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ABSTRACT In the nosocomial opportunistic pathogen Acinetobacter baumannii, RecA-
dependent mutagenesis, which causes antibiotic resistance acquisition, is linked to
the DNA damage response (DDR). Notably, unlike the Escherichia coli paradigm, recA
and DDR gene expression in A. baumannii is bimodal. Namely, there is phenotypic
variation upon DNA damage, which may provide a bet-hedging strategy for survival.
Thus, understanding recA gene regulation is key to elucidate the yet unknown DDR
regulation in A. baumannii. Here, we identify a structured 5= untranslated region
(UTR) in the recA transcript which serves as a cis-regulatory element. We show that a
predicted stem-loop structure in this 5= UTR affects mRNA half-life and underlies bi-
modal gene expression and thus phenotypic variation in response to ciprofloxacin
treatment. We furthermore show that the stem-loop structure of the recA 5= UTR in-
fluences intracellular RecA protein levels and, in vivo, impairing the formation of the
stem-loop structure of the recA 5= UTR lowers cell survival of UV treatment and de-
creases rifampin resistance acquisition from DNA damage-induced mutagenesis. We
hypothesize that the 5= UTR allows for stable recA transcripts during stress, including
antibiotic treatment, enabling cells to maintain suitable RecA levels for survival. This
innovative strategy to regulate the DDR in A. baumannii may contribute to its suc-
cess as a pathogen.

IMPORTANCE Acinetobacter baumannii is an opportunistic pathogen quickly gaining
antibiotic resistances. Mutagenesis and antibiotic resistance acquisition are linked to
the DNA damage response (DDR). However, how the DDR is regulated in A. bauman-
nii remains unknown, since unlike most bacteria, A. baumannii does not follow the
regulation of the Escherichia coli paradigm. In this study, we have started to uncover
the mechanisms regulating the novel A. baumannii DDR. We have found that a cis-
acting 5= UTR regulates recA transcript stability, RecA protein levels, and DNA
damage-induced phenotypic variation. Though 5= UTRs are known to provide stabil-
ity to transcripts in bacteria, this is the first example in which it regulates a bimodal
DDR response through recA transcript stabilization, potentially enabling cells to have
enough RecA for survival and genetic variability.
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molecular biology

Acinetobacter baumannii is a Gram-negative opportunistic pathogen that is a major
problem in hospitals due to its ability to withstand desiccation (1), allowing it to

ultimately reach immunocompromised individuals and cause diseases, including pneu-
monia and meningitis (2–4). Compounding this problem is the ability of A. baumannii
to rapidly gain antibiotic resistances, such that there are now pan-resistant strains (5, 6).
This may in part be due to A. baumannii’s improved fitness during stress (7–10).
However, fully understanding how A. baumannii rapidly acquires antibiotic resistances
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has been hindered by the limited knowledge of fundamental DNA repair processes and
a limited genetic toolkit for the bacterium (11).

Notably, antibiotic resistance acquisition in A. baumannii has been linked to its DNA
damage response (DDR) (12), which protects or repairs genetic material after DNA
damage resulting from the environment, other bacteria, or antibiotics (13). One of the
best-understood bacterial DDR systems is the conserved Escherichia coli paradigm
(13–15). In this system, RecA, the cell’s main recombinase, binds single-stranded DNA,
the signal of DNA damage, to form the RecA nucleoprotein filament (RecA*) (16).
Coprotease activity of RecA* promotes autocleavage and inactivation of LexA, the
global DDR repressor, resulting in expression of �40 genes for DNA repair, including
recA itself, and error-prone DNA polymerases (17–19). The lower fidelity of these
polymerases leads to increased mutagenesis of native genes that when altered lead to
antibiotic resistances; these genes include antibiotic targets and efflux machinery (12,
14, 15, 20, 21). Classic examples are mutations in the rpoB gene (conferring rifampin
resistance [22]) and the gyrA gene (conferring nalidixic acid resistance [23]). Specifically,
in A. baumannii, mutations in regulatory genes for the AdeABC efflux system lead to
multidrug resistance (24).

In A. baumannii, the conserved E. coli DDR circuitry does not exist, in part because
A. baumannii lacks a known functional LexA homologue and cognate binding boxes
within DDR gene promoters (25, 26). Many opportunistic pathogens, including Legio-
nella pneumophila, Streptococcus pneumoniae, and Helicobacter pylori (27–29), have
noncanonical DNA damage responses (e.g., not mediated by a global LexA repressor).

In previous work we found that for A. baumannii ATCC 17978, the DDR is bimodal,
unlike in E. coli (30). That is, in A. baumannii, when expression of a number of conserved
DDR genes, including recA, is measured, we find DDRLow (low expression of DDR genes)
and DDRHigh (high expression of DDR genes) phenotypic subpopulations. To our
knowledge, this may be the first example of phenotypic variation in a DDR regulation.
The DDRLow and DDRHigh cells have different survival capabilities upon DNA damage
treatment, including the antibiotic ciprofloxacin (Cip), suggesting that this bimodal
DDR expression may serve as a bet-hedging strategy conferring genomic plasticity and
survival (31). We have shown that the DDR in A. baumannii is dependent on functional
RecA and that activation of the DDR causes clinically relevant mutagenesis in the rpoB
gene, resulting in rifampin resistance (12). Because of RecA’s central role in the DDR and
in antibiotic resistance acquisition, it is critical to understand both recA gene regulation
and the DDR gene network in this bacterium.

In this study, we identified the recA promoter and showed that it has elements
needed to respond to DNA damage. Importantly, we found that the recA transcript has
a 5= untranslated region (UTR), which we show contributes to both transcript stabili-
zation and phenotypic variation. We demonstrated that a critical stem-loop structure in
the 5= UTR maintains mRNA half-life (t1/2). Furthermore, we found that the 5= UTR is
necessary for maintaining RecA levels in the cell and influences RecA-dependent
processes in vivo, including survival of DNA damage and rifampin resistance acquisition.
These data support a model of recA regulation in which the promoter is involved in
DNA damage detection, while the 5= UTR, specifically a predicted stem-loop structure,
stabilizes and protects the recA transcript from degradation and maintains appropriate
RecA levels. The 5= UTR also affords bimodal DDR induction to support cell viability and
mutagenesis. These findings expand our knowledge of bacterial DDRs beyond the
conserved paradigm.

