impacts during the early stages of adaptation, as well as the
epistatic interactions induced by simultaneous gene perturba-
tion.
Corroborating our hypothesis, we observe that CRISPR-

Cas9 based synthetic devices enable small perturbations in gene
expression that are sufficient to significantly influence native
bacterial adaptive responses to stress by altering growth rates,
lag times, and overall fitness. We show that these impacts are
reversible upon stress removal, indicating their nongenetic
nature. We demonstrate that simultaneous perturbations
predominately induce negative epistasis, extending mutation-
based epistasis concepts to the gene expression landscape. This
work builds upon landmark gene knockout,27 plasmid over-
expression,28 network rewiring29 and long-term evolution30

studies by outlining a novel synthetic biology approach for
engineering control over bacterial adaptation via exogenously
regulating gene expression profiles. Our study also helps to
elucidate the early adaptive response preceding genome
modifications, and serves as a paradigm shift in the field of
antibiotic resistance research away from investigating down-
stream adaptations and toward pathways bacteria utilize for
adaptation.

Figure 1. Design and characterization of synthetic CRISPR constructs perturbing gene expression. (A) Schematic demonstrating approach to
engineer control over the theoretical bacterial fitness landscape.45 By synthetically perturbing an individual gene’s native expression by increasing
(A↑) or decreasing (A↓) expression using synthetic CRISPR-Cas9 based genetic devices, unique fitness responses can be derived. This approach can
further be applied to perturb multiple genes simultaneously to dynamically explore this adaptive landscape in n dimensions. (B) Schematic
illustrating approach used to perturb gene expression in E. coli. Co-transformation of dCas9 (or dCas9-ω) plasmids with unique inhibition (or
activation) sgRNA plasmids determined localization of proteins on the native E. coli MG1655 genome. These proteins combined in vivo with
sgRNAs to individually perturb MG1655’s expression of the seven genes shown. Note that constructs combined with the sgRNA targeting rfp did
not bind to the genome, and thus served as controls. (C) Binding positions of mutS inhibition and activation constructs are shown. Inhibition
constructs prevented RNAP read-through of the target’s ORF, while activation constructs recruited RNAP to the promoter region by binding
upstream of the +1 sequence. (D) RT-qPCR characterization of gene expression in MG1655 strains harboring dCas9 (inhibition constructs) or
dCas9-ω (activation constructs) and sgRNA plasmids (pPO-genei/a), normalized to housekeeping gene rrsA and relative to wild-type MG1655. genei
and genea indicate inhibition and activation respectively of the specific gene. Error bars represent standard deviation (s.d.) of biological triplicates.
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■ RESULTS

Design and Characterization of Single Target Gene
Perturbation Devices. To accomplish controlled gene
expression perturbation, we designed and synthesized (see
Methods) a set of 14 Type II CRISPR sgRNA plasmid
constructs to inhibit or activate transcription of seven stress-
response genes in E. coli, chosen for their known influence on
adaptation21−26 (Figure 1B and Supplementary Figure S1). The
sgRNA constructs were named pPO-genei or pPO-genea for
inhibition and activation respectively of each given gene
(Supplementary Table S2), and were co-transformed alongside
a separate plasmid containing anhydrotetracycline (aTc)
inducible dCas9 or dCas9-ω into E. coli strain MG1655. This
produced 14 unique experimental perturbation strains,
designated MG1655-genei or MG1655-genea. Two control
strains harboring dCas9 or dCas9-ω plasmids, as well as the
control sgRNA construct sgRNA-RFPi (targeting the rfp
coding sequence not present in MG1655) were also created
(Supplementary Table S3). All sgRNAs utilized common
promoter and scaffolding elements, but differed in their unique
20 nucleotide (nt) sequence-specific DNA-binding domain.
Inhibition and activation sgRNAs were coupled in vivo with
dCas9 or dCas9-ω respectively to form the final protein-RNA
hybrid construct with inherent DNA-binding affinity for the 20
nt sequences of each sgRNA, allowing for specific control of
gene expression (Figure 1C). Activation sgRNAs targeting
≈80−110 nt upstream of the +1 transcription start site of each
gene provided optimal spacing for RNA polymerase to bind to
the promoter and increase gene expression.20 Inhibition

sgRNAs targeted within the first ≈50 nt of the genes’ open
reading frame (ORF) to inhibit transcriptional read-through via
a roadblock mechanism.19 Each CRISPR target sequence was
flanked by an “NGG” Protospacer-Adjacent-Motif (PAM) on
the 3′end for proper binding of the protein-RNA complex with
the target DNA.19 The impact of a subset of these constructs
on neighboring genes’ expression was quantified and was found
to be either absent or minimal (Supplementary Figure S2). It is
expected that perturbing each of these genes may induce
changes in expression of downstream genes as governed by the
connections through respective gene regulatory networks
within E. coli.
The ability of bacteria to evolve resistance depends on the

accessibility of higher-fitness states within a hypothetical
“adaptive landscape”, which can be visualized as a multidimen-
sional space comprised of the variable expression states of n-by-
n genes (analogous to similar adaptive landscapes based on
gene mutations)31−33 (Figure 1A). Cloning our library of
synthetic CRISPR devices into MG1655 enabled us to engineer
a set of strains in which this adaptive landscape was perturbed.
By inhibiting or activating individual genes, these strains
enabled exploration of the impact that gene expression has on
stress response. An advantage of using CRISPR devices is that
this approach does not directly modify the wild-type genome,
allowing for investigation of adaptive pathways in their natural
state without the need to create a unique genome for each gene
studied as done in canonical gene knockout studies, and
thereby provides a unique insight.

Figure 2. Gene perturbation during stress exposure induces altered growth characteristics. (A) Starting sub-MIC levels of toxins and nutrients for the
various stress conditions. (B) Experimental design of stress exposure while perturbing gene expression. Gene perturbation strains were exposed to
individual stress conditions with serial dilution into fresh media after 24 h exposure. OD was measured to determine τ and μ on each day. (C)
Comparison of μnorm and τ−1norm averaged over 3 days, normalized to MG1655-Control. Deviations from intersecting dotted lines (control) indicate
impacts on growth characteristics induced by perturbing gene expression with respect to MG1655-Control. The top row shows results from
inhibition strains, while the bottom shows results from activation strains. Note, the y-axis uses Log2 scaling. (D) Compiled list of results that were
statistically significant at P < 0.05. Improvements in growth characteristics (μnorm and τ−1norm) are denoted in green; impairments are denoted in red.
P-values were calculated using one-way ANOVA with Tukey posthoc HSD test (using α < 0.05). Error bars represent s.d. of biological triplicates.
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To measure the effects of gene perturbation, we utilized RT-
qPCR to quantify the gene expression of each of these strains
relative to wild-type MG1655. Our results indicate that the
strains’ expression profiles were indeed perturbed as intended,
with a range of 32-fold reduction to 8-fold increase in gene
expression (Figure 1D). Optimization of expression perturba-
tion was influenced by native gene orientation; for instance,
binding of dCas9-ω upstream of the +1 soxS transcription start
site necessitated overlap with the ORF of soxR, an activator of
soxS. Growth tests were also performed to analyze the viability
of these strains. No loss of viability that is not intrinsic to
growth with two plasmids was observed (Supplementary Figure
S3). Since MG1655-rfpi and MG1655-rfpa strains demon-
strated similar growth characteristics, we used MG1655-rfpa as
the control strain in subsequent stress-exposure experiments
(referred to hereafter as the MG1655-Control).
Perturbation of Gene Expression Influences Bacterial

