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ABSTRACT: Quantification of the rate of direct repeat deletion (DRD) is an
important aspect in the research of DNA rearrangement. The widely used
tetracycline selection method usually introduces antibiotic pressure to the tested
organism, which may interfere with the DRD process. Also the length of repeat
arm (LRA) is limited by the length of the TetR coding sequence. On the basis of
the fluorescent microscopy and high-throughput imaging processing, here we
developed a two-module genetic circuit, termed TFDEC (which stands for three-
color fluorescence-based deletion event counter), to quantify the DRD rate under
neutral conditions. DRD events were determined from the state of a three-state
fluorescent logic gate constructed through coupling of an OR gate and an AND
gate. TFDEC was applied in Pseudomonas aeruginosa, and we found that the DRD
rate was RecA-dependent for long repeat arms (>500 bp) and RecA-independent
for short repeat arms (<500 bp), which was consistent with the case in Escherichia
coli. In addition, the increase of DRD rate followed an S-shaped curve with the
increase of LRA, while treating cells with ciprofloxacin did not change the LRA-
dependence of DRD. We also detected a significant increased DRD rate for long
repeat arms in the uvrD (8-fold) and radA (4-fold) mutants. Our results show that
the TFDEC method could be used as a complement tool for quantification of the DRD rate in the future.
KEYWORDS: direct repeat deletion, three-color fluorescence-based logic gate, Pseudomonas aeruginosa, synthetic genetic circuit,
TFDEC system

Repeat sequences are ubiquitous in the genome of
prokaryotes and eukaryotes.1,2 Rearrangement between

direct repeat sequences can result in deletions or expansions of
DNA sequences, which is an important source of genetic
plasticity and is involved in the regulation of transcription and
protein coding sequence variation.3−6 Previous studies have
suggested that replication fork stalling, which frequently
triggers replication fork repair processes, is the main induce-
ment of DNA rearrangement.7,8 The possible mechanisms of
direct repeat deletion (DRD) have been extensively charac-
terized in Escherichia coli, including the RecA-dependent
recombination and RecA-independent pathways such as
replication slippage, sister-chromosome exchange (SCE), and
single-strand annealing.9−13 However, detailed processes of
genetic rearrangement under various conditions is far from
clear.
Quantification of a genetic rearrangement rate is one

primary aspect in deciphering its underlying mechanisms.
Previously, the popular antibiotic resistance selection method,
commonly achieved by inserting direct repeats within the
coding sequence of tetR, has been successfully used to quantify
the DRD rate.9,10,13 However, this method often bears the
interference of false positive colonies, and the antibiotics used
to isolate target transformants may affect the physiological

process of genetic rearrangement in host organisms. In
addition, the length of the repeat arm (LRA) could not be
larger than the length of TetR coding sequence, which would
limit the quantification of DRD for long repeats. Therefore, it
is beneficial to explore complement techniques to the
antibiotic resistance selection method.
The burgeoning field of synthetic biology allows biologists to

solve problems with synthetic genetic circuits, the genetic logic
gates of which are frequently used to integrate cellular
signals.14,15 Cascading and layering modular genetic logic
gates confer engineered organisms the capability of implement-
ing sophisticated functionalities, as exemplified by the toggle
switch, synchronized oscillator, and counter.16−20 These
studies inspired us to construct a reporter of DRD using
existing genetic tools. Previously, foreign DNA was successfully
introduced into the chromosome through single-crossover of
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an identical fragment between introduced DNA and the
chromosome, resulting in a tandem duplication of the
homologous fragment.21 This tandem repeat sequences have
a chance to perform a second crossover and again delete the
DNA in between. Thus, a genetic module inserted between
direct repeats as an output will constitute a NOT gate together
with DRD events as an input. However, mutations occurred in
the output module can bring false positive results, thus
separating DRD from mutation events is necessary.