RESULTS
A. baumannii recA has a 99-nt 5= UTR. To begin dissecting the regulation of recA

(A1S_1962) gene expression in A. baumannii ATCC 17978, we mapped its transcriptional
start site (TSS). Using a modified standard primer extension assay experiment, we only
found short products, indicating that there was extension very close to the reverse
primer that stopped close to the recA starting methionine (see Fig. S1 in the supple-
mental material). Since this result did not account for the ribosomal binding site (RBS),
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we thought that there might be something interfering, e.g., a strong mRNA secondary
structure, that did not permit full primer extension under our experimental conditions.
To provide insight into the TSS, we examined published transcriptome sequencing
(RNA-Seq) data for A. baummanii ATCC 17978 (32). The mRNA reads measured (from
converted cDNA) were mapped onto the reference A. baummanii genome. Upstream of
the recA coding sequence, we searched for the point that corresponds to the gene’s 5=
boundary (the point where the number of mRNA reads mapped onto the DNA
sequence starts to increase, shown in gray in Fig. 1A), which corresponds to the TSS
(33). We predicted that the transcript began 95 to 100 nucleotides (nt) upstream of the
recA start codon (Fig. 1A, red line). Consensus promoter �10 and �35 sequences (34)
with the corresponding spacing indicated a possible �1 TSS 99 nt upstream of the recA
start codon (Fig. 1C). To validate this prediction, total RNA was extracted from un-
treated A. baumannii cells and first-strand cDNA was synthesized. PCRs with nested
forward primers (noted in Fig. 1A as arrows) were performed to determine the 5= end
of the cDNA generated from the recA mRNA transcript. This PCR amplification allowed

FIG 1 The A. baumannii recA transcript has a 5= UTR of 99 nucleotides with a predicted stable stem-loop structure. (A) RNA-Seq alignment to the
genome of A. baumannii ATCC 17978 upstream of the recA (A1S_1962) open reading frame (ORF) using CLC Genomics (Qiagen) (33). The density
of mapped reads is shown in gray. The transcription start site (TSS) is predicted to be 99 nt upstream of the recA ORF start codon and is indicated
with a red line. Arrows represent primers used to validate the predicted TSS. (B) RNA was extracted from untreated A. baumannii cells and
converted to cDNA, which served as the template for PCR using the reverse primer R1 and a series of nested forward primers (F1 to F6), whose
positions are indicated in panel A. The products obtained from primers F1 to F5 paired with R1 were separated by agarose gel electrophoresis
and are annotated above their respective lane. No product was obtained when using primers F6 and R1 together. (C) Schematic of the region
upstream of the recA ORF in A. baumannii. Conserved �35 and �10 promoter sites (34) are in bold. (D) Schematic of the predicted structure,
base-pairing probability, and minimum free energy value for the native 5= UTR using the RNAfold webserver (35). Indicated are a major stem-loop
structure (i), an outer loop (ii), the start (AUG) codon, and �1 TSS. (E) A 347-nt product including the 99-nt 5= UTR and its flanking regions was
transcribed in vitro under the control of the T7 promoter. Products were separated by agarose gel electrophoresis. Lane 1, control fragment 2,200
nt in length (Thermo Fisher) heated for 10 min at 70°C prior to loading; lane 2, control fragment, unheated; lane 3, 347-nt recA fragment
containing the 5= UTR after heat treatment; lane 4, the same 347-nt fragment without heat treatment. The percentage of unstructured RNA per
total RNA bands was quantified and is included below each lane.
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for detection of products that we lacked the sensitivity to see in our extension
experiments (Fig. S1). Products were obtained with primers F1 to F5, which are within
the predicted transcript, while there was no product with primer F6, which is just
outside the predicted TSS (Fig. 1B). These data supported the TSS predicted by
RNA-Seq. Together, these results suggest that recA in A. baumannii contains an ap-
proximately 99-nt 5= UTR (Fig. 1C).

The 5= UTR of A. baumannii recA is predicted to form a stable stem-loop
structure. In silico modeling (35) showed a high probability for the 5= UTR of A.
baumannii recA to form a stable secondary structure (ΔG° � �21.55 kcal/mol [Fig. 1D]).
Structural features included a major stem-loop from nucleotide U(�13) to A(�73) (Fig. 1D,
loop i). Additionally, there was a loop out and shorter stem predicted near the start
codon (Fig. 1D, loop ii). We then performed in vitro transcription of a section of the recA
message containing the 5= UTR, including the flanking native sequences to maintain
sequence context, using a T7-dependent RNA polymerase in vitro transcription system
with fluorescently labeled dUTPs incorporated for visualization. The products of T7 RNA
polymerase were separated by gel electrophoresis either with or without heat treat-
ment at 70°C prior to loading (Fig. 1E). Heat treatment was expected to denature most
structures within the RNA transcript, leading to less structure and faster migration. In
contrast, with no heat denaturation prior to loading, additional structure would be
maintained and change the migration of the sample. In the control RNA provided by
the kit (Thermo Fisher), we observed that 46% of the �2000-nt unheated sample
migrated at a size similar to that of the heated sample (Fig. 1E, lane 2). In comparison,
only 13% of the �350-nt unheated 5= UTR-containing transcript migrated at a size
similar to that of the heated sample (lane 4), indicating that despite the length of the
transcript, the 5= UTR had additional structure causing slower migration in the gel.
These data provided further evidence that the 5= UTR sequence is indeed structured in
vitro.

Disruption of the predicted major stem-loop of the recA 5= UTR lowers expres-
sion of a fluorescent reporter. To investigate whether the structural features of the 5=
UTR have a regulatory role in cis on recA expression, a low-copy-number plasmid
translational reporter was constructed in pNLAC1 (36), in which the recA promoter, 5=
UTR, and recA ribosomal start site were fused to the far-red fluorescent protein mKate2.
The sequences flanking the recA gene coding sequence were included to maintain
sequence context next to the 5= UTR. Within the major stem-loop (Fig. 2Ai), we
identified three consecutive cytosine-guanine pairings [C(�24), C(�25), and C(�26) pairing
to G(�62), G(�61), and G(�60), respectively] that in silico modeling predicted were critical
for maintaining the stem-loop structure. We called this native reporter PrecA-UTR(C::G)-
mKate2 (Fig. 2Ai). We created a second plasmid in which the three cytosines C(�24),
C(�25), and C(�26) were each changed to guanine [PrecA-UTR(G::G)-mKate2]. This change
was predicted to disrupt the formation of the stem-loop structure in silico (Fig. 2Aii). The
full sequences of all 5= UTR variants are listed in Table S1 in the supplemental material.
Using single-cell resolution fluorescence microscopy (Fig. 2Ai), we observed low levels
of expression of A. baumannii cells with the native PrecA-UTR(C::G)-mKate2 plasmid in
the absence of DNA damage treatment. We hypothesized that this represents basal
expression. To quantify the expression, we measured the fluorescence intensity of
�1,000 single cells using MicrobeJ (37) (Fig. 2B). Fluorescence microscopy was used
instead of fluorescence-activated cell sorting due to higher sensitivity of fluorescent
reporter detection. As expected, we observed induction of mKate2 upon Cip treatment
(Fig. 2A and B), which inhibits DNA gyrase, leading to double-stranded breaks (38). This
induction is similarly observed with UV radiation (Fig. S2). Remarkably, we found that
in the absence of DNA damage treatment, A. baumannii cells with the PrecA-UTR(G::G)-
mKate2 reporter (Fig. 2Aii) have lowered fluorescence [38% lower than native UTR(C::G)
(Fig. 2A and B)], suggesting that impairing the formation of the native 5= UTR structure
decreased recA expression.

