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Horizontal gene transfer by conjugation plays a major role in bacterial evolution, allowing the acquisition of new traits, such as
virulence and resistance to antibacterial agents. With the increased antibiotic resistance in bacterial pathogens, a better under-
standing of how bacteria modulate conjugation under changing environments and the genetic factors involved is needed. De-
spite the evolutionary advantages conjugation may confer, the process can be quite stressful for the donor cell. Here, we charac-
terize the ability of TraR, encoded on the episomal F= plasmid, to upregulate the �E extracytoplasmic stress pathway in
Escherichia coli. TraR, a DksA homolog, modulates transcription initiation through the secondary channel of RNA polymerase.
We show here that TraR activates transcription directly; however, unlike DksA, it does so without using ppGpp as a cofactor.
TraR expression can stimulate the �E extracytoplasmic stress response independently of the DegS/RseA signal transduction cas-
cade. In the absence of TraR, bacteria carrying conjugative plasmids become more susceptible to external stress. We propose that
TraR increases the concentrations of periplasmic chaperones and proteases by directly activating the transcription of �E-depen-
dent promoters; this increased protein folding capacity may prepare the bacterium to endure the periplasmic stress of sex pilus
biosynthesis during mating.

Horizontal gene transfer is a primary way for bacteria to trans-
mit genetic material, including genes for virulence and anti-

biotic resistance (1). Conjugation is the most common mecha-
nism of horizontal transfer, with the F= plasmid being the
archetypal example in Escherichia coli (2). During conjugation, the
donor cell synthesizes a sex pilus apparatus to facilitate the ex-
change of genetic material. The pilus forms a mating bridge, which
establishes proximity and formation of a pore that allows the
transfer of DNA from the donor bacterium to the recipient. Reg-
ulation of the F= pilus biosynthesis is complex; most of its struc-
tural and regulatory components are encoded by the large tra
transfer operon (3, 4). The tra operon includes the pilin and reg-
ulatory genes, which together form sex pili on the cell surface (5).
Synthesis and maintenance of the F= pilus is associated with cellu-
lar and envelope sensitivity and the cpxAR and �E stress responses
(6, 7). Activation of the cpxAR envelope stress response decreases
F= transfer, suggesting that F= transfer is inhibited during cell en-
velope stress (8). In addition, it has been shown in E. coli and
Salmonella enterica serovar Typhimurium that the transfer of F-
like plasmids induces the extracytoplasmic stress pathway. An
overproduction of pilus subunits leads to an increased level of
unfolded proteins in the periplasm (9). Accordingly, deletion of
the pilin gene from the tra operon reduces induction of the extra-
cytoplasmic and cytoplasmic stress response genes seen in wild-
type conjugating cells (6). Thus, induction of bacterial stress re-
sponse pathways is likely an important cellular response during
conjugation.

RpoE (�E) is the alternative sigma factor associated with extra-
cytoplasmic and envelope stress (10). Unfolded outer membrane
proteins result in activation of the �E pathway, leading to tran-
scription of genes involved in processes such as protein folding,
degradation, and envelope synthesis (11). �E activity is regulated
by the membrane anti-sigma factor RseA. Under nonstress con-
ditions, the cytoplasmic domain of RseA sequesters �E, hindering

interaction of �E with RNA polymerase (RNAP) (12). Upon
stress, the DegS membrane protease cleaves the periplasmic end of
RseA, after which a second protease, RseP, cleaves the transmem-
brane domain of RseA. Finally, degradation of the cytoplasmic
fragment of RseA by the ClpXP protease releases �E into the cyto-
plasm, allowing the activation of the envelope stress response
genes (13–15). The �E response also can be activated by the action
of DksA/ppGpp on RNAP (16). DksA and ppGpp are able to up-
regulate �E activity both directly, by modulating transcription of
the �E holoenzyme at the promoter, and indirectly, by altering the
competition for core RNAP between the different sigma factors
(16–19).

Within the conjugative plasmid’s transfer operon is TraR, a
DksA-like protein that acts independently of ppGpp (20). Like
DksA, TraR has been proposed to interact with the secondary
channel of RNAP to modulate transcription initiation. TraR ex-
pression rescues the auxotrophy of �dksA and ppGpp0 mutants
(20). TraR is able to downregulate rRNA genes and upregulate
genes necessary for amino acid uptake and synthesis without
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ppGpp accumulation (20). Not surprisingly, considering its ef-
fects on transcription, induction of TraR synthesis inhibits growth
(20). TraR homologs are present on a variety of conjugative plas-
mids and are found in phage, suggesting conservation of an im-
portant function. Nevertheless, deletion of the F= traR does not
hinder conjugation under standard laboratory conditions (21).
Since DksA/ppGpp can regulate the �E pathway (19), we are in-
terested in examining the role of TraR in the modulation of this
stress response.