Taking advantage of this knowledge, in this study, we
designed a two-module genetic circuit, termed three-color
fluorescence-based deletion events counter (TFDEC), to
quantify the DRD rate. A lacI expression module inserted
between repeat arms together with a PA1O4O3-sfgfp reporter
module constitutes an OR gate in response to lacI loss-of-
function mutations or DRD. An mScarletI expression module
following lacI acts as a NOT gate in response to DRD events.
This system distinguishes DRD events from lacI loss-of-
function mutation by exhibiting different on/off states in

Figure 1. Schematic of the NOT and OR Genetic Gate Design in TFDEC System. (A) Schematic of gene circuit of TFDEC system, comprising the
deletion responsive module and the fluorescent reporter module. The deletion and mutation events act as the inputs. The transcription of the
output PA1O4O3 promoter is turned on when lacI is deleted through repeat deletion or inactivated through mutation, while the expression of
mScarletI is turned off when repeat (mScarletI) is deleted. (B) The truth table of TFDEC system. (C) Cell with deletion between repeats (circled
with dotted line) that exhibits a high level of SfGFP expression and low level of mScarletI expression. (D) Cell with loss-of-function mutation in
lacI (circled with dotted line) that exhibits high level of SfGFP expression and high level of mScarletI expression. The DNA fragments (E,F,
fragment, left; and G,H, fragment, right) from the joints between different genetic structures were cloned and sequenced, in which the black letters
“ATCG” represent the original sequences, while the red letters “ATCG” represent the sequencing results. Scale bar in panel D is 2 μm.
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SfGFP/mScarletI expression. By combining fluorescent mi-
croscopy and high-throughput imaging processing, the DRD
rate can be estimated through statistical analysis of single-cell
fluorescence. It is easy to operate for the TFDEC system and
convenient for quantification of the DRD rate under various
conditions. We have characterized the LRA-dependence of the
DRD rate, with or without the treatment of ciprofloxacin, and
investigated the role of RecA in DRD. We also quantified the
effects of chromosomal positions, spacer lengths between
repeats arms (SLRA), and inactivation of multiple recombina-
tion-related genes on the DRD rate in P. aeruginosa.

■ RESULTS

Establishment of the TFDEC System Based on a
Combination of Genetic NOT Gate and OR Gate. In our
proposed method, two genetic modules, namely a deletion
responsive module and a reporter module, were incorporated
into the chromosome of P. aeruginosa (Figure 1A, Figure S1).
The deletion responsive module encoded a suppressor (lactose
repressor, LacI) and a red fluorescent protein (mScarletI),
flanked by two direct repeat sequences. This module was
integrated into the chromosome based on a single-crossover
method (Figure S1A),21 and the site of integration could be
adjusted using different homologous sequences. The reporter
module encoded two fluorescent proteins, namely a green
fluorescent protein (SfGFP) expressed by a LacI repressible
promoter (PA1O4O3) and an orange fluorescent protein
(CyOFP1) expressed by a constitutive promoter (J23102)
(Figure S1B). Constitutively expressed CyOFP1 provides a
standard protocol for cell identification in imaging processing.
The reporter module was cloned into a fixed chromosomal site
using the mini-Tn7 system.22

In the original stage, the transcription of PA1O4O3 was
repressed by LacI, resulting in low expression of SfGFP.
Meanwhile, mScarletI was expressed normally; thus, the
TFDEC system was in an off−on−on state for green
(SfGFP), red (mScarletI), and orange (CyOFP1) fluorescence.
When DRD events occurred with the deletion of lacI, mScarlet,
and one of the repeat arms, the repression of PA1O4O3 would be
removed, and the expression of mScarletI would be lost, which
converted the TFDEC system to be at the on−off−on state
(Figure 1C). However, when loss-of-function mutations
occurred in lacI, both the green and red fluorescent proteins
would be expressed, thus the TFDEC system would be
switched to be at the on−on−on state (Figure 1D). Notably,
because the frequency for loss-of-function mutation in lacI and
DRD events occurring simultaneously in one cell was
negligible, we assigned the cells with a high level of SfGFP
expression and low level of mScarletI expression as the DRD
events. The genetic logic gates and truth table were indicated
in Figure 1A and Figure 1B, respectively. Also, the DNA
fragments cloned from deletion responsive module were
confirmed by sequencing before the DRD events occurred
(Figure 1E−1H, Figures S2 and S3) and after the DRD events
occurred (Figure S4). We also quantified the pseudopositive
DRD rate coming from the fluorescent protein expression
noise in a control strain (with SfGFP expressed by an inhibited
PA1O4O3 promoter and mScarletI expressed constitutively, but
without direct repeats), in which the pseudopositive effect is
marginal (Figure S5).