Removing the predicted outer loop in the 5= UTR recA transcript elevates
expression of the fluorescent reporter. There is a predicted outer loop in the 5= UTR
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structure (Fig. 1D). When this feature was removed, the predicted structure (Fig. 2Aiii)
still maintained the recA 5= UTR major stem-loop but lacked structure near the recA start
codon. In the absence of DNA damage treatment, we found that A. baumannii cells with
the plasmid lacking the outer loop, PrecA-UTR(ΔOL)-mKate2, were brighter than the
native PrecA-UTR(C::G)-mKate2 reporter (Fig. 2Aiii versus Ai). Again, we observed induc-
tion after DNA damage treatment (Fig. 2Aiii).

We then performed reverse transcriptase quantitative PCR (RT-qPCR) to determine
if the recA 5= UTR variants described above changed steady-state transcript levels. Using
16S rRNA as an endogenous control, we did not see a significant difference in transcript
levels between the native reporter and the PrecA-UTR(ΔOL)-mKate2 reporter. This sug-
gested that the increased expression observed (Fig. 2Aiii) might be due to increased
translational efficiency, which may be caused by easier access to translational machin-
ery. Interestingly, we found a significant (3-fold) decrease in mKate2 steady-state
transcript levels in A. baumannii with PrecA-UTR(G::G)-mKate2 compared to the wild-type
(WT) reporter [PrecA-UTR(C::G)-mKate2] (Fig. 2C).

The native recA 5= UTR structure governs mRNA half-life and transcript stabil-
ity. To directly test the role of the 5= UTR in mRNA stability, we measured the half-life

FIG 2 Disrupting the predicted stem-loop structure of the recA 5=UTR decreases expression. (A) (i) Using the RNAfold webserver (35), the predicted
native structure of the 5= UTR of recA was found to contain the bases C(�24), C(�25), and C(�26) pairing to G(�62), G(�61), and G(�60), respectively
[UTR(C::G)]. Changing each C(�24), C(�25), C(�26) to G [UTR(G::G)] results in the predicted structure (ii), which has a lower probability to be structured,
while removing the outer loop (iii) [UTR(ΔOL)] results in partial loss of structure near the starting AUG. To test the functionality of the 5= UTR and
its predicted structure, mKate2 was fused to the recA promoter, UTR, and putative ribosomal binding site in a low-copy-number plasmid.
Representative fluorescence microscopy images of mKate2 expression of the strains with each UTR variant without (�) or with treatment with
10� MIC of Cip (�) are shown. The white arrow points to a DDRHigh cell, while the gray arrow points to a DDRLow cell. The scale bar represents
10 �m. (B) Single-cell quantification of mKate2 expression of each reporter strain with (�) or without (�) Cip treatment using MicrobeJ (37). Each
dot represents one cell. At least 1,000 cells for each strain were quantified for relative mKate2 fluorescence with the respective 5= UTR variant.
The x axis is in log10 scale. (C) RT-qPCR was performed in biological triplicate to determine steady-state expression of mKate2 mRNA from each
of the plasmid reporters with the respective UTR derivatives in WT A. baumannii cells, standardized to 16S rRNA. Relative quantification of the
mKate2 transcript is shown with the native UTR reporter set to be equal to 1. Error bars represent standard deviations. An unpaired two-tailed
t test was used for statistical analysis compared to mKate2 expression of the native UTR(C::G). *, P � 0.05.
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of our reporter transcript with various UTR modifications (Fig. 3). To do this, cells with
the appropriate reporter plasmids were grown to exponential phase and treated with
rifampin to inhibit transcription. We then collected cells at consecutive times after
rifampin treatment and determined the level of transcripts from these samples using
RT-qPCR. By plotting the mKate2 transcript levels relative to the transcript levels at the
start of rifampin treatment, we determined the rate of decay (k) of the mKate2
transcript in each strain and from it calculated the half-life of the native and variant UTR
reporters (Fig. S3). The half-life of the mKate2 transcript from the native recA promoter
and 5= UTR is 4.5 min, while the half-life of the UTR(G::G) variant, which has lowered
expression (Fig. 2Aii), is 35% lower (2.8 min) than that of the native UTR reporter
construct (Fig. 3A). Remarkably, the UTR(ΔOL) half-life was not different from that of the
native UTR (Fig. 3A; see also Fig. S3), which further supports the idea that the observed
increase in mKate2 expression (Fig. 2A) is not due to transcript stability but may be due
to a higher rate of translation. To test whether our results were based mostly on the 5=
UTR structure rather than the nucleotide sequence, we made the compensatory
base-pairing variant of the native structure by taking the UTR(G::G) sequence and
changing G(�62), G(�61), and G(�60) each to a cytosine, resulting in a 5= UTR variant we
called UTR(G::C) (Fig. 3B). This compensatory change resulted in a predicted structure
similar to that of the native 5= UTR (Fig. 3B). Indeed, the half-life of the respective
mKate2 transcript was not significantly different from that of the native UTR (4.8 min
[Fig. 3A]). This result indicated that the structure might be more important rather than
the primary sequence for maintaining the stability of the recA transcript. Notably, we
noticed that expression from cells with the compensatory stem-loop reporter was
similar to that from cells with the native reporter. However, these cells had higher
expression upon Cip treatment than the ones with the native reporter (Fig. S4). This
suggests that while the secondary structure influences mRNA half-life, there may be
additional levels of regulation for DNA damage induction, potentially through tertiary
structure.