In this work, we show that TraR activates �E-dependent pro-
moters in vivo and in vitro with purified components, i.e., TraR
activates transcription directly. These results are consistent with
the ability of TraR to activate �E-dependent promoters in vivo in
the absence of proteolytic activation of the anti-sigma factor RseA
and without a change in �E protein levels. Single-cell analysis via
microscopy and flow cytometry shows increased �E-dependent
activation in the presence of the conjugative F= plasmid. Addition-
ally, the presence of TraR assists cells in surviving heat and ethanol
stress, a stress associated with the extracytoplasmic stress re-
sponse. We propose that TraR is activated during conjugation to
assist cells in dealing with the upcoming periplasmic stress associ-
ated with pilus formation by redirecting the host transcriptional
machinery toward �E-dependent transcription. This work illumi-
nates one of the functions of the TraR protein and could explain
its high level of conservation across conjugative plasmids.

MATERIALS AND METHODS
Media and bacterial growth conditions. Standard methods of E. coli ge-
netics were performed (22). In order to better compare our assays to
others in the literature, all experiments were done at 32°C, unless other-
wise indicated, with either LB medium or M9 medium supplemented with
FeCl2 (10 �M) and thiamine (vitamin B1) (2 �g ml�1). Media were sup-
plemented with the following when required: sodium citrate (5 to 20
mM), glucose (0.2%), Casamino Acids (0.3%), isopropyl-�-D-thiogalac-
topyranoside (IPTG) (0.1 mM), ampicillin (50 �g ml�1), kanamycin (30
�g ml�1), chloramphenicol (12.5 �g ml�1), and tetracycline (3.33 �g
ml�1 with sodium citrate and 10 �g ml�1 without).

Bacterial strains and plasmids. The backgrounds, genotypes, and
sources of the E. coli strains and plasmids used in this study are listed in
Table S1 in the supplemental material. Unless otherwise indicated, all
strains are derivatives of MG1655, and plasmids were introduced by stan-
dard transformation techniques. Mutant alleles were transferred into the
desired background through either standard P1 transduction (22) or lin-
ear transformation techniques, with subsequent elimination of the drug
resistance marker by FLP recombinase when necessary (23). Proper alleles
were verified by antibiotic resistance selection and, when appropriate,
PCR, DNA sequencing, and/or phenotypic assays. Plasmids have been
described previously (20).

�-Gal activity assays. Overnight cultures were diluted 1:100 and
grown aerobically at 32°C in LB supplemented with antibiotic and IPTG.
Samples (0.5 ml) were taken at appropriate OD600 intervals and assayed as
previously described (22). Graphs show OD420 � (2 � 103)/time versus
the OD600 to calculate �-galactosidase (�-gal) units. All graphs are repre-
sentative of at least 3 independent experiments and were plotted using
GraphPad Prism 5. The rate of �-gal synthesis was calculated from a linear
equation using a best-fit line during the exponential growth phase.

Western blot analysis. Protein samples were taken from liquid LB
cultures at the specified OD600 by adding 0.9 ml of culture to 0.1 ml of
ice-cold 50% trichloroacetic acid (TCA). Samples then were centrifuged
and the pellet resuspended to a concentration of 0.250 OD600 units in SDS
sample buffer. Samples then were boiled for 10 min and loaded onto 15%
polyacrylamide gels. Protein levels of �E were detected using a rabbit
polyclonal antibody (Carol Gross laboratory). Alexa Fluor 647– goat anti-

rabbit IgG (Invitrogen) was used as a secondary antibody. Bands were
visualized using a Typhoon Trio scanner (emission filter, 670BP 30 PMT
300; GE), and data were quantified. Data shown are the averages from at
least 3 independent experiments.

In vitro transcription. Multiple-round in vitro transcription assays
were performed using E�E (holoenzyme containing �E) purified by stan-
dard procedures as described previously (19). C-terminally hexahistidine-
tagged WT and D6N TraR were purified as described previously (20).
The plasmid template, pSEB015, is a derivative of pRLG770 containing
the P3 promoter region of rpoH (19) and an rrnB T1 terminator �140-
nucleotides downstream of the promoter. Transcription reaction mix-
tures (25 �l) contained 50 ng DNA template, 40 mM Tris HCl, pH 8.0, 10
mM MgCl2, 1 mM dithiothreitol (DTT), 0.1 mg/ml bovine serum albu-
min (BSA), 40 mM NaCl, 500 �M ATP, 100 �M GTP, 100 �M CTP, 10
�M UTP, and 1 �Ci of [	32-P]UTP. TraR (nM to �M range) was added
to the transcription mix, and reactions were initiated by addition of 5 nM
E�E RNAP. Reactions were carried out at 23°C, stopped after 15 min with
an equal volume of formamide stop solution, and electrophoresed on 7 M
urea-6% polyacrylamide gels. Transcripts were visualized by phospho-
rimaging and quantified using ImageQuant 5.2 software. The amount of
transcription in the presence of factor was normalized to transcription in
the absence of any factor. The experiments were performed independently
in triplicate. Averages and standard deviations are plotted.