Procedures for the Quantification of the DRD Rate
Using the TFDEC System. The complete procedure for
quantification of the DRD rate involved several steps (Figure
2A):

Figure 2. Procedure diagram and statistical analysis of DRD rate. (A) Bacterial strains were recovered and cultured on LB agar plates, and
resuspended in 10% (w/v) sucrose solution before acquisition of fluorescent images. More than 400 image-fields were scanned, and over 105 cells
were recorded for each sample. Then image processing and data analysis were done in the context of MATLAB. The whole procedure took less
than 45 h. (B) SfGFP intensity was plotted against the mScarletI intensity for all recorded single cells of wild type in a 2-D graph, where cells with
high expression of SfGFP and low expression of mScarletI were determined to be deletion cells (circled with a red dotted line), while cells with a
high expression of SfGFP and a high expression of mScarletI were determined to be lacI loss-of-function mutation cells (circled with a blue dotted
line). The color map to the right of the panel indicates the relative cell density.
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(i) Bacteria recovery and incubation. We extended the
growth time of bacteria and conducted an expanded
culture step by growing large colonies on LB plate,
thereby, the resultant large colony was grown from one
single cell, during which the DRD events occurred. The
average generation number of bacterial growth during
colony forming could be easily determined from cell
number of the large colony (Nall) by log2(Nall). The
expanded bacterial culture step enabled us to enrich
DRD cells and to harvest enough bacteria for cell
counting via OD600. Specifically, scrape one complete
colony from the overnight LB plate and thoroughly
resuspend it into 20 μL of fresh LB medium. Then
inoculate a 2 μL drop of this suspension on an LB plate
and incubate for 20−24 h. Further, completely scrape
the resultant large colony and resuspend it into 1 mL of
fresh 10% (w/v) sucrose solution and record their
OD600 (1.0−1.2). The generation number (n) of
bacteria could be calculated using the following formula:
n = log2(10 × OD600 × 109), based on the estimation
that there were about 109 cells in 1 mL of bacterial
culture when OD600 = 1. Bacterial cells dispersed well in
10% (w/v) sucrose solution and thus facilitated the
following imaging processing and cell identification in
fluorescent images (Figure S6).

(ii) Sample preparation. Pipet 3−4 μL of bacterial
suspension onto the top of a 2% (w/v) FAB agarose
slab. Let the sample dry for 1 min and flip the agarose
slab. Then bacterial cells are sandwiched between the
agarose slab and cover glass.

(iii) Acquisition of microscopic images. Fluorescent images
of SfGFP, CyOFP1, and mScarletI were snapped
subsequently using the montage method23 to record
>105 single cells from over 400 image-fields for each
sample.

(iv) Automatic imaging processing and DRD rate calculation.
The frequency of DRD cells could be calculated by using
x = Ndel/Nall, where Ndel is the number of deletion cells
and Nall is the total number of recorded cells. We plotted

SfGFP intensities against mScarletI intensities of all
recorded single cells, and those with high intensity of
SfGFP and low intensity of mScarletI were determined
as the DRD cells (Figure 2B, Figure S7). Then the DRD
rate (per cell per generation) could be calculated by
using μT ≈ x/n (see Methods).