DNA damage response occurs at the promoter level. Thus far, each strain with a
5= UTR variant responded to DNA damage (Fig. 2A and B). To determine if the DNA

FIG 3 The native recA 5= UTR structure governs mRNA half-life. (A) WT A. baumannii cells expressing
mKate2 from plasmids containing different UTR variants were grown as indicated in Materials and
Methods. Rifampin was added at different time points to inhibit further transcription. RT-qPCR was
performed in triplicate to determine expression of mKate2 mRNA from samples collected at 2.5, 5, and
10 min after rifampin treatment standardized to 16S rRNA expression. The mean half-life of the
transcripts from each plasmid (calculated as described in Materials and Methods and Fig. S3) is shown.
Error bars represent standard deviations. Transcripts with the stem-loop [UTR(G::G)] have a significantly
lower half-life than does the native UTR (bar 2). A UTR variant that has a compensatory mutation to
rescue structure, PrecA-UTR(G::C)-mKate2 (B), has no significant change in half-life compared to that of the
native or ΔOL UTR. An unpaired two-tailed t test was used for statistical analysis. *, P � 0.05. NS, not
significant. (B) The predicted in silico structure of the compensatory UTR(G::C) has a structure similar to
that of the native UTR based on the RNAfold webserver (35). This was constructed by changing G(�62),
G(�61), and G(�60) of UTR(G::G) (Fig. 2A) each to C.
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damage response elements are within the UTR, we constructed a reporter with only the
promoter and putative ribosomal binding site of recA fused to mKate2 (PrecA-NO
UTR-mKate2). We found that the reporter responded, albeit weakly, to DNA damage
(1.3-fold induction) (Fig. 4A). The level of induction that we observed in cells with the
reporter containing the recA promoter without the 5= UTR supports a role for the 5= UTR
in stabilizing transcripts from degradation but not in detecting DNA damage. Confirm-
ing that the observed levels of fluorescence in these cells were not fluctuations in
background fluorescence, we observed that WT cells bearing an empty vector had, as
expected, no increase in fluorescence in response to DNA damage above background
(data not shown).

We then compared strains bearing an mKate2 reporter fused to the trpB promoter,
a non-DDR gene, alone and with the native recA 5= UTR (Fig. 4B and C, respectively).
Cells bearing the reporter with the trpB promoter lacking the recA 5= UTR (PtrpB-NO
UTR-mKate2) showed very low mKate2 expression and did not respond to DNA damage
(Fig. 4B). In contrast, cells with the trpB promoter fused to the recA 5= UTR [PtrpB-UTR(C::
G)-mKate2] had higher mKate2 expression (Fig. 4C). However, these cells did not show
increased mKate2 fluorescence in response to DNA damage treatment (Fig. 4C, �cip).
Fluorescence quantification is shown in Fig. 4D. Together, these data suggested that
the recA promoter contributes to detecting DNA damage, while the recA 5= UTR
element can independently increase mKate2 expression, which we hypothesized was
due to the ability of this structured feature to govern transcript stability.

FIG 4 The recA promoter senses DNA damage, while the 5= UTR modulates the amplitude of recA expression in a nonuniform manner.
Shown are representative fluorescence microscopy images of WT A. baumannii cells with (�) or without (�) Cip treatment with
plasmid-borne mKate2 reporters. The reporter containing the recA promoter lacking the UTR, PrecA-NO UTR-mKate2, responds weakly to
DNA damage treatment (A); the trpB promoter lacking the UTR, PtrpB-NO UTR-mKate2, has minimal expression (B); and the trpB promoter
with the native recA UTR, PtrpB-UTR(C::G)-mKate2, displays bimodal mKate2 expression unresponsive to Cip treatment (C). Scale bars
represent 10 �m. (D) Single-cell quantification of mKate2 expression (performed as for Fig. 2B) for each A. baumannii reporter strain,
including that of the plasmid borne Escherichia coli PrecA-GFP used as a control for unimodal gene expression with (�) or without (�) Cip
treatment. Native reporter (PrecA-UTR-mKate2) is included for comparison. The x axis is in log10 scale.
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The 5= UTR endows nonuniform distribution of gene expression. Using single-
cell analyses, we visualized phenotypic variation of the WT reporter, observing DDRHigh

and DDRLow cells upon treatment (Fig. 2A, white and gray arrows, respectively). To
quantify the contribution of the promoter and the 5= UTR of recA to the bimodality of
the response, we compared the percent difference between the arithmetic and geo-
metric mean of expression of the population (abbreviated as DAG) (Table 1). The
arithmetic mean is strongly affected by extreme values, while the geometric mean
takes into account the effects of a skewed population to better approximate the mean.
For normal distributions, the percent difference between the mean values should be
low, whereas for nonuniform (e.g., bimodal) distributions, these values would be higher
(39). To set the DAG value limits for our experiments, we determined the DAG in a
unimodally distributed system (30), in this case an E. coli strain with a PrecA-gfp plasmid
reporter (Fig. 4D). The distribution of expression of the E. coli reporter was mostly
normal, while the A. baumannii native reporter had characteristic clusters of expression.
The DAG for the E. coli treated cells is 9.8% (Table 1). Thus, we chose a maximum cutoff
of 15% for normally distributed expression. That is, any DAG value lower than 15%
would mean that the cells are normally distributed and there is limited phenotypic
variation.

When we quantified the DAG for the native PrecA-UTR(C::G)-mKate2 reporter upon
Cip treatment, we found that it has a nonuniform expression profile (DAG � 81.9%).
Interestingly, the PrecA-UTR(G::G)-mKate2 reporter (which destabilizes the stem-loop
structure) had a much more uniform distribution of expression (DAG � 11.8%). Fur-
thermore, when mKate2 was expressed under the control of the recA promoter and no
5= UTR, expression was normally distributed upon DNA damage (DAG � 4.8% [Table 1;
Fig. 4A]). We next wanted to test whether the recA 5= UTR could endow a non-DDR
gene with phenotypic variation. When the 5= UTR was fused to the trp promoter,
mKate2 expression was nonuniform, in contrast to uniform expression without the 5=
UTR (DAG � 20.4% and 0.6%, respectively [Table 1; Fig. 4B and C]), indicating that the
5= UTR may play a role in establishing the nonuniform expression of recA in A.
baumannii.

The structured 5= UTR maintains cellular RecA levels. While mKate2 fluorescence
experiments showed that protein levels are different with the variant UTRs (Fig. 2), we
sought to determine the physiological consequences of altering the cis regulation by

TABLE 1 Quantification of mKate2 expression of the different reporter strainsa

Reporter strain
Ciprofloxacin
treatment AM GM % DAGb

Fold induction upon
treatmentc

E. coli PrecA-gfp � 2.9 2.6 11.5 28.6
� 82.8 75.4 9.8

A. baumannii
PrecA-No UTR-mKate2 � 8.8 8.4 4.8 1.3

� 11 10.5 4.8
PrecA-UTR(C::G)-mKate2 � 10.7 8.8 21.6 2.5

� 27.1 14.9 81.9
PrecA-UTR(ΔOL)-mKate2 � 38.7 31.6 22.5 4.2

� 163.2 132.4 23.3
PrecA-UTR(G::G)-mKate2 � 6.6 6.2 6.5 2.3

� 15.2 13.6 11.8
PtrpB-No UTR-mKate2 � 6.3 6.3 0 1

� 6.5 6.5 0.62
PtrpB-UTR(C::G)-mKate2 � 39.1 33.1 18 1.01

� 39.4 32.8 20.4
aThe fluorescence expression of �1,000 cells of each A. baumannii strain was quantified using the MicrobeJ
plug-in for ImageJ (37). The arithmetic mean (AM) and geometric mean (GM) for each population were
calculated.