Fluorescence microscopy and flow cytometry. Overnight cultures
were grown at 32°C in LB plus antibiotic. Microscopy was performed
using an Axio Observer Z1 inverted microscope (Zeiss) on phase con-
trast at �100 magnification. Flow cytometry was performed using a
BD FACSCanto II flow cytometer, measuring 10,000 events. Data were
analyzed using FloJo software.

Stress assays. Nutrient stress was examined by diluting (1:100) over-
night cultures grown in LB and plating on M9/glucose with or without
Casamino Acids. Plates were incubated at 32°C, and CFU/ml counts on
M9/glucose plus Casamino Acids were considered to be 100% growth.

Thermotolerance was examined using a modified protocol from
Strozen et al. (24). Cultures were diluted 1:1,000 and grown at 30°C in LB
for 1 h. The cultures then were aliquoted into a 96-well microtiter plate
(Costar) and incubated at 42°C using an Optima microplate reader (BMG
Scientific). Cultures were shaken in double orbital mode with 3-cm width,
and OD600 readings were taken every 20 min for 18 h.

Ethanol stress was assayed by treating overnight bacterial cultures
grown at 32°C with either 10% ethanol or water for 1 h with aeration. To
obtain viability counts, cells were washed twice in H2O, diluted, and
plated on LB.

Statistics. Data sets were compared using either t tests or analysis of
variance (ANOVA) when appropriate. Curves shown are best-fit 3rd-
order polynomials. The rate of �-gal synthesis was calculated from a linear
equation using a best-fit line during exponential growth phase. All data
analysis was performed using GraphPad Prism 5 software.

RESULTS
TraR is expressed when the conjugal transfer operon is active.
Previous work established that TraR is a functional homolog of
DksA, inhibits transcription of the ribosomal rrnB P1 promoter,
and enhances transcription of the amino acid transporter livJ (20).
Building on this work, we sought to determine if TraR also is
directly responsible for regulating transcription by the alternative
� factor, �E.

We have previously shown that traR from the F= plasmid can
compensate for �dksA auxotrophy in E. coli (20), suggesting that
TraR could function at all times in the cell. However, the F= plas-
mid carries a mutation in finO, a gene involved in the repression of
the transfer operon, making the transfer operon somewhat leaky
for transcription (25). To examine whether �dksA auxotrophy
could be complemented by providing TraR from another conju-

F= TraR Activates �E Pathway To Anticipate Stress

March 2015 Volume 197 Number 5 jb.asm.org 925Journal of Bacteriology

http://jb.asm.org


gative system, we chose the multidrug-resistant pR1 plasmid iso-
lated from Salmonella enterica serovar Paratyphi (26). Conjuga-
tion frequency with the wild-type pR1 plasmid is lower than that
of its high-transfer mutant, pR1drd19 (27). Like the laboratory F=
plasmid, pR1drd19 has a mutation in the finOP repressor, causing
it to constitutively express the transfer operon, while pR1 re-
presses it most of the time (26, 28). Both variants of this conjuga-
tive plasmid contain pilus-encoding tra operons, and each tra
operon contains a traR gene encoding a protein with the same
amino acid sequence (see Fig. S1 in the supplemental material).
When dksA is knocked out, the strain with the pR1 plasmid re-
mains auxotrophic after 2 days, while the strain with the pR1drd19
plasmid becomes prototrophic to wild-type levels (Fig. 1A and B).
These data support the idea that in a wild-type context (finOP
),
TraR is expressed when the conjugation operon is activated.

TraR induction increases �E activity. Expression of the sex
pilus during conjugation leads to extracytoplasmic stress and ac-
tivation of the �E envelope stress response (9). Since TraR is ex-
pressed during conjugation and its homolog, DksA, activates the
�E pathway in the presence of ppGpp, we hypothesized that TraR
also could upregulate the �E pathway. To address whether TraR
can activate �E, a nonconjugative, multicopy plasmid (pBA169)
carrying traR under the control of an IPTG-inducible promoter
was used to ensure uniform expression of TraR and prevent any
confounding factors due to the F=plasmid, such as pilus formation
(Fig. 2). TraR overexpression decreases the growth rate signifi-
cantly more than overexpression of DksA (20).