Growth Characteristics during Stress Exposure. We
sought to examine the growth of strains harboring the CRISPR
constructs under various environmental stresses to which
infectious bacteria are commonly exposed, to determine
whether artificial perturbation of gene expression enabled
control over bacterial growth (and thus adaptive potential). To
achieve this, five stress conditions were selected representing
oxidizing agents (household bleach34 and hydrogen per-
oxide35), antibiotics (tetracycline36 and rifampicin37), and
nutrient limitation (M9 minimal media supplemented with
0.4% glucose). The Minimum Inhibitory Concentration (MIC)
was determined using MG1655-Control to estimate the
appropriate starting concentrations for growth under each
stress condition (Supplementary Figure S4). The sub-MIC
levels were used as starting points for stress exposure
experiments (Figure 2A, see Methods). We exposed E. coli
strains harboring the CRISPR constructs to each stress over a
course of 72 h (Figure 2B), transferring biological triplicates
every 24 h into fresh media supplemented with aTc and
antibiotics to maintain plasmid selection (see Methods).
During this time, optical densities (ODs) were monitored to
track changes in growth rate (μ) and inverse lag phase (τ−1) on
each day of the experiment (SI Extended Data Set). These data
was normalized to MG1655-Control by dividing μ and τ−1 by
the average performance of biological triplicates of MG1655-
Control from the experimental day (creating μnorm and τ−1norm).
Normalized data was averaged over three experimental days.
Adapting bacterial populations have been shown to exhibit
significant heterogeneity in growth rates38 and lag times,39 and
thus these serve as useful metrics to quantitatively compare
adaptive trends between strains. We chose to keep lag times in
their reciprocal format, as larger lag times (smaller inverse lag
time, τ−1 norm < 1.0) indicate that cells are stalling longer before
growth and are thus considered detrimental. We found that the
overall correlation between τ−1norm and μnorm was negligible
(Pearson’s correlation coefficient, r = 0.09, F-value =0.69),
indicating that these independently provided insight into
changes in growth caused by gene perturbation (Supplementary
Figure S5).
A two-dimensional analysis of normalized τ−1 and μ revealed

greater diversity during stress exposure than was observed
under no stress (Figure 2C). From these data, 14 of the 84
growth rates (14 perturbation constructs ×6 growth con-
ditions) and 31 of the 84 lag times demonstrated statistically
significant shifts from MG1655-Control (Figure 2D). With the
exception of MG1655-marAi, none of these shifts occurred in

the absence of stress exposure, indicating that perturbations of
these genes predominantly did not inherently diminish or
enhance bacterial growth in absence of stress. Calculating the
sum of distances (Di and Da for inhibition and activation
constructs respectively) from the expected performance under
no perturbation (μnorm = τ−1norm = 1.0) revealed relatively
minor changes under no stress (Di = 0.87, Da = 0.63) than
under the exposure to bleach (Di = 2.11, Da = 2.46), peroxide
(Di = 2.84, Da = 1.24), glucose limitation (Di = 2.60, Da = 1.82),
and especially the antibiotics rifampicin (Di = 2.40, Da = 3.12)
and tetracycline (Di = 2.81, Da = 7.70). Notably, these results
indicate that shifts in growth characteristics from the control
strain (deviations from the dotted lines) increased significantly
during the presence of stress, demonstrating the potential that
synthetically engineered gene perturbations have to artificially
control the adaptive response.
Performance of perturbation strains during exposure to

oxidizing agents resulted in reduced growth rates than was
observed under other conditions, accounting for three of the
five statistically lower μ phenotypes. Under bleach exposure,
MG1655-dinBi demonstrated reduced μnorm (0.76 ± 0.14, P =
0.020) and increased τ−1norm (1.44 ± 0.05, P = 0.016), while
under peroxide exposure MG1655-marAa demonstrated both
reduced μnorm (0.78 ± 0.04, P = 0.039) and τ−1norm (0.48 ±
0.10, P = 0.048). Lag times in particular were impacted by gene
perturbations during exposure to antibiotics, affecting 8 of 14
strains grown in rifampicin and 9 of 14 strains grown in
tetracycline. Under rifampicin stress, MG1655-acrAi demon-
strated impaired growth characteristics (μnorm = 0.62 ± 0.07, P
= 0.038 and τ−1norm = 0.72 ± 0.05, P = 0.021), while MG1655-
mutSa showed opposite effects (μnorm = 1.38 ± 0.12, P = 0.044
and τ−1norm = 1.40 ± 0.16, P = 0.031). Under tetracycline stress,
both MG1655-recAa and MG1655-marAa demonstrated
improved growth rates (μnorm = 1.72 ± 0.26, P = 0.022 and
μnorm = 2.01 ± 0.77, P = 0.0010 respectively) and extended lag
times (τ−1norm = 0.46 ± 0.12, P = 0.022 and τ−1norm = 0.26 ±
0.02, P = 0.0077 respectively). Under glucose limitation,
MG1655-soxSi showed improved growth characteristics
(τ−1norm = 1.52 ± 0.19, P = 0.012), while MG1655-acrAa
demonstrated the opposite effect (μnorm = 0.65 ± 0.06, P =
0.0014 and τ−1norm = 0.59 ± 0.19, P = 0.037). Overall, these
results corroborate the hypothesis that small artificial
perturbations in gene expression during stress exposure
significantly influence native bacterial adaptive responses.
Notably, gene perturbation under each stress condition

produced unique results, indicating a complex underlying
cellular response network unique to each stress. Furthermore,
inhibition and activation of the same gene did not necessarily
induce antagonistic effects under the same stress. For example,
inhibition of dinB decreased μ during bleach exposure, but both
inhibition and activation of dinB increased μ in tetracycline.
Another intriguing result we observed was that both MG1655-
marAi and MG1655-marAa demonstrated significant increases
in τ (under all stresses besides bleach and glucose limitation for
MG1655-marAi and under all stresses but rifampicin for
MG1655-marAa). This was most pronounced under tetracy-
cline exposure (τ−1norm = 0.43 ± 0.12, P = 0.0029 and τ−1norm =
0.26 ± 0.02, P = 0.011 for inhibition and activation,
respectively). A correlation between overexpression of marA
and an increase in lag time has previously been reported.40

Conversely, MG1655-soxSi demonstrated reduced τ under all
stresses (with the exception of tetracycline stress, where P =
0.084, all were statistically significant), while MG1655-soxSa
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also demonstrated reduced τ under bleach and tetracycline
stress. Increased (or decreased) τ could indicate activation (or
suppression) of persistence, which bacteria are known to
employ as a survival strategy during sudden stress exposure.39

This serves as an interesting avenue for future research into the
relation between marA and soxS gene expression perturbation
and the induction of persistence.
Competition Assay Corroborates Fitness Impacts of