bThe percent difference between the arithmetic mean and the geometric mean (DAG) was determined as
100 � (AM � GM)/AM.

cFold induction of mKate2 expression upon treatment with 10� MIC of Cip was determined as
AMTreated/AMUntreated.
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the 5= UTR on recA in vivo. RecA is important for many cellular processes aside from its
role in the DDR (40). Consistent with this, we observed that A. baumannii ΔrecA cells,
which have no functional RecA protein, were elongated in late exponential phase (53%
with a length of �2.5 �m [Fig. 5Aii]) compared to isogenic WT cells (�0.1% elongated
[Fig. 5Ai]) in the absence of external DNA damage treatment. We used the elongated
cell length phenotype of ΔrecA cells as an in vivo proxy for RecA intracellular levels. We
complemented the phenotype using plasmids containing recA under the control of its
native promoter with either the native or variant 5= UTR and measured cell length.
Indeed, native PrecA-UTR(C::G)-recA rescued the elongated ΔrecA cell morphology to WT
levels: less than 1% (Fig. 5Aiii). However, when recA had the 5= UTR predicted to form
an impaired folding structure [PrecA-UTR(G::G)-recA], there was only a partial rescue of
the cell length phenotype, with 24% of cells still remaining elongated, indicating that

FIG 5 The recA 5= UTR governs RecA intracellular concentration. (A) Plasmids used for these experiments were constructed with the recA gene under the control
of its native promoter and UTR or with variant UTRs. Plasmids with the native regulatory region [PrecA-UTR(C::G)-recA], the mutated UTR(G::G) [PrecA-UTR(G::G)-
recA], or the compensatory UTR(G::C) [PrecA-UTR(G::C)-recA] were introduced by transformation into A. baumannii ΔrecA cells. Untreated cells were imaged, and
the percentage of cells equal to or longer than 2.5 �m was measured (shown underneath each representative phase-contrast image). The untreated WT A.
baumannii cells have the typical coccobacillary shape of A. baumannii (i) and an undetectable number of elongated cells (�0.1%), while approximately 50%
of the cells in the isogenic 	recA strain are elongated (ii). The elongation phenotype is rescued to the shorter coccobacilli by the plasmid-borne WT recA gene
under the control of its native regulatory region, PrecA-UTR(C::G)-recA (iii), and only partially restored by PrecA-UTR(G::G)-recA (iv). A UTR variant that complements
the stem-loop structure, PrecA-UTR(G::C)-recA, also rescued the cell length phenotype (v). Scale bar represents 10 �m. (B) Immunoblot to detect RecA was
performed in each strain (lanes i to v) as described for panel A. Equal amounts of cell-free lysates were probed with polyclonal anti-RecA and monoclonal
anti-RpoB antibodies (see Materials and Methods). RpoB was measured to account for differences in protein loading between samples. Relative RecA protein
from each strain was quantified and standardized to ΔrecA cells with PrecA-UTR(C::G)-recA (lane iii) to compare the effects of altering the UTR structure (values
shown below under each lane). RecA levels decrease upon disrupting formation of the UTR structure (lane iv). This value is rescued to native levels by the
compensatory mutation in the UTR (lane v). **, undetectable. (C) UV survival (27 J/m2) of WT A. baumannii and isogenic ΔrecA strains with the plasmid-borne
recA gene with native and variant 5= UTRs. Only the strains with the UTRs that maintain a probable stem-loop structure survive UV treatment at WT levels. Error
bars represent standard deviations. An unpaired two-tailed t test between indicated strains was used for statistical analysis. *, P � 0.05. (D) DNA
damage-induced rifampin resistance acquisition of WT A. baumannii and ΔrecA cells with the plasmid-borne UTR-recA variants. Impairing formation of the major
stem-loop results in an �10-fold-lower mutation frequency. Error bars represent standard deviations. An unpaired two-tailed t test between indicated strains
was used for statistical analysis. *, P � 0.05.
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the 5= UTR structure is critical for maintaining appropriate cellular RecA levels (Fig.
5Aiv). We observed that PrecA-UTR(G::C)-recA, the compensatory mutation that restores
structure to the stem-loop (Fig. 3B), rescued the cell length phenotype of A. baumannii
ΔrecA cells to less than 1% elongated (Fig. 5Av). This evidence suggested that the
stem-loop structure of the recA UTR plays a role in regulating the intracellular levels of
RecA in vivo.

To directly measure the intracellular RecA protein concentration of these cells, we
performed Western blot analysis (Fig. 5B) using polyclonal anti-RecA and monoclonal
anti-RpoB antibodies raised against the E. coli proteins, as we have done before (12).
First, we isolated cell extract from WT and ΔrecA cells to set up the assay (Fig. 5B, lanes
i and ii, respectively). We detected the RecA protein in the WT and not in the ΔrecA cells,
as expected. Cell extracts from ΔrecA cells containing the PrecA-UTR(G::G)-recA construct
(Fig. 5B, lane iii) were used as a reference to which we standardized protein levels. We
detected a decrease in RecA for cells with the PrecA-UTR(G::G)-recA construct (0.7 [Fig.
5B, lane iv]), which is consistent with the results using the in vivo proxy of cell length
(Fig. 5Aiv). This evidence suggested that preventing the 5= UTR from forming the native
stem-loop structure, which, in turn, changes the mRNA half-life, has a downstream
effect on RecA levels. Moreover, cells with the compensatory UTR structure had slightly
increased RecA compared to the cells with the native UTR (1.1 [Fig. 5B, compare lane
iii with lane v]).

Intriguingly, we observed that the relative amount of RecA in WT A. baumannii cells
(0.2) was lower than in the ΔrecA cells bearing the PrecA-UTR(G::G)-recA variant (0.7). The
WT cells in the absence of external DNA damage and with a chromosomal recA gene
might express relatively constant levels of RecA in all cells in the population. In contrast,
it is possible that a majority of the cells with UTR(G::G) have higher levels of RecA since
the recA gene is plasmid borne, but a subset of these cells may have RecA below a
certain threshold, explaining the in vivo elongated phenotype (Fig. 5Aiv). Altogether,
this evidence showed that the 5= UTR of the recA transcript plays a role in maintaining
intracellular RecA levels.