The total time duration of this method was less than 45 h,
with an operation time of less than 30 min for each sample
(Figure 2A). Also, during the culture on LB plates, the cell
number in the colony reaches saturation after 27 h of growth,
thus cells are able to divide and grow when we harvest them in
20−24 h (Figure S8). Owing to the flexibility of single-
crossover used in the deletion responsive module, quantifica-
tion of DRD rate at any chromosomal site or for different
LRAs could be easily achieved through simply altering the
sequences of repeat arm. In addition, the TFDEC method
enabled us to estimate the rate of mutation and DRD
simultaneously, which could hardly be achieved through the
antibiotic resistance selection method.

Quantification of the LRA-Dependent DRD Rate. To
determine the effect of different LRAs on the DRD rate, we
constructed a series of TFDEC strains with LRAs ranging from
205 to 2550 bp (Figure 3A). An S-shaped curve was observed,
in which the DRD rate kept a constant low level at LRA less
than 500 bp, increased exponentially at LRA from 500 to 1200
bp, and reached plateau at LRA larger than 2000 bp (Figure
3B). By contrast, the DRD rate of recA mutants at different
LRAs remained unchanged, approximately equal to that of the
wild type at an LRA less than 500 bp (Figure 3B). Therefore,
DRD in P. aeruginosa was RecA-independent in short LRAs,
whereas RecA-dependent in LRAs larger than 500 bp, which
was consistent with the former studies in E. coli.9,10

We also quantified the DRD rate of cells under the
treatment of 0.4 μg/mL ciprofloxacin, which could induce
the SOS response in P. aeruginosa.24 DRD rates of short repeat
arm (LRA < 500 bp) and long repeat arm (LRA > 500 bp)
were enhanced about 3- and 6-fold by ciprofloxacin treatment,
respectively (Figure 3C). However, with the treatment of
ciprofloxacin, DRD rate increased similarly with the increase of

Figure 3. Quantification of the dependence of DRD rate on LRA. (A) Diagram of mutants with different LRAs from 205 to 2550 bp, where the
SLRA is fixed to 2369 bp. (B) The DRD rate was plotted as a function of the LRA from 205 to 2550 bp in wild type (marked with blue circles) or
in recA mutants (marked with black diamonds). (C) The DRD rate was plotted as a function of the LRA from 205 to 2550 bp in wild type (marked
with blue circles) and in wild type with treatment of 0.4 μg/mL ciprofloxacin (marked with red squares). The variation trend of DRD rate with the
increase of LRA larger than 500 bp was indicated with black solid lines. Here, error bars indicate standard deviation arising from three independent
experiments.
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LRA (LRA > 500 bp) as compared with the curve without
treatment of ciprofloxacin (Figure 3C), indicating that there
might be a general mechanism underlying the LRA depend-
ence of DRD. Ciprofloxacin was also applied in two recA
mutants with different LRAs. Compared with the correspond-
ing value in the same strains without ciprofloxacin treatment,
no significant increase of DRD rate was observed in both LRAs
(Figure S9).
DRD Rate Was Independent of Chromosomal Sites

and SLRA. We further studied the DRD rates at different
chromosomal sites or different SLRAs in P. aeruginosa. There
are reports that double strand breaks occur more in the
terminus region of replication,25 which is opposite to the
replication origin site in PAO1,26 but the precise terminus site
is not determined to date. Five strains were constructed by
setting the repeats to be the downstream of coding sequence of
PA2398, PA3195, PA4068, PA4513, and PA5430 without
interfering with the normal expression of these genes, in which
PA5430 was near the origin site of replication (Figure 4A). No
significant difference of DRD rate was detected between these
strains (Figure 4B), as the terminus region was probably
missed by us. DRD rates in three different SLRAs (2369, 4167,
and 6163 bp) were also determined, where LRA was fixed to
2550 bp (Figure 4C) and no significant difference was
observed as well (Figure 4D). This was consistent with a
pioneer finding that the RecA-dependent deletion of tandem
repeats showed little proximity effect.27 In addition, according
to our experiments, SLRA also showed a marginal effect on the
DRD rate in recA mutant strains (Figure 4E), which was

inconsistent with several previous studies.12,27 The contra-
diction might be due to the relatively high noise of our method
when the DRD rate was low.