Gene Perturbation. We hypothesized that if growth
characteristics improved (or diminished) as a result of induced
gene perturbation, then such perturbations should also provide
a competitive advantage (or disadvantage) impacting bacterial
fitness. To test this hypothesis, we performed competition
assays between a select subset of MG1655-genei/a CRISPR
perturbation strains based on their phenotypic performances
under stress, as well as a new control strain MG1655-mCherry.
The MG1655-mCherry strain was analogous to MG1655-
Control, but also included the coding sequence for mCherry on
the sgRNA-RFPi plasmid. By mixing MG1655-mCherry with
strains of interest, we could determine the relative fitness
impacts of gene perturbation during stress exposure utilizing
flow-activated cell sorting (FACS) (Figure 3A). A mixture of
the two strains grown under stress was analyzed before (D0)

and after 1 day (D1) of stress exposure. The fluorescence of the
total population was used to determine the relative ratios of the
control strain with basal levels of gene expression (which
fluoresced red due to the presence of mCherry) to the strain
with perturbed gene expression (which did not fluoresce due to
the absence of mCherry). Pure (100%) MG1655-mCherry and
MG1655-Control populations distributed into two distinct
fluorescence intervals both on D0 and D1 (Figure 3B). When
mixed equally (50% by OD), statistically significant selection
for either MG1655-mCherry or MG1655-Control was not
observed after 1 day of exposure to tetracycline or rifampicin
when compared to no stress condition (Figure 3C).
To demonstrate that the MG1655-genei/a strains impacted

bacterial fitness during stress exposure, we utilized this
competition assay approach to compare the fitness of
MG1655-mutSa under rifampicin and MG1655-dinBi under
tetracycline against MG1655-mCherry. These strains were
selected for their measured impacts on μ shown in Figure 2.
Because these strains improved μ in rifampicin or tetracycline,
we chose to reduce their starting concentration (30%) relative
to MG1655-mCherry (70%) on D0. As expected, activation of
mutS and inhibition of dinB caused a shift in the relative
population density away from MG1655-mCherry and toward

Figure 3. Competition assays reveal changes in fitness resulting from gene perturbations. (A) The protein mCherry, which fluoresces red, was cloned
onto the sgRNA-RFPi plasmid and co-transformed into MG1655 with pdCas9 to create a fluorescent strain with basal gene expression. This strain
could be distinguished from experimental MG1655 strains with perturbed gene expression via its greater fluorescence, as determined by FACS. (B−
E) Representative set of FACS data from competition experiment. All day 1 populations (D1) were inoculated from the same day 0 population (D0)
in their respective graphs. (B) FACS analysis of pure MG1655-Control and MG1655-mCherry strains before (D0) and after (D1) 1 day of growth
under no stress. (C) Control FACS analysis experiment results. MG1655-Control and MG1655-mCherry were mixed at equal starting ODs, and
grown for 1 day under no stress (red), tetracycline (green) or rifampicin stress (orange), showing no discernible selection for either strain. (D)
FACS analysis revealed selection of MG1655-mutSa when competed against MG1655-mCherry under rifampicin stress, despite having a lower
starting concentration (30% by OD). (E) Likewise, FACS analysis revealed selection of MG1655-dinBi when competed against MG1655-mCherry
under tetracycline stress, despite having a lower staring concentration (30% by OD). (F) Relative fitness levels of each strain in relation to the
MG1655-mCherry strain, showing significant changes only during stress exposure across biological triplicates. P-values were calculated using a two-
tailed type II t-test, and are in relation to the no stress condition for each competition experiment. Error bars represent s.d. of biological triplicates.
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MG1655-mutSa (Figure 3D) or MG1655-dinBi (Figure 3E)
after 1 day of exposure to their respective stresses, but not
during the absence of stress. The same trend demonstrated in
Figure 3D was observed during competition of MG1655-mutSa
against MG1655-mCherry using equal starting concentrations
in two different growth media (LB and M9 minimal media),
indicating that these results were independent of the starting
competition ratio as well as the media chosen (Supplementary
Figure S6). These results were reproduced across biological
triplicates, demonstrating statistically significant improvements
in fitness under stress exposure (Figure 3F). We also observed
the opposite effect; when MG1655-acrAi (70%), which
exhibited reduced μ under rifampicin stress (Figure 2C−D),
was competed against MG1655-mCherry (30%), the latter was
selected for despite having a lower starting concentration
(30%) when exposed to rifampicin stress (Supplementary
Figure S7).
Furthermore, this method was utilized to estimate the fitness

of each strain relative to MG1655-mCherry (Figure 3F). FACS
data was used to estimate the proportion of fluorescent and
nonfluorescent cells before and after 1 day of stress exposure,
from which Malthusian (m) parameters were calculated for
each of the two competing strains.41 The m ratios were used to

calculate relative fitness (see Methods) from three biological
replicates. The relative fitness of MG1655-Control was not
statistically different between antibiotic exposure and no stress
exposure conditions. However, the relative fitness of MG1655-
dinBi was greater under tetracycline stress (1.41 ± 0.11, P =
0.00007), while MG1655-mutSa was greater under rifampicin
stress (1.43 ± 0.09, P = 0.02) demonstrating that these strains
were selected for over MG1655-mCherry only during stress
exposure. Overall, these results corroborate the measured
fitness impacts on growth characteristics as shown in Figure
2C−D.

Phenotypic Reversibility and Evidence of Nongenetic
Impact of Transcriptional Perturbation.We next tested the
reversibility of the phenotypic deviations of these experimental
strains from MG1655-Control; that is, whether or not the
CRISPR-perturbed strains demonstrated similar growth char-
acteristics as the control upon removal of stress. Such reversion
under no stress would highlight the nongenetic nature of the
observed changes in growth characteristics and fitness. We
performed such analysis on a subset of biological triplicates
collected at the end of 3 days of exposure to tetracycline and
rifampicin stress (Figure 4A). These strains were grown for 1
day in the absence of stress and aTc induction. Afterward, each

Figure 4. Evidence of phenotypic reversibility of adapted strains. (A) Schematic illustrating approach to investigate reversibility of phenotypic
changes observed during growth under stress. Strains collected after 72 h of stress exposure were plated, grown for 24 h under no stress, and exposed
to either no stress (with and without aTc induction) or the initial stress they were exposed to. (B) Strains exposed to rifampicin stress were collected
and grown for another 3 days under either no stress or rifampicin exposure. Perturbation strains behaved similarly to MG1655-Control once
returned to no stress, but maintained their unique phenotypes under rifampicin exposure. Error bars represent s.d. of biological triplicates. (C) A
similar phenomenon was observed by strains which were exposed to tetracycline stress, collected, and grown for another 3 days under either no
stress or tetracycline exposure. (D) Statically significant deviations in μ and τ−1 of rifampicin and tetracycline adapted strains after re-exposure to
stress, using a one-way ANOVA with Tukey posthoc HSD test (using α < 0.05). (E) After exposure to peroxide (MG1655-soxSi and MG1655-
Control) and tetracycline (MG1655-recAa and MG1655-Control), biological duplicates of each biological triplicate were sequenced around the
genetic region where synthetic perturbation constructs targeted. Sequenced regions are indicated with respect to the +1 of the promoter. No
mutations were observed in any of the 24 strains. Dots indicate change with respect to the wild-type.
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strain was re-exposed to the three day adaptation experiment in
the absence of stress both with and without aTc, or the same
initial stress and aTc. For rifampicin adapted strains, we
observed a return to the wild-type phenotype in no stress both
in the absence (Di = 0.60, Da = 0.96) and presence (Di = 0.99,
Da = 0.75) of aTc induction of gene perturbation (Figure 4B).
A similar phenomenon was observed in tetracycline adapted
strains under no stress in the absence (Di = 0.90, Da = 1.08)
and presence (Di = 1.24, Da = 0.66) of aTc (Figure 4C).
Together, these data indicate that the phenotypic effects of
gene expression perturbations were reversible upon stress
removal, suggesting their nongenetic nature.
When stress was maintained, perturbation strains continued

to demonstrate deviations in μ and τ−1 under rifampicin
exposure (Di = 3.49, Da = 1.38) as well as tetracycline exposure
(Di = 3.18, Da = 3.93). A majority of strains exhibited similar
phenotypes during both the first and second round of
rifampicin exposure. MG1655-marAi again demonstrated a
reduced τ−1norm (0.66 ± 0.08, P = 0.038). The previously
identified lag time impacts of MG1655-recAi, MG1655-recAa
and MG1655-dinBa became less pronounced. Two new
phenotypes were observed only during the second round of
rifampicin exposure: MG1655-mutSi μnorm (2.74 ± 0.27, P = 6.9
× 10−8) and MG1655-soxSi μnorm (2.07 ± 0.11, P = 1.2 × 10−5).
The difference in phenotypes between the first and second
rounds of adaptation could be explained by an altered
epigenetic state over an extended period of adaptation.