The recA 5= UTR confers cell survival to DNA damage and rifampin resistance
acquisition. It is known that RecA is necessary for A. baumannii to survive DNA damage
treatment (40). To test the role of the recA 5= UTR in cell survival of DNA damage, we
treated cells bearing different UTR variants with UV and measured their percent
survival. We found that �80% of WT A. baumannii cells survive the level of UV used,
while we did not detect viable cells among A. baumannii ΔrecA cells (Fig. 5B). The ΔrecA
UV lethality was rescued with a plasmid-borne copy of recA containing the native recA
5= UTR (Fig. 5C, bar 3). Survival of the ΔrecA cells bearing a copy of recA with UTR(G::G)
was significantly lower than that of the WT; less than 3% of cells survived UV treatment
(Fig. 5C, bar 4). Notably, restoration of the structure of the 5= UTR with UTR(G::C)
resulted in UV survival similar to that of the WT (Fig. 5C, bar 5). As a control, we
measured UV survival and determined cell length of A. baumannii ΔrecA cells with the
PrecA-UTR(G::C)-mKate2 reporter plasmid and found no difference compared to A.
baumannii ΔrecA cells (Fig. 5C; see also Fig. S5A). These data suggest that maintaining
the recA 5= UTR is critical for survival of DNA-damaging conditions.

Previously, we demonstrated that functional RecA is necessary for DNA damage-
induced mutagenesis and subsequent rifampin resistance acquisition upon mutation of
rpoB, which encodes the target of rifampin (12). To test the relevance of the recA 5= UTR
in acquisition of rifampin resistance upon DNA damage, we measured the frequency of
UV-dependent rifampin resistance mutants (Rifr) in the ΔrecA strains with the native and
5= UTR-recA variants. Rifampin is an antibiotic that is often used to treat multidrug-
resistant A. baumannii infections (41). We irradiated cells with UV light as done
previously (12) and determined the frequency of Rifr mutants. As expected, the ΔrecA
strain showed no difference between spontaneous (uninduced) and UV-induced resis-
tant mutants, demonstrating the dependency on functional RecA (Fig. 5D). For strains
bearing a plasmid copy of recA, we found that the Rifr uninduced spontaneous
mutation frequency was typically about 1 to 2% of the UV-induced mutation frequency.
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These values were subtracted from the values of the DNA damage-induced frequencies
to provide the adjusted frequency of Rifr. We observed no significant difference in
induced mutation frequency between WT and ΔrecA cells bearing an extrachromo-
somal copy of recA under the control of its native promoter and 5= UTR (frequencies
were both �1.5 � 10�8 [Fig. 5D, compare bars 1 and 3]). Remarkably, ΔrecA cells with
the UTR(G::G)-recA variant had a significant (�10-fold) decrease in Rifr mutant fre-
quency compared to the native UTR(C::G) construct (Fig. 5D, compare bars 4 and 3). For
the compensatory UTR(G::C)-recA, we did not find a significant difference compared to
the native UTR(C::G).

We noted that the DNA damage-induced RecA-dependent processes were rescued
to WT levels, but protein levels for untreated cells differed between the strains as we
showed earlier (Fig. 5B). Western blot analysis on cells that were UV irradiated showed
that WT and ΔrecA cells bearing the native UTR(C::G)-recA plasmids had similar relative
protein levels (Fig. S5B). This finding was consistent with the similar UV survival and Rifr

mutant frequency between these strains. Interestingly, ΔrecA cells with the compen-
satory UTR(G::C)-recA had increased relative levels of RecA protein compared to those
with the native UTR. This was also consistent with the expression we observed for the
mKate2 reporter upon DNA damage treatment (Fig. S4).

DISCUSSION

This work focused on understanding recA regulation in A. baumannii, as RecA is key
for induction of the DDR, which directly impacts survival of DNA-damaging agents,
mutagenesis, and virulence (12, 40). We found that the recA transcript in A. baumannii
has a 5= UTR cis-regulatory element (Fig. 1) whose secondary structure provides stability
to the transcript (Fig. 3) and modulates the amplitude of recA expression in a nonuni-
form manner (Fig. 2 and 4; Table 1). Notably, impairing stem-loop structure formation
of the 5= UTR of the recA mRNA transcript by mutation (Fig. 2Aii and C and Fig. 3)
caused abnormal cell elongation, indicating that there is not enough RecA to maintain
homeostasis in a subset of cells (Fig. 5A), as it lowers endogenous RecA protein levels
(Fig. 5B). Additionally, preventing formation of the stem-loop structure of the 5= UTR
leads to poor survival of DNA damage treatment and lowered frequency of DNA
damage-induced mutagenesis (Fig. 5C and D). The 5= UTR maintains and modulates the
intracellular concentration of the recA transcript and ultimately of functional RecA.
Under DNA-damaging conditions, transcription and other cellular processes may be-
come stalled. However, if the recA transcript is stable through its own inherent 5= UTR
structure, RecA protein could still be made, allowing the cell to respond to stress via the
DDR. Moreover, this may allow the cell to survive desiccation and acquire advantageous
mutations in endogenous genes, such as those for antibiotic resistance. Additionally,
we found that the promoter and not the 5= UTR is involved in sensing DNA damage.
The mechanism(s) underlying the induction of recA and other DDR genes upon DNA
damage is beyond the scope of this work but remains a critical feature of A. baumannii
biology to continue to investigate.

It has been shown that other bacterial genes employ 5= UTRs to stabilize mRNA
transcripts (42–44). One well-studied example is the 5= UTR of ompA in E. coli, which
contains a stem-loop that stabilizes the ompA transcript by preventing 5= end-
dependent degradation as well as increasing the life span of other RNA transcripts (42,
45, 46). However, this is the first time, to our knowledge, that this type of regulation has
been seen in a DNA damage response. We have also shown that a gene central to the
DNA damage response has a 5= UTR with the ability to stabilize other transcripts and,
moreover, independently transfer phenotypic variation (Fig. 4C). Thus, we show a role
for a 5= UTR cis-regulatory RNA element to tune the distribution of recA gene expression
and afford phenotypic variation among the population.