DRD Was Enhanced in uvrD and radA Mutants.
According to the data in Figure 3B, DRD for long repeat arms
was RecA-dependent. Regarding that RecA is the key factor in
recombination, we next selected several recombination-related
genes to inactivate to quantify DRD rates. RecBCD and
RecFOR are the two sets of mediator proteins that loads RecA
to single-stranded DNA (ssDNA).28−30 The RecF pathway,
with the help of the RecO, RecR, and RecQ helicase and the
RecJ exonuclease, mediates ssDNA gap repair through
recombination,30−34 and also repairs DNA double-strand
breaks (DSBs) in the recBrecCsbcBsbcC mutant back-
ground.35,36 The SbcC-SbcD nuclease complex is essential in
processing convergent forks to complete during chromosome
replication.37 RecN is a cohesin-like protein that stimulates
DNA strand invasion in RecA-mediated recombination.38

MutS is a component of DNA mismatch repair machinery
that modulates recombination of divergent sequences.39,40

RadA was proposed to be a DnaB type helicase that facilitates
bidirectional D-loop extension in the process of RecA-driven
ssDNA recombination.41 Whereas a recent study found that
RadA can unwind forked DNA from 5′ to 3′ that DnaB cannot
do.42 In addition, the UvrD helicase functions in mismatch
repair and nucleotide excision repair, and facilitates RecA
removal from nucleoprotein filaments during recombina-
tion.43−45 Thus, we quantified DRD rates in those recombi-
nation-related knockout strains, for which the LRA and SLRA

Figure 4. DRD rate is independent of the chromosomal positions and SLRA. (A) A diagram of different sites of direct repeat insertion in the PAO1
chromosome. Here, the LRA is fixed to 2550 bp and SLRA is fixed around 1000 bp (without mScarletI between repeat arms). (B) DRD rate of
TFDEC systems with different chromosomal insertion sites (PA2398, PA3195, PA4068, PA4513, and PA5430). Here, the statistical analysis used
pairwise comparisons (vs PA2398) (t test). (C) Diagram of the mutants with different SLRAs (2369 bp, 4167 bp, and 6163 bp), for which the LRA
is fixed to 2550 bp. (D) DRD rate in TFDEC systems with different SLRAs. Here, the statistical analysis used pairwise comparisons (vs SLRA2369)
(t test). (E) DRD rate in recA mutants with different SLRAs. The statistical analysis used pairwise comparisons (vs SLRA2369-recA) (t test). Here,
n.s. represents nonsignificant, and error bars indicate standard deviation from three independent experiments.

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://dx.doi.org/10.1021/acssynbio.9b00256
ACS Synth. Biol. 2020, 9, 1041−1050

1045

http://pubs.acs.org/doi/suppl/10.1021/acssynbio.9b00256/suppl_file/sb9b00256_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.9b00256?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.9b00256?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.9b00256?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.9b00256?fig=fig4&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://dx.doi.org/10.1021/acssynbio.9b00256?ref=pdf


of TFDEC system in all strains was fixed to 2550 bp and 2369
bp, respectively.
As displayed in Figure 5 and Table S1, DRD rates were not

affected in cells devoid of RecB, RecF, RecO, RecJ, RecN,
RecQ, MutS, and SbcC (P > 0.05), which made the exact
mechanism of how RecA contributed to DRD in Pseudomonas
aeruginosa uncertain. Moreover, in the uvrD mutant, the DRD
rate was approximately 8-fold (P < 0.01) higher than that in
the wild type, which was consistent with previous results in D.
radiodurans and E. coli.13,46 This might result from the
antagonism effect that UvrD dismantles the RecA-ssDNA
filaments, or the reduced fidelity of DNA replication and
induced SOS response in bacteria after UvrD inactivation.46,47

Unexpectedly, the DRD rate in radA mutant was approx-
imately 4-fold (P < 0.05) higher than that in the wild type,
indicating a negative effect of RadA on DRD that remained to
be elucidated. Furthermore, DRD rates of radArecA and
uvrDrecA mutants dropped to the level of recA mutant,

suggesting that the antagonism activities of RadA and UvrD to
DRD were both mediated by some RecA-dependent pathways.