Under the second round of tetracycline exposure, no such
new phenotypes were observed. Six previous statistically
significant results remained; MG1655-recAa, MG1655-dinBi
and MG1655-dinBa exhibited increased μnorm (1.89 ± 0.35, P =
0.041, 1.55 ± 0.11, P = 0.0040 and 1.88 ± 0.36, P = 0.042),
MG1655-soxSa and MG1655-recAi exhibited increased τ−1norm
(2.18 ± 0.35, P = 0.0084 and 2.35 ± 0.08, P = 0.0019
respectively), and MG1655-marAi exhibited decreased τ−1norm
(0.65 ± 0.03, P = 0.042).
We next sequenced the experimental strains for mutations.

Both MG1655-Control and gene perturbation strains received
the same basal level of selection pressure to accumulate
alterations at the genomic level. However, it is theoretically
possible that CRISPR perturbations could have artificially
induced mutations in their genomic targets to circumvent the
synthetically induced gene expression changes, undermining
the observed phenotypic changes in perturbation strains. To
test for this possibility, we chose to sequence the genes directly
influenced by perturbation in a subset of our strains (Figure
4E). We sequenced the region of soxS in MG1655-soxSi after
exposure to peroxide stress, as well as the region of recA in
MG1655-recAa after exposure to tetracycline stress, since these
gene perturbations showed significant impact on μ and τ−1

respectively. We also sequenced MG1655-Control after
exposure to each condition, to account for any mutations not
influenced by gene perturbation. Sequencing of six biological
replicates per strain provided no evidence of mutations,
indicating that these perturbations likely did not induce

Figure 5. Utilization of CRISPR constructs to simultaneously perturb expression of multiple genes. (A) Strategy for perturbing multiple genes
simultaneously involved cloning tandem targets into sgRNA constructs, which were transcribed individually to guide dCas9 or dCas9-ω (as
demonstrated by constructs harbored by MG1655-mutSa-dinBi). (B) RT-qPCR characterization of gene expression in strains MG1655-tolCi-acrAi-
soxSi and MG1655-mutSa-dinBi relative to wild-type MG1655, normalized to the housekeeping gene rrsA, revealing constructs simultaneously
perturbed multiple genes’ expression states as intended. (C) Impact of constructs on growth characteristics under various stress conditions, relative
to MG1655-Control (dotted lines). (D) Compiled list of growth characteristics that were statistically significant at P < 0.05. Improvements in growth
characteristics (normalized values greater than 1.0) are denoted in green; impairments are denoted in red. (E) Representative set of FACS data from
competition of MG1655-mutSa-dinBi against MG1655-mCherry. Cells were mixed such that MG1655-mutSa-dinBi constituted 30% of the total
starting OD. Unlike MG1655-mutSa or MG1655-dinBi, this strain was not selected for under tetracycline or rifampicin stress. (F) Fitness of
MG1655-mutSa-dinBi relative to MG1655-mCherry, in which fitness under stress was not shown to be statistically different than fitness under no
stress across biological triplicates. P-values were calculated using one-way ANOVA with Tukey posthoc HSD test (using α < 0.05). Error bars
represent s.d. of biological triplicates.
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mutations in the genomic regions they targeted. However,
these results do not discount the possibility of unique
mutations arising in experimental strains and not in MG1655-
Control or vice versa. It is expected that the gene perturbations
could have influenced other genomic regions to mutate during
stress exposure.
In order to characterize the consequence of gene

perturbations on mutation rates across the genome, we
performed a mutation fluctuation assay on a subset of strains:
MG1655-Control, MG1655-mutSi, MG1655-mutSa, MG1655-
soxSi, MG1655-soxSa, MG1655-dinBi, MG1655-dinBa and
MG1655-mutSi-dinBa (Supplementary Figure S8). Our results
indicated no significant difference in mutation rates with the
notable exception of MG1655-soxSa, which was shown to have
a significantly increased mutation rate over MG1655-Control in
the absence of stress (1.6 × 10−8 versus 5.1 × 10−10

respectively). One possibility for the increased mutation rates
of MG1655-soxSa is an increased expression of Endonuclease
IV gene nfo, one of the genes regulated by SoxS.42 In general,
however, these data show that gene perturbation predominantly
appears to not significantly influence mutation rates in the
absence of stress.
Together, these data point toward the fact that the observed

changes in growth and fitness phenotypes are mainly an effect
induced by the CRISPR devices, and are unlikely to be caused
by independent genetic changes that arose in absence of
CRISPR perturbation influence.
Design and Characterization of Strains Perturbing

Multiple Targets Simultaneously. We next explored the
combinatorial effects of up-regulating or down-regulating
multiple genes simultaneously with CRISPR constructs. In
principle, combining several independent sgRNA targets into
one construct allows for controlled perturbation of multiple
genes’ expression patterns, as has recently been demonstra-
ted.43 This provides a powerful tool to tune expression of
multiple genes (either increase or decrease expression) without
the need to use multiple artificial promoters that require to be
integrated into the genome. We demonstrated simultaneous
induction of synthetic gene perturbations using a modified
cloning approach that introduced tandem independent sgRNAs
onto one plasmid to combine in vivo with dCas9 or dCas9-ω
(Supplementary Figure S9). We designed three constructs in
which the perturbed genes had known regulatory interactions:
MG1655-tolCi-acrAi (which inhibited the AcrAB-TolC multi-
drug efflux pump), MG1655-mutSa-dinBi (which activated
expression of a mismatch-repair protein and decreased
expression of an error-prone polymerase, thereby likely
decreasing mutation rates), and MG1655-recAa-dinBa (which
increased expression of DinB both directly and indirectly by
increasing expression of its upstream up-regulator RecA). We
designed a fourth construct, MG1655-tolCi-acrAi-soxSi, which
inhibited three genes simultaneously which showed similar
impacts on growth characteristics in Figure 2C−D (MG1655-
tolCi and MG1655-soxSi increased μ under glucose limitation
and τ under rifampicin exposure, while MG1655-acrAi and
MG1655-soxSi increased τ under tetracycline exposure).
Finally, we designed a fifth construct, MG1655-tolCi-dinBi,
which perturbed two genes in separately regulated pathways
and have not been shown to produce similar impacts on growth
characteristics under the same stress condition.
Strains engineered to only exhibit inhibited gene expression

utilized dCas9, while strains engineered to exhibit activation of
one or more genes utilized dCas9-ω. Notably, strain MG1655-