Upon DNA damage induction, we observed DDRLow and DDRHigh populations. It is
possible that this was due to some unknown regulatory element acting on the recA 5=
UTR, which would result in the 5= UTR adopting alternative conformations that may
lead to differences in stability or translation of the transcript. Regulators of the 5= UTR
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could be an RNA-binding protein or small RNA that would facilitate possible changes
in the structure. However, we do not yet know if the 5= UTR structure is indeed
dynamic in this manner. Since expression of other DDR genes is RecA dependent
(12), variations in recA expression could establish the bimodality of the system if there
is a positive or double negative feedback loop (47). Thus, stochastic noise of RecA
expression could also be a driver for establishing bimodality if there is a critical
threshold level of RecA for cells to express the DDR. We hypothesize that because recA
expression is critical to DDR gene expression, differences in cell-to-cell levels of RecA
will lead to heterogeneous expression of DDR genes, including those that encode
mutagenic error-prone polymerases and lead to antibiotic resistance acquisition (Fig.
5D). As mentioned previously, bimodal recA expression may serve as a bet-hedging
strategy to increase fitness (30, 47, 48). It will be interesting to investigate the broader
role for RNA-mediated cis regulation within the whole genome of A. baumannii, given
the example of recA regulation that we have presented. This novel DDR strategy may
contribute to the overall pathogenic success of A. baumannii and provide a target for
developing new antimicrobials or treatments.

MATERIALS AND METHODS
Strains and culture conditions. Strains and plasmids used are listed in Table S2 in the supplemental

material. All cultures were routinely grown in rich LB medium and incubated at 37°C with shaking at 225
rpm for liquid cultures. Kanamycin (Kan; 35 �g/ml; Sigma-Aldrich, St. Louis, MO), tetracycline (Tet; 12
�g/ml; Sigma-Aldrich), rifampin (Rif; 100 �g/ml; Calbiotech, El Cajon, CA), and ciprofloxacin (Cip; A.
baumannii MIC � 0.6 �g/ml, E. coli MIC � 0.01 �g/ml; Sigma-Aldrich) were added to the medium as
indicated elsewhere in the text and in Table S2.

RNA-Seq analysis and PCR walking. RNA-Seq data sets (SRP036862) published by Hare et al. (32)
for A. baumannii ATCC 17978 were assembled using CLC Genomics (Qiagen, Hilden, Germany) and
aligned to the genome of A. baumannii ATCC 17978 (NCBI accession no. NC_009085.1). Total RNA from
untreated A. baumannii cells bearing different reporters was extracted using the Zymo Direct-zol RNA kit
as directed (Zymo, Irvine, CA). The absence of genomic DNA was verified by carrying out a PCR with
primers recAmidF and recAmidR (Table S3). RNA was converted to cDNA using the a high-capacity cDNA
reverse transcription kit as suggested by the manufacturer (Applied Biosystems, Foster City, CA). Twenty
cycles of PCR were performed using the cDNA as the template with primer R1 and each of the primers
F1 to F6, respectively, using DreamTaq Mastermix (Thermo Fisher, Waltham, MA). PCR was performed on
WT genomic DNA (gDNA) to test that primers and PCR conditions were appropriate. Products were
separated by gel electrophoresis on a 2% agarose gel in 1� Tris-acetate-EDTA (TAE) buffer at 90 V.

In vitro transcription. The A. baumannii recA 5= UTR transcript was amplified by PCR using the
PrecAF and recAmKate2R oligonucleotides (Table S3) and DreamTaq master mix (Thermo-Fisher). The
resulting 347-bp product was ligated into the pGEM-TEasy vector (Promega, Madison, WI) using T4 DNA
ligase (Promega). The insert was sequenced to verify that the sequence remained intact with a standard
primer. In vitro transcription was performed using the TranscriptAid T7 high-yield kit (Thermo Fisher) as
described by the manufacturer, with 5 �g of NcoI-linearized plasmid as the template, and a 2.5 mM
concentration of fluorescently labeled dUTPs (ChromaTide Alexa Fluor 546 –14-dUTP; Thermo Fisher) was
added to the in vitro transcription mixes. Reaction mixtures were incubated for 2.5 h at 37°C. Samples
were treated with DNase I (Qiagen), and each was split to have both an untreated control and a heat
treatment (70°C for 10 min and chilled afterwards for 3 min on ice). The samples were separated on a 2%
agarose gel in 1� TAE buffer at 90 V. The gel was visualized with a Cy3-555 laser on a Typhoon 8600 (GE,
Fairfield, CT).

Ciprofloxacin treatment, UV survival, and rifampin resistance assay. For Cip treatment, saturated
liquid cultures were diluted 1:100 in LB and grown to exponential phase for 3 h. Cells were then treated
with 10� MIC of Cip for 3 h and visualized with fluorescence microscopy. Multiple photos from
independent experiments were used to quantify at least 1,000 cells per strain and per treatment using
the MicrobeJ (37) plug-in for ImageJ (NIH, Bethesda, MD). UV survival was carried out using three
independent saturated liquid cultures of each strain, which were diluted 10�5 in SMO (100 mM NaCl, 20
mM Tris-HCl [pH 7.5]). Fifty microliters of this dilution was evenly spread using sterile glass beads on LB
agar plates with the appropriate antibiotic as indicated in the figure legends. Plates were irradiated in the
dark under a UV germicidal lamp with 27 J/m2. Colonies on untreated and UV-treated plates were
counted, and percent survival was standardized to untreated cells. For UV-induced mutagenesis and
rifampin resistance acquisition, a modified version of an established protocol was followed (12). To assay
strains with lowered UV survival, e.g., ΔrecA cells, 10 ml of culture was concentrated 5-fold prior to
irradiation in the dark under a UV germicidal lamp at a dosage that resulted in approximately 15 to 20%
survival for each strain, followed by 3 h of outgrowth. Rifampin resistance frequency was calculated by
dividing the number of Rifr mutants by the total number of CFU. The frequency of spontaneous Rifr

mutants from parallel untreated cultures was determined the same way. The adjusted DNA damage-
induced rifampin resistance frequency was calculated by subtracting the spontaneous resistance from
the UV-induced frequency. All assays were performed in triplicate, and an unpaired two-tailed t test was
used for statistical analysis (P � 0.05).
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Strain and plasmid construction. To construct the PrecA-UTR(CG)-mKate2 plasmid reporter (pCC1
[Table S2]), the A. baumannii recA (A1S_1962) putative promoter region was amplified using primers
PrecAF and recAmKate2R (Table S2). The mKate2 coding sequence was amplified using pYC251 (Table
S2) as the template with the primers mKate2F and mKate2R (Table S3). The forward and reverse primers
included 15-bp overhangs for isothermal assembly (49). The PCR amplicons were cleaned up using a
QIAquick PCR purification kit (Qiagen), and plasmid pNLAC1 (Table S2) was digested with PstI (New
England BioLabs [NEB], Ipswich, MA). After enzyme inactivation, the inserts and vector were assembled
using Gibson assembly master mix (NEB). The plasmid was sequenced using the primers PNLACF and
PNLACR (Table S3) to confirm correct assembly.