TFDEC Enables the Quantification of DRD and
Mutation Rate Simultaneously. To examine the relation-
ship between DRD and mutation, we plotted the loss-of-
function mutation rates in lacI against the DRD rate of all the
tested mutants in one map, where each data point was colored
according to its relative fitness (normalized by the fitness of
wild type). As displayed in Figure 6, a moderate positive
correlation (correlation coefficient (cc) = 0.55) was observed
between the DRD rate and mutation rate among recA+

mutants, while a higher positive correlation (cc = 0.97) was
observed in the six recA− mutants (uvrDrecA, recFrecA,
radArecA, sbcCrecA, recOrecA, and recA). The DRD rate in
wild-type bacteria reflects the frequency of replication fork
stalling, which frequently resulted from the DNA lesions or
single-strand DNA breaks.7,8 This might be why strains with
higher mutation rates (with larger frequency of DNA damage)

Figure 5. Quantification of DRD rate in various recombination-related mutants of P. aeruginosa. (A) SfGFP intensity was plotted against mScarletI
intensity from all recorded single cells in each mutant. The color map to the right of the panel indicates the relative cell density. (B) DRD rates in
multiple recombination-related mutants. The statistical analysis used pairwise comparisons (vs wild type) (t test). Here, ***P < 0.001, **P < 0.01,
*P < 0.05, and n.s. represents nonsignificant. In all mutants, the LRA is fixed to 2550 bp, SLRA is fixed to 2369 bp, and error bars indicate standard
deviation from three independent experiments.
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tend to have higher DRD rates. Besides, the fitness of recA−

mutants are 20−40% less than that of recA+ strains, consistent
with the fact that RecA facilitates DSB repair and replication
fork repair in bacteria.48,49

It is worth noting that our results of lacI loss-of-function
mutation rate failed to repeat previous reported increased
mutation frequency of mutS mutant in E. coli and other
organisms. We also tested the mutation frequency of
Pseudomonas aeruginosa using rifampicin selection, the result
in mutS mutant was 500-fold higher than that in wild type
(Figure S10). This inconsistency was probably due to the
different mechanism of mutation detection between lacI loss-
of-function and rifampicin selection. Acquisition of rifampicin
resistance requires proper mutations at specific sites in rpoB,
thus rifampicin selection is good to estimate spontaneous,
nonframeshift, and base-to-base mutations in bacteria.
However, it may miss other kinds of mutations (such as
insertions, deletions), which also occur frequently in bacteria.
On the other hand, all these mutations (mutation/deletion/
insertion) can be reflected through detection of LacI
inactivation in bacteria.

■ DISCUSSION
In this study, we set up a TFDEC system for quantification of
DRD rate through the determination of a three-state
fluorescence gate in single cells. Due to the low frequency of
single crossover recombination under LRA less than 200 bp, it
is difficult to construct TFDEC systems for quantification of
DRD in shorter repeat arms. Meanwhile, since DRD events
resulting from unequal SCE will generate a dimeric
chromosome (with repeat number of 1 and 3) in a cell that
reserves LacI expression, these DRD events cannot be detected
by TFDEC.11 Nonetheless, compared with the traditional
antibiotic resistance selection method, the TFDEC method is
devoid of antibiotic selection pressure and enables the
quantification of repeat deletion for long repeats and at
different chromosomal sites. Besides, the single-crossover and

miniTn7 gene-insertion techniques used in TFDEC con-
struction could be easily applied in other bacteria. Therefore,
the TFDEC system is a good complement tool to the
traditional antibiotic resistance selection method for quantifi-
cation of the DRD rate.
The CyOFP1 expression from the reporter part of TFDEC