mutSa-dinBi demonstrates that simultaneous activation and
inhibition of gene expression is possible through the use of
dCas9-ω (Figure 5A). Previous work using a dCas9-VP64
eukaryotic transcriptional activator validated that CRISPR
activation constructs can reliably inhibit gene expression
when targeted to areas downstream of the promoter
sequence.44 We utilized RT-qPCR to verify that MG1655-
mutSa-dinBi (as well as MG1655-tolCi-acrAi-soxSi) perturbed
gene expression as intended (Figure 5B). Growth for 72 h
under stress was repeated for strains harboring these multi-
target synthetic constructs.
The effects of modulating gene expression on growth

characteristics were quantified, again normalizing data against
the MG1655-Control strain grown alongside the multitarget
strains (Figure 5C and SI Extended Data Set). We found 3 of
30 measured μ (5 perturbation constructs ×6 growth
conditions) and 6 of 30 measured τ−1 were significantly
impacted by simultaneous gene perturbations. Surprisingly, 7 of
the 9 statistically different growth characteristics measured by
these strains were detrimental, i.e., decreased μnorm or τ−1norm.
The only two improvements were exhibited by a higher τ−1norm
of MG1655-tolCi-dinBi under rifampicin stress and glucose
limitation (Figure 5D). Conversely, MG1655-recAa-dinBa
demonstrated reduced τ−1norm under three different conditions:
rifampicin stress (τ−1norm = 0.66 ± 0.09, P = 0.0064),
tetracycline stress (τ−1norm = 0.63 ± 0.22, P = 0.0030) and
glucose limitation (τ−1norm = 0.54 ± 0.14, P = 0.0081).
Interestingly, the perturbation of recAa and dinBa alone had
reciprocal impacts under rifampicin and tetracycline stress, and
no significant impact under glucose limitation. These results
indicated that the growth of strains with simultaneously
perturbed genes was diminished in relation to single target
strains.
As before with single gene perturbation, we employed

competition assays between MG1655-mutSa-dinBi and
MG1655-mCherrry to further analyze the fitness impacts
induced by simultaneous gene perturbation. We saw no
selection for MG1655-mutSa-dinBi after 1 day of stress
exposure in either rifampicin or tetracycline (Figure 5E).
Competition was also performed between MG1655-mCherry
and MG1655-tolCi-dinBi, which did show a shift toward the
latter population after rifampicin exposure as predicted by
growth characteristic data (Supplementary Figure S10). Using
Malthusian (m) parameters calculated from biological tripli-
cates, there was no statistically significant difference between
the relative fitness of MG1655-mutSa-dinBi under no stress and
the relative fitness under either stress (Figure 5F). These data
contrasts the improved fitness of MG1655-mutSa and MG1655-
dinBi in rifampicin and tetracycline respectively that was
previously observed (Figure 3D−F). This suggests that strains
in which multiple genes are perturbed are less fit than would be
expected based on results from single gene perturbation strains.

Simultaneous Gene Perturbation Predominantly
Yields Negative Epistatic Interactions. We next examined
the epistasis induced by simultaneous gene perturbation
(recently characterized as “epigenetic” epistatic interac-
tions17), given that a large number of strains harboring
multiple gene targeting CRISPR constructs elicited a less-fit
phenotype than predicted from the performance of strains
harboring their single target constituents. To do so, we utilized
a multiplicative model to calculate epistasis in both μnorm and
τ−1norm for each of the five strains with simultaneous gene
perturbations. The expected growth rates (or inverse lag times)
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of these strains were calculated by multiplying together the
μnorm (or τ−1norm) of each single gene perturbation strain from
which they were created, and epistasis was calculated as the
difference between these expected values and those that were
measured (see Methods).
Epistasis in μnorm and τ−1norm was quantified for each strain

under each growth condition, and the distribution of epistasis
was analyzed (Figure 6A). Indeed, we observed a distinct
pervasiveness of negative epistasis resulting from simultaneous
gene perturbation in both μnorm (mean epistasis = −0.17 ± 0.14
[95% confidence interval], P = 0.02) and in τ−1norm (mean
epistasis = −0.35 ± 0.33 [95% confidence interval], P = 0.04).
A large majority of the data (73% of μnorm epistasis and 63% of
τ−1norm epistasis) falls into the category of negative epistasis, and
both distributions are markedly skewed toward greater
magnitudes of negative epistasis. These results help to explain
the prevalence of diminished growth characteristics and fitness
observed. The data also suggests that when two or more genes
are perturbed from their basal expression levels, their
combinatorial fitness benefits are generally abated or their
disadvantages amplified.
An analysis of epistasis in μnorm (Supplementary Figure S11)

and τ−1norm (Supplementary Figure S12) of each strain revealed
that the magnitude of epistasis depended more heavily on the
stress exposure, rather than the strain itself. Clustering analysis
revealed that epistatic trends appeared to group by stress
(Supplementary Figure S13). This was apparent especially
under tetracycline exposure, which resulted in much larger
degrees of negative epistasis in both μnorm and τ−1norm. These
findings could indicate disruption of stress-dependent adaptive
pathways and poses an avenue for future research.
Interestingly, negative correlations between expected growth

characteristics and their measured epistasis were also observed
(Figure 6B). Removing the most negative value of epistasis still
resulted in significant negative correlations (r = −0.70, P = 2.4
× 10−5 and r = −0.79, P = 1.1 × 10−7 for μnorm and τ−1norm
respectively). This implies that negative epistatic effects are
strongest whenever multiple gene perturbations, which
individually prove beneficial, are subsequently combined. This
trend resembles diminishing returns epistasis, wherein the
fitness gains of consecutive mutations decelerate during
adaptation.14,15 This phenomenon has been reproduced across
a number of studies, and has been correlated to mutations
which specifically impact gene expression.45 It has been
suggested that epigenetic epistatic interactions can constrain

the evolution of gene expression.17 The data presented here
suggests an inherent fitness cost is associated with excessive
perturbations of gene expression levels, and that epigenetic
interactions may be subjected to the same diminishing returns
epistasis typically associated with mutations.

■ DISCUSSION

Here we apply CRISPR technology, which thus far has been
used primarily in a genome-editing capacity, to explore the
effects of gene perturbations on bacterial adaptation. We
demonstrate that minor (relative to previous studies27,28)
perturbations in gene expression patterns are sufficient to
reversibly alter bacterial fitness and growth characteristics
during the early stages of stress exposure. We also identify
significant negative epistasis when multiple genes are perturbed
simultaneously. These results highlight the importance of gene
expression in regulating bacterial adaptive responses and
influencing the evolutionary pathways available during the
early stages of stress exposure. This study also demonstrates a
novel approach to rationally engineer control over bacterial
fitness (and thus adaptive potential) without directly modifying
the organism of interest.
Observed changes in gene expression during stress exposure

have been extensively reported in bacteria.46,47 We have
recently demonstrated that E. coli grown under the same stress
exhibits significant interpopulation heterogeneity in gene
expression, where some genes demonstrate high expression
variability while others are constrained within specific
signatures.11 This complexity surrounding differential gene
expression during evolution demonstrates that bacteria have
many avenues to explore their adaptive landscapes and develop
novel, mutation-independent strategies to survive under
stress.48 Corroborating this notion is our finding that the
phenotypic changes induced by gene perturbation during stress
exposure are reversible upon the removal of stress, suggesting
the importance of gene expression for the adaptive processes. It
is important to note that all experimental strains of E. coli
started from the same isogenic background (although harbored
different CRISPR constructs) before exposure to stress. After
exposure to stress, gene perturbations could likely influence the
acquisition of mutations (as suggested by the increased
mutation rates of MG1655-soxSa over MG1655-Control even
in the absence of stress), resulting in heterogeneous end-
population genotypes.