To create the PrecA-UTR(G::G)-mKate2 plasmid reporter (pCC2 [Table S2]), we site directed C(�22),
C(�23), and C(�24) of the 5= UTR plasmid with the reporter to G’s. To do this, 100 ng of pCC1
[PrecA-UTR(G::G)-mKate2] was methylated with CpG methyltransferase (Thermo Fisher) and primers SD1F
and SD1R (Table S3) were used following the protocol provided by the Gene Tailor site-directed
mutagenesis system (Invitrogen, Carlsbad, CA). To create the PrecA-UTR(ΔOL)-mKate2 plasmid reporter
(pCC3 [Table S2]), the same protocol was carried out using pCC1 as the template and primers SD2F and
SD2R. The PrecA-UTR(C::G)-recA plasmid (pCC4 [Table S2]) was constructed using Gibson assembly as
described above with the primers PrecAF and recAR (Table S3), which encompass the recA coding
sequence, into PstI-digested pNLAC1. To generate the PrecA-UTR(G::G)-recA plasmid (pCC5 [Table S1]),
site-directed mutagenesis was performed as described above using pCC4 as the template and primers
SD1F and SD1R (Table S3). To generate the PrecA-UTR(G::C)-recA plasmid (pCC6 [Table S3]), PrecA-UTR(G::
G)-recA was the template and primers SD3F and SD3R (Table S3) were used.

To construct the reporter plasmid with the trpB promoter instead of the recA promoter (pCC7 [Table
S3]), the oligonucleotide Ptrp-UTR(C::G)-mKate2 was synthesized using Integrated DNA Technologies (IDT)
(Table S2) and assembled into PstI-digested pNLAC1 using Gibson assembly as described above. To
construct plasmid reporters with the trpB or recA promoter lacking the 5= UTR (pCC8 and pCC9,
respectively [Table S2]), first a promoterless mKate2 plasmid (pCC8) was constructed. The mKate2 coding
sequence with the putative ribosomal binding site (RBS) of A. baumannii recA was amplified from a
fluorescent reporter that does not contain the recA coding sequence, using primers MCSmKate2F (with
restriction sites for PstI, SacI, and XbaI [Table S3]) and MCSmKate2R (with a restriction site for PstI [Table
S3]). The PCR amplicon and pNLAC1 were digested with PstI (NEB) and ligated using T4 ligase (Promega).
Primers PrecAF2 and PrecAR (Table S3) were used to amplify the recA promoter (excluding the UTR), and
primers PtrpBF and PtrpBR (Table S3) were used to amplify the promoter of trpB (A1S_1692). The forward
and reverse primers included restriction sites for ScaI and XbaI, respectively. The PCR amplicons were
cleaned up as before (QIAquick PCR purification kit; Qiagen), and both the amplicons and pCC8 were
digested with XbaI and SacI. Both digests were separated using a 1% agarose gel and extracted using a
QIAquick gel purification kit (Qiagen). The insert and vector were then ligated using T4 ligase (Promega)
at 4°C for 18 h. All plasmids were confirmed with sequencing using primers PNLACF and PNLACR (Table
S2) to confirm correct assembly after transformation into competent E. coli and selection for Tetr. All
plasmids were introduced into A. baumannii cells by electroporation (30). Transformants were selected
for on LB agar supplemented with Tet. All plasmids introduced into A. baumannii were confirmed by PCR
using oligonucleotides PNLACF and PNLACR. Cycling conditions are available upon request.

Quantitative real-time PCR. Total RNA from untreated A. baumannii cells bearing different reporters
was extracted using the Zymo Direct-zol RNA kit as directed (Zymo). The absence of genomic DNA was
verified by carrying out a PCR with the same oligonucleotide sets described below for qPCR. The total
RNA concentration was measured with a NanoDrop 2000 (Thermo Scientific). RNA was converted to
cDNA using a high-capacity cDNA reverse transcription kit as suggested by the manufacturer (Applied
Biosystems). qPCR was performed using primers 16SRNAF and 16SRNA and primers mKate2qPCRF and
mKate2qPCRR (Table S3) on serially diluted cDNA by following the protocol for Fast SYBR green master
mix (Applied Biosystems) with a StepOnePlus real-time PCR system (Applied Biosystems). The compar-
ative threshold cycle (ΔΔCT) was calculated for each strain in biological and technical triplicates. The
relative expression was standardized using the endogenous 16S control with A. baumannii PrecA-UTR(CG)-
mKate2 as the reference sample. An unpaired two-tailed t test was used for statistical analysis (P � 0.05).

Determination of mRNA half-life. Saturated cultures were diluted 1:100 in fresh LB medium. After
3 h of growth to reach exponential phase, rifampin was added to the cultures at a final concentration
of 250 �g/ml. At 2.5, 5, and 10 min posttreatment, 0.5-ml samples of each culture were collected and
resuspended in bacterial RNAprotect reagent according to the manufacturer (Qiagen). Total RNA
extraction and qPCR were performed as described above for each sample. The comparative ΔΔCT of
mKate2 expression was calculated for each strain in biological and technical triplicates relative to 16S
rRNA expression. The relative expression of mKate2 in these strains was transformed using the natural
logarithm, and these values were plotted as a function of time to generate a linear decay curve. From
this, we found the slope of each regression line of best fit, which corresponds to the half-coefficient k (see
Fig. S3B). Half-life was then calculated using the formula t1/2 � ln (2)/k.

Microscopy and analysis. One milliliter of cells was spun in a microcentrifuge at 14,000 rpm for 1
min and resuspended in 100 �l of LB. For microscopy, a 1-�l drop of these cells was placed on a pad with
1% agarose in water and covered with a coverslip. Background fluorescence was determined using
wild-type cells with no reporter. Imaging across strains was done at the same exposure settings using a
Leica MicroStation5000 with a Leica DM3000G camera (Leica, Wetzlar, Germany). Single-cell fluorescence
of �1,000 cells was quantified using the MicrobeJ (37). Cell length was measured manually for 300
individual cells with ImageJ (NIH) by determining the distance between the two poles.
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Western blot analysis. Saturated cultures were diluted as described above and grown to an optical
density (OD) of �0.6 to 0.8. For UV-treated cells, 27 J/m2 UV treatment was performed as described above
for UV-induced Rifr. Cells were then collected by centrifugation. Western blot analysis was performed as
previously described using the same antibodies (12) but detected with Radiance Plus chemiluminescent
substrate (Azure Biosystems, Dublin, CA), followed by imaging on a ChemiDox XRS� system and Image
Lab software (Bio-Rad, Hercules, CA). Densitometry analysis of the bands was performed using ImageJ
(NIH). Boxes were drawn around each band, and the average pixel intensity was measured. The same box
was used to measure background pixel intensity of a region with no band, and this average intensity was
subtracted from the average intensity of the band. These values were then standardized to one of the
samples to determine a relative ratio of RecA expression.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
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