is used for cell recognition during image processing. Mean-
while, it can also act as an identification signal for the specified
bacteria strains. By replacing CyOFP1 with other kinds of
fluorescent proteins, simultaneous quantification of the DRD
rate of multiple strains in a mixture of bacteria is achievable.
Therefore, TFDEC is a candidate tool for the investigation of
DRD in bacterial cells under conditions of multispecies
competition or symbiosis.
DRD could be induced externally by DNA damaging agents

such as ionizing radiation (IR) or internally by DNA
replication problems,47 thus the DRD rate of bacteria
originating from different environments can vary largely.
However, in a fixed environment, the DRD rate in one
bacteria should be stable and constant with time. Therefore,
our TFDEC could be used as a timer by monitoring the
frequency of DRD, through a formula t = x·td/μ, where t is the
total time of the bacteria in a target environment, x is the
frequency of repeat deletion, td is the doubling time of bacteria,
and μ is the DRD rate. This is especially useful to evaluate
growth of bacteria in the gut or other parts of the host which is
unachievable by using conventional methods. The timer
property of the TFDEC system may also be applied to study
the competition of different microorganisms within a host.
In addition, the TFDEC system also serves as a genetic tool

that enables SfGFP expression in very few cells among a large
population. By replacing SfGFP with other functional proteins
and adjusting the LRA in the responsive module, we can
generate a small fraction of cells with specific phenotypes and
with specified frequencies of occurrence in a bacterial
community. This may be useful in the investigation of a
persister emergence during antibiotic treatment and in
unravelling the roles of certain proteins during stress-driven
evolutions of bacterial population.

■ METHODS
Bacterial Strains and Growth Conditions. Bacterial

strains and plasmids used in this study are listed in Table S2.
Details for constructions of the gene knockout mutants and
growth curve measurement are given in the Supplementary
Methods.

Validation of DRD Cells. The strains were grown on LB
agar plates at 37 °C for overnight. Monoclonal colonies were
inoculated and cultured with fresh LB plates at 37 °C for 20 h.
Then the bacterial cultures were gradually further diluted
(1:1000) in fresh LB mediums to culture for over 30 cycles. To
enable the accumulation of DRD cells, we selected pure
colonies in the on−off−on state and amplified the DNA
segment of deletion responsive module via the polymerase
chain reaction and further confirmed DRD occurrence via
sequencing (Figures S2 and S4).

Acquisition of Fluorescent Images by Using Micro-
scope. The samples for microscopic imaging were prepared
according to a previously described procedure.23 In brief, 3−4
μL of bacterial suspension was pipetted out and loaded onto a
1 cm2 slab made of 2% (w/v) FAB agarose. The bacterial
culture dried in 1−2 min through evaporation and absorption.
Then the agarose pad was flipped onto a cover glass. In this

Figure 6. DRD rate was plotted against lacI loss-of-function mutation
rate. The lacI loss-of-function mutation rates of various recombina-
tion-related mutants were plotted against their DRD rates. Each data
point was colored according to its relative fitness (normalized by the
fitness of wild type). Here, in all mutants, the LRA is fixed to 2550 bp
and SLRA is fixed to 2369 bp.
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way, bacterial cells were sandwiched between the agarose slab
and the cover glass. A spinning-disk confocal microscope
(Revolution Andor) equipped with a 100× oil objective and an
EMCCD camera (iXon 897i Andor) was used to continuously
record the fluorescence-labeled bacteria spread over 400
image-fields, where over 105 cells were imaged in each sample.
For recA mutants whose DRD rates are significantly less than
10−5 /cell/generation, the recorded number was increased to
more than 3 × 105 to reduce the stochastic noise. The SfGFP,
CyOFP1, or mScarletI were excited using 488, 488, or 561 nm
laser, respectively, and imaged with three emission channels
(524, 607, or 607 nm).
Imaging Processing and Data Analysis. The 14 bit