Figure 6. Induction of negative epistasis due to simultaneous gene perturbation. (A) Distribution of epistatic interactions on μnorm and τ−1norm of five
strains in which genes were simultaneously perturbed, over all six growth conditions. The distribution is skewed to the left, revealing the prevalence
of negative epistasis resulting from simultaneous gene perturbation. Vertical blue lines indicate median values of epistasis. (B) A strong negative
correlation was observed between the expected growth characteristic of the five strains and their measured epistatic interactions. Linear fits utilize
epistasis data from all five strains under all six growth conditions.
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Related efforts to study antimicrobial resistance has focused
primarily on the effects of direct genetic modifications such as
gene deletions or increased copy numbers via exogenous
expression on a plasmid. For instance, the landmark genome-
wide screen of Keio knockouts under 324 stress conditions by
Nichols et al. enabled characterization of orphan genes’
functions and connections within previously identified bio-
logical pathways.27 Conversely, Soo et al. demonstrated that
increasing gene copy numbers 300−400 fold utilizing the ASKA
library increased the MIC in 115 cases.28 While studies such as
these and others49 have been invaluable in relating gene
function to survival under particular stresses, they employ
genetic extremes (i.e., complete gene knockouts or 300-fold
gene copy increase) relative to the smaller changes in gene
expression induced in this study. As such, their results less
accurately represent what might be found in a distribution of a
population of bacteria in nature. Our approach maintains the
integrity of the original genome, while only introducing
epigenetic changes via inducible transcriptional regulators.
The degree of gene expression perturbation is also tunable;
by changing the targeting site of the sgRNA, or the amount of
aTc added to the system, one can adjust the efficiency of gene
repression and activation.20 Furthermore, a number of our
results are consistent with previous studies. For instance, we
observed that MG1655-soxSi exhibited decreased lag time
under all five stress conditions, which is consistent with
previous observations of soxS overexpression during lag phase50

and could indicate that the superoxide stress response
contributes to tolerance-by-lag.39

Interestingly, we also observed occasional phenotypic
disconnect between activation and inhibition of gene targets,
in that they did not impart contrasting phenotypes on adapting
populations. For instance, MG1655-dinBi/a strains exhibited
both beneficial and detrimental growth and fitness impacts,
suggesting that DinB’s error-prone activity is only conditionally
beneficial. This is corroborated by confounding conclusions
from previous studies, such as findings that dinB− exhibits
increased fitness under certain antibiotics27 but decreased
fitness under others.27 Indeed, we and others observe that
perturbations (both genetic and epigenetic) impact fitness
differently across a set of stresses. For instance, acrA and tolC
have been shown to be up-regulated during the global stress
response51 but do not necessarily contribute to tolerance or can
even promote increased fitness when knocked out.27 We
observe similar results in MG1655-acrAi/a, where inhibition
reduced fitness in rifampicin but activation also reduced growth
in nutrient starvation. A possible explanation for the disconnect
between gene activation and inhibition across stresses could be
that native gene expression is inherently large or small enough
that skewing it further upward or downward respectively does
not provide an adaptive advantage. This phenomenon has been
postulated to explain the fact that the RpoS σ-factor does not
induce dinB expression in response to ampicillin, as basal levels
of DinB appear to be sufficient for ampicillin-induced
mutagenesis.52 However, this would not explain why both
activation and inhibition of particular genes produced
drastically different phenotypes over MG1655-Control. For
instance, while previous studies have found marA− to decrease
colony size27 and marA hyper-expression to outcompete the
wild-type28 during tetracycline exposure, we find that in similar
conditions both ∼10-fold marA inhibition and activation
significantly increased τ. Thus, an alternate explanation is that
gene targeting by these constructs disrupts regulatory pathways

responsible for altering expression in response to environ-
mental stress, such as the feedback network which has been
postulated to control pulsation of marA expression.53 This
regulatory complexity, compounded by the connection of many
of these genes within regulatory networks, obfuscates potential
modular approaches to developing next-generation antimicro-
bial targets and highlights the need for studies such as this to
better understand the consequences of artificial gene
perturbation.
The canonical approach to study individual gene knockouts

or duplications also neglects the combinatorial effects of
multiple interacting genes. These effects are crucial in
determining how adaptive trajectories unfold−the fixation of
a mutation during the early stages of adaptation can constrain
bacteria to a particular adaptive pathway that precludes another
competing avenue of adaptation.54 Previous studies have
demonstrated that there is a pervasive tendency for coinciding
bacterial mutations to display negative epistatic interac-
tions.14,15 Wright’s shifting balance model predicts that epistasis
plays a fundamental role in determining the likelihood of
evolutionary drift overcoming fitness barriers to adaptation.31,55

Utilizing our CRISPR-Cas9 based gene perturbation approach,
we expand on this idea of negative epistasis controlling
evolutionary pathways by discovering a striking correlation
between concurrent perturbation of multiple genes’ expression
levels and negative epigenetic epistatic interactions. It should be
noted that qPCR results demonstrate that there may have been
a diminished gene expression impact from simultaneous gene
perturbation than from individual gene perturbation, which
could be a result of dCas9 (or dCas9-ω) protein being guided
by multiple sgRNAs and thus diluting its concentration at
individual genomic loci. However, this would not explain why
the impacts of simultaneous gene perturbation were predom-
inantly detrimental in nature, and might even suggest that
greater negative epistatic trends might be encountered if dCas9
(or dCas9-ω) expression were to be increased to counteract
potential sgRNA dilution effects. Regardless, this is the first
reported observation of synthetically induced negative epistasis
to the best of our knowledge. Just as negative epistatic
interactions derived from mutations play a critical role in
shaping bacterial adaptive trajectories, negative epigenetic
epistatic interactions based on variations in gene expression
also appear to be fundamentally important in shaping the
availability of adaptive pathways17 and should be taken into
consideration when investigating how novel resistances evolve.

■ METHODS
Bacterial Strains, Media and Culture Conditions. E. coli

cloning strains NEB 10-β (New England Biolabs) and DH5α
(Zymo Research Corporation), as well as the final experimental
strain K-12 MG1655 (ATCC 700926) were cultured in Luria−
Bertani Broth (LB) (Sigma-Aldrich) unless otherwise noted.
Colonies were grown on LB-agar plates supplemented with
ampicillin (100 μg/mL) and chloramphenicol (25 μg/mL). For
nutrient limiting conditions and growth of RT-qPCR biological
triplicates, M9 minimal media (5X M9 minimal media salts
solution from MP Biomedicals, 2.0 mM MgSO4, and 0.1 mM
CaCl2 in sterile water) was used in lieu of LB, supplemented
with 0.4% weight/vol glucose (34.2 mM). Expression of dCas9
and dCas9-ω was induced from plasmids pdCas9 and pPO-
dCas9ω respectively by adding aTc (10 ng/mL) to the media.
During competition experiments, aTc concentration was
increased to 25 ng/mL to assist in distinguishing fluorescent
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populations from nonfluorescent ones. Cloning strains were
made chemically competent with the Mix & Go E. coli
Transformation Kit & Buffer Set (Zymo Research Corpo-
ration), and the final sgRNA plasmids were transformed into
electrocompotent MG1655 cells harboring either pdCas9 or
pPO-dCas9ω for inhibition or activation of gene expression,
respectively. The final experimental strains are listed in
Supplementary Table S3. Cultures (2−5 mL) were grown at
37 °C with constant shaking at 225 r.p.m. All experiments used
biological triplicates inoculated from individual colonies grown
on LB-agar plates supplemented with ampicillin and chlor-
amphenicol.
Plasmid Assembly. A list of plasmids used in this study is

provided in Supplementary Table S2. dCas9-ω from pWJ66
(Addgene plasmid 46570)19 was first cloned into the same
vector as dCas9 from pdCas9 (Addgene plasmid 44249)20

under the same aTc inducible promoter, rrnB T1 terminator
and chloramphenicol resistance marker to create plasmid pPO-
dCas9ω. Single target sgRNA plasmids were first derived from
the RFP-targeting control sgRNA-RFPi (Addgene plasmid
44251)19 using the approach outlined in Supplementary Figure
S9A. Primers were designed to replace the 44251 plasmid’s
RFP-targeting sgRNA using a common reverse primer (Reverse
sgRNA) flanked with an ApaI restriction site and unique
forward primers flanked with a SpeI restriction site, listed in
Supplementary Table S4. PCR with Phusion High-Fidelity
DNA Polymerase (New England Biolabs) was used to amplify
these new target sgRNA-insert DNA fragments, which were
subsequently gel-purified (Zymoclean Gel DNA Recovery Kit,
Zymo Research Corporation), digested with ApaI and SpeI
(FastDigest Enzymes, Thermo Scientific) as per the provided
protocols and PCR-purified (GeneJET PCR Purification Kit,
Thermo Scientific). The 44251 plasmid (Addgene) backbone
was also digested with ApaI and SpeI and gel purified, and T4
DNA Ligase (Thermo Scientific) was used to ligate the new
sgRNA target inserts into the 44251 backbone. Ligations were
transformed into chemically competent DH5α or NEB 10-β
cells. Plasmids minipreps were performed using Zyppy Plasmid
Miniprep Kit (Zymo Research Corporation). Sequencing of
final sgRNA constructs were performed for validation of correct
assembly product (GENEWIZ).
To create the fluorescent control for competition assays,

mCherry from pHL662 (Addgene plasmid 37636) was PCR
amplified with AatII restriction sites on either end of the
resulting fragment, and cloned onto sgRNA-RFPi under an aTc
inducible promoter. This construct was transformed into
MG1655 harboring pdCas9 to create MG1655-mCherry.
To create multigene targeting sgRNA plasmids, the above

single gene targeting sgRNAs were combined using the
procedure outlined in Supplementary Figure S9B. The first
sgRNA target plasmid was digested with BamHI and XbaI and
the 2569 bp vector was gel-purified. A second target plasmid
was digested using BglII and XbaI and the 527 bp insert was
gel-purified. These were ligated and transformed into DH5α
chemically competent cells and plated on LB-ampicillin plates.
BamHI and BglII digestion overhangs produce compatible
sticky ends that, when ligated together, do not produce a new
restriction enzyme site. After recovering these plasmids, a
BamHI digestion was used to confirm the plasmids were the
correct size on an agarose gel. To create more than two targets,
the same approach was applied using the BamHI/XbaI
digestion on the two gene targeting plasmid and the BglII/

XbaI digestion on the third target. All inserted fragments were
confirmed by sequencing.

RT-qPCR Analysis. Biological triplicate cultures inoculated
from individual colonies were grown with appropriate anti-
biotics overnight in 2.5 mL M9 minimal media. Cultures were
induced with aTc the following morning for 3 h, and cell pellets
were subsequently collected and RNA extracted using the
GeneJET RNA Purification Kit (Thermo Scientific) supple-
mented with lysozyme and proteinase K. Collected RNA was
then purified using the TURBO DNA-free kit (Ambion) for
heavy DNA contamination. cDNA was synthesized from these
RNA samples using 10 μL reactions of the DyNAmo SYBR
Green 2-Step qRT-PCR kit (Thermo Scientific). A control
reverse-transcriptase-free reaction was included in tandem with
all cDNA synthesis reactions. Technical duplicates of RT-qPCR
reactions were performed in 10 μL reactions using 2 ng of
cDNA and 0.5 μM primers listed in Supplementary Table S5.
Primer efficiency and specificity were confirmed in a previous
experiment.11 Samples were run on an Eco Real-Time PCR
System (Illumina) in the CU Core Sequencing Facility
operating the Eco Software v4.1.2.0. RT-qPCR reactions of
neighboring genes’ expression were performed in 20 μL using 2
ng of cDNA and 0.5 μM primers, and were run on a
QuantStudio 6 Flex Real-Time PCR System (Thermo
Scientific) in the CU Core Sequencing Facility. An initial 10
min polymerase activation at 95 °C was performed, followed by
40 cycles of 95 °C 15 s denaturation, 55 °C 30 s annealing, and
72 °C 30 s extension. Rox normalization was used to compare
qPCR samples, and the average Cq values of technical
duplicates were used to calculate the ΔΔCq values using rrsA
gene expression as a housekeeping gene, which was also
averaged. Fold change was calculated using 2−ΔΔCq values for
individual biological triplicates, which were subsequently used
to obtain averages and standard deviations.

MIC Determination. MICs were first determined via
overnight growths of MG1655 harboring dCas9 and RFP-
targeting sgRNA with no induction, and measuring the change
in OD at 562 nm. A range of concentrations for the
disinfectants (hydrogen peroxide and bleach) and the anti-
biotics (rifampicin and tetracycline) were tested (Supplemen-
tary Figure S4). MIC tests started at concentrations of 74.6
mM, 20.4 mM, 10 ng/μL and 100 ng/μL for bleach, hydrogen
peroxide, rifampicin and tetracycline, respectively. MICs were
determined to be the lowest concentration which prevented a
change of 0.1 OD between days. The final sub-MIC values used
in this experiment, as well as a description of mechanisms of
action, are presented Figure 2A.
Stress conditions were selected to monitor a broad range of

antimicrobials. Peroxide and bleach introduce oxidative stress
by producing highly reactive superoxide35 or chlorine34 radicals,
respectively. Tetracycline inhibits protein synthesis by disrupt-
ing tRNA interactions with the ribosome,36 while rifampicin
inhibits transcription by preventing the activity of RNA
polymerase.37 These antibiotics avoided mechanistic overlap
with the antibiotics required to maintain plasmid selection,
ampicillin and chloramphenicol, which inhibit cell-wall-syn-
thesis and peptide bond formation, respectively.