fluorescent images of SfGFP, CyOFP1, and mScarlet1 were
analyzed using a homemade algorithm coded by MATLAB.
Specifically, cell mask images were determined from CyOFP1
images through two times of Gaussian blur and one time of
edge filtering, before cutting off with a threshold intensity.
Holes of the resulting binary images were filled using the
MATLAB’s “imfill” function.
To determine the frequency of DRD or lacI loss-of-function

mutation in one sample, mask images generated from SfGFP
images (in which cells were separately distributed because of
the low frequency of DRD and lacI loss-of-function mutation)
were used to determine the number of cells with high level of
SfGFP expression. Then, the number of repeat deletion cells
(Ndel) or lacI loss-of-function mutation cells (Nm) were
determined according to the mScarletI intensity in correspond-
ing SfGFP-expressed cells. The total cell number in the
CyOFP1 images (Nall) was estimated by Nall ≈ Aall/Amean,cell, in
which Aall was the total area occupied by all bacterial cells in
the mask image, Amean,cell was the mean area occupied by a
single cell. The frequency of the DRD cells and lacI loss-of-
function mutation cells was calculated by Ndel/Nall or Nm/Nall.
For the drawing of the 2-D single-cell fluorescence graphs

shown in Figure 2B or Figure 5A, large cell clusters from
CyOFP1 mask images in which single cells were hardly
resolved (Figure S6B) were skipped (according to the
occupied area in the mask image). The resulting mask images
were mapped to the corresponding SfGFP and mScarletI
images, respectively, single cell intensities of SfGFP and
mScarletI were extracted using the MATLAB’s “regionprops”
function. Data points from three parallel experiments were
combined to generate one 2-D graph.
The fluorescence crosstalks between SfGFP, CyOFP1, and

mScarletI were corrected through separate imaging of the
purified fluorescent proteins.
More information for the determination of the threshold

mScarletI intensity is included in the Supplementary Methods.
Calculation for DRD Rate and lacI Loss-of-Function

Mutation Rate. The DRD rate was quantified through
modification of a previously described method.50 We assumed
that the dynamics of the DRD cells in the population followed
the differential equation as below,

μ φ= + − −x
t

f x x x
d
d

(1 )1 (1)

where x is the frequency of DRD cells, (1 − x) is the frequency
of non-DRD cells. f1 or f 2 represents the fitness of deletion or
nondeletion cells, μ is the DRD rate, and φ = f1x + f 2(1 − x) is
the average fitness of the entire population. And f1x − φx is the
frequency change of DRD cells caused by the difference of
growth rate between deletion cells and non-DRD cells, μ(1 −

x) is the frequency increase of DRD cells due to the
transformation of non-DRD cells to DRD cells. The solution
of eq 1 with the initial condition x(t = 0) = 0 (according to the
fact that we grew the large colonies from one single
nondeletion cell) is

μ
φ μ

=
− −

−φ μ− −x t
f

( ) (e 1)f t

1

( )1

(2)

At the condition f1 = f 2, the solution of x(t) can be further
simplified to x(t) = 1 − e−μt. In the limited condition of μt ≪
1, one can estimate that

μ≈x t t( ) (3)

According to previous study by Bzymek et al.,11 occurrence of
repeat deletion is strongly dependent on DNA replication.
Thus, DRD rate is constant when normalized with generation
number, rather than with growth time. Equation 3 is applicable
when the bacterial growth rate is constant. In most cases in
which bacterial growth rate changes with the culture time, the
formula could be written as x(n) ≈ μT·n, where n is the average
doubling generations that can be estimated by counting the
total populations of bacteria, x can be directly obtained by the
number ratio of deletion cells to total recorded cells. The
nonsignificant DRD rates were obtained for P. aeruginosa
under different growth conditions with varied bacterial growth
rates (Figure S11), indicating it is reasonable to normalize
DRD frequency with generation number.
Also, the lacI loss-of-function mutation rate was estimated in

a similar way as the DRD rate calculation: xm(n) ≈ μm·n, where
xm is the frequency of mutation events and μm is the rate of lacI
loss-of-function mutation.
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