Stress Growth Conditions. Biological triplicates were
inoculated from individual colonies of MG1655 cultures
harboring both dCas9/dCas9-ω and sgRNA plasmids into
100 μL LB cultures supplemented with ampicillin, chloram-
phenicol and aTc and grown overnight to stationary phase. The
next day, 2 μL was used to inoculate one 50 μL M9 culture and
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five 50 μL LB cultures in a 384-well microplate, all of which
were supplemented with aTc and the appropriate antibiotics.
Four of the LB cultures were supplemented with either 37.3
mM sodium hypochlorite (BLEACH-RITE, Current Tech-
nologies), 0.3 mM hydrogen peroxide (Macron Fine
Chemicals), 1.0 ng/μL tetracycline (Sigma-Aldrich), or 10.0
ng/μL rifampicin (Sigma-Aldrich) respectively. Bleach stress
was increased to 74.6 mM and 149.2 mM on days two and
three respectively, and peroxide stress was increased to 0.6 mM
on days two and three to maintain selection pressure. Cultures
for subsequent experimental days were created as described
above and inoculated with 2 μL of the previous day’s culture.
Culture growth was monitored in 384 microplate wells in a
GENios plate reader (Tecan Group Ltd.) operating under the
Magellan software (version 7.2).
Optical densities were measured at 562 nm absorbance in 20

min intervals. Temperature was maintained at 37 °C, and
cultures were shaken for 16.6 min after each measurement with
an additional 10 s of shaking before measurement. Data output
was used to construct raw growth curves over multiple days
(Supplementary Figure S3), and growth rates (μ) and lag times
(τ) were determined using the GrowthRates version 1.856 and
calculated for each day (SI Extended Data Set). This program
estimates the period of exponential growth and excludes lag and
stationary phases from calculation of μ. Data were normalized
to the performance of strain MG1655-Control over the course
of 3 days. After normalization, lag times were inverted to
simplify analysis for the reader. As larger lag times are
considered detrimental, inverting these values made values
below 1.0 appear detrimental, as they are for growth rates.
Distance from μnorm = 1.0, τ−1norm = 1.0 on each graph was

calculated as μ τ= ∑ − + −
−D ( 1) ( )n n n

2 1 2
1 , where n is each

of the seven inhibition or activation perturbations strains from
their respective graphs.
At the end of adaptation experiments, glycerol stocks of

cultures were saved. For re-adaptation experiments, glycerol
stocks of the original biological triplicates were streaked onto
LB agar plates containing antibiotics and grown overnight.
Individual colonies were used to inoculate LB cultures
containing antibiotics and grown for 16 h. Afterward, cultures
were diluted 1:10 into fresh LB containing antibiotics and
grown for 24 h. From this point, the protocol for the original
three-day adaptation experiment was performed for cultures
under no stress, no stress and aTc induction, and the original
stress condition (rifampicin or tetracycline) and aTc induction.
Competitive Fitness Assays. Gene perturbation strains

MG1655-mutSa, MG1655-dinBi, MG1655-acrAi and MG1655-
mutSa-dinBi, as well as the control strain MG1655-Control,
were competed against MG1655-mCherry. mCherry fluores-
cence measured at 610 nm was used to distinguish the two
populations during competition experiments using FACS. To
measure the fitness of experimental strains relative to MG1655-
mCherry, 2 mL LB (or M9 + 0.4% glucose) cultures
supplemented with ampicillin, chloramphenicol and aTc were
inoculated from individual colonies and grown overnight for 16
h. The cultures were then diluted 1:10 in supplemented LB (or
M9 + 0.4% glucose) and grown for 2 h. Culture ODs (at 562
nm) were then measured and used to mix the two cultures
together at either 1:1 or 3:7 OD ratio as indicated in the figures
and text. A total of 200 μL of cultures were mixed, out of which
10 μL was added to 190 μL of each stress or no stress condition
per biological replicate. The remaining volume was used for

FACS analysis of pre-experiment starting population distribu-
tions (D0). Cultures were grown in 96-well microplates in the
GENios plate reader as described previously for 1 day, and the
final cultures were collected for FACS analysis.
Relative fitness was determined using the ratio of Malthusian

parameters (m) of each experimental strain against m of
competitor strain MG1655-mCherry, as previously described.41

Malthusians were calculated as m = ln(Nf/Ni) where Nf and Ni
are the number of final and initial cells in each mixture,
respectively. Initial and final cell counts were determined from
FACS analysis, and adjusted to represent their respective
dilutions.

Flow Cytometry. Samples for FACS analysis were washed
twice in phosphate-buffered saline (PBS) and resuspended in
PBS + 4.0% (vol/vol) para-formaldehyde (Fisher Scientific).
Samples were diluted 1:10 in PBS and sorted using a CyAn
ADP analyzer cytometer. Samples were kept on ice throughout
the procedure. From each sample 100,000 cells were counted
using a voltage of 920 V in a PE-Texas Red channel, a forward
scatter gain of 40, and a side scatter voltage of 550 V for
detection of mCherry fluorescence. Cells which fluoresced
above an intensity of 20 were determined to be MG1655-
mCherry, while those below 20 were determined to be the
experimental strains. FACS data was analyzed using Matlab and
Summit software.

Sequencing of Experimental Strains. For sequencing of
genes directly targeted by CRISPR constructs, glycerol stocks
of cultures saved at the end of 3 days of stress exposure were
streaked onto LB agar plates containing antibiotics. Two
colonies from each biological replicate were picked and used to
perform colony PCR using Phusion high-fidelity DNA
polymerase. Primers used for these reactions are listed in
Supplementary Table S4, and resulted in the fragments listed.
PCR products were subsequently gel-purified. Sequencing
reactions were performed using each reverse primer by
GENEWIZ. Sequences were aligned to E. coli MG1655 NCBI
reference genome NC_000913 using NCBI BLASTN.

Mutation Fluctuation Assay. Overall mutation rates of a
subset of strains were determined using a mutation fluctuation
assay as outlined by Luria and Delbrück.57 Briefly, single
colonies of each strain were picked from LB agar plates
supplemented with chloramphenicol and ampicillin and grown
overnight for 16 h in 1 mL LB without selection. These cultures
were then adjusted to the same optical densities via addition of
LB to denser cultures, and diluted 1:10,000 into 30 three
parallel 100 μL cultures of LB supplemented with ampicillin,
chloramphenicol and aTc. After 24 h of growth, three cultures
were plated in dilutions on LB agar to determine colony
forming units. The remaining 30 cultures were plated on LB
agar plates supplemented with 100 μg/mL of rifampicin.
Colonies on each plate were counted after 24 h of growth in 37
°C and used to determine mutation rates. Rates were calculated
using the FALCOR web tool.58

Determination of Epistasis. Expected growth rates were
calculated assuming a multiplicative model59 of deviations from
the relative control values: for example, μExpected, gene12 = μgene1 ×
μgene2, where μgene1 represents the growth rate observed in the
strain targeting gene 1 individually. This provided the expected
shift in growth rates (with respect to MG1655-Control) of the
multigene targeting strains based on results from their
individual gene targeting strains. Epistasis when combining
perturbation of gene “a” and “b” was calculated as the difference
between the observed relative growth rate of the multitarget
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strains and the calculated expected growth Epistasisab =
μobserved,ab − μexpected,ab where μexpected,ab = μa*μb). Calculations
of epistasis in inverse lag times were analogous to this
procedure. Epistasis was calculated for all five strains with
simultaneously perturbed gene expression under all six growth
conditions based on the average values presented in SI
Extended Data Set. The 95% confidence interval for average
fitness epistasis was calculated using standard error. A z-test was
performed to calculate the probability that this deviated from
the null hypothesis of no epistasis, and the resulting P-value was
obtained assuming a two-tailed distribution.
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(32) Gonzaĺez, C., et al. (2015) Stress-response balance drives the
evolution of a network module and its host genome. Mol. Syst. Biol. 11,
827.
(33) Nevozhay, D., Adams, R. M., van Itallie, E., Bennett, M. R., and
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