Changes in �E-dependent transcription by TraR were moni-
tored via a lacZ transcriptional fusion to the P3rpoH promoter, a
promoter only sensitive to �E holoenzyme (15). �-Galactosidase
activity from pControl and pTraR cultures was measured upon
IPTG addition. Compared to the empty vector (pControl), TraR-
expressing cells showed a 3-fold increase in �E-dependent pro-
moter activity in exponential phase (Fig. 2A). The plasmid con-
taining the TraR-D6N mutant, which is less active than wild-type
TraR, resulted in no significant change in P3rpoH-lacZ levels (20).

To rule out the possibility that TraR activates the cytoplasmic
�32 stress response, we measured the �32 activity of a PhtpG-lacZ
transcriptional fusion. We observed a 2-fold increase in the rate of
beta-galactosidase activity with TraR compared to that of the
DksA or control vectors between an OD600 of 0.2 and 0.4. (see Fig.
S2 in the supplemental material), but this modest induction dis-
appears after an OD600 of 0.4. This modest and transient induction
may represent an indirect effect due to the redistribution of RNAP
during TraR induction, but additional experiments are required
to fully understand the effect on �32.

We also tested whether the TraR-dependent increase in the �E

stress response resulted from an increase in �E protein levels. No
differences in �E levels were detected by Western blotting after
TraR induction relative to the plasmid control (Fig. 2B), indicat-
ing that TraR does not directly alter levels of �E protein

TraR activates the �E pathway independently of the typical
DegS/RseA signal transduction pathway. Our next step was to
determine the mechanism by which TraR induces the �E stress
response. Because �E regulation is predominately posttransla-
tional, we focused on the upstream factors that sense envelope
stress and subsequently trigger �E to respond. DegS is a membrane
protease responsible for activating the envelope stress response by
initiating the degradation of the anti-sigma factor RseA (15). Loss
of DegS prevents cells from responding to periplasmic stress and,
as a consequence, lowers the pool of free �E regardless of the stress
status (14). To identify the mechanism by which TraR activates
the �E stress response, we tested the effects of TraR induction in a
�degS background. (It was shown previously that the �degS strain
also contains a suppressor mutation[s] that accounts for its via-
bility [15].) We reasoned that if TraR stimulates �E activity inde-
pendently of DegS, there should be an increase in �E-dependent
promoter activity despite little free �E being available. Upon in-
duction of TraR in a �degS mutant, we observe a 7-fold activation
of the �E-dependent promoter compared to the control plasmid
during logarithmic growth (Fig. 2C).

We then examined the requirement for the membrane-span-
ning anti-�E factor, RseA, which sequesters �E. Deletion of rseA
uncouples the periplasmic stress from �E activation by releasing
�E in the cytoplasm (12). If TraR increases �E activity via RseA, we
would expect that TraR would have no further effect on the acti-
vation of �E-dependent transcription in an rseA deletion strain.
Despite �E activity being greatly increased in a �rseA strain for all
plasmids, we found that TraR expression further increased �E-
dependent promoter activity by 5-fold (Fig. 2D), providing fur-
ther evidence that TraR functions via a different mechanism than
�E release by RseA degradation, perhaps by increasing the ability
of �E to compete for RNAP. Taken together, these results indicate
that TraR is capable of activating �E-dependent promoters sepa-
rately from the DegS/RseA signal transduction cascade.

TraR directly activates transcription by E�E in vitro. To as-
sess whether TraR activates expression by E�E directly, we mea-

FIG 1 TraR is expressed during bacterial conjugation. (A) Growth of wild-
type and �dksA mutant strains carrying either conjugative plasmid R1 or
pR1drd19 (constitutive transfer) on minimal medium at 32°C after 2 days of
incubation. (B) Quantification of plating efficiency on minimal medium at
32°C by E. coli wild-type and �dksA strains containing plasmid R1 or pR1drd19
(***, P � 0.0001 by 2-way ANOVA).

Grace et al.

926 jb.asm.org March 2015 Volume 197 Number 5Journal of Bacteriology

http://jb.asm.org


sured transcription from the P3rpoH promoter with purified com-
ponents using E�E and a range of concentrations of either TraR or
the mutant TraR D6N (Fig. 3A). Wild-type TraR increased tran-
scription from P3rpoH 3-fold, while TraR D6N had no effect, con-
sistent with the in vivo effects of TraR on P3rpoH transcription (Fig.
2A). The presence of ppGpp did not further increase activation of
P3rpoH by TraR (Fig. 3C and D), consistent with the previous ob-
servation that ppGpp was not required for effects of TraR on tran-
scription by E�70 (20). Although the concentration of TraR
synthesized in vivo in the absence of overexpression is not known,
these data strongly suggest that TraR, like DksA/ppGpp, activates
transcription from �E-dependent promoters directly by chang-
ing the kinetic properties of the promoter-RNA polymerase com-
plex. These results also are consistent with the absence of effects of
TraR on �E levels and with the independence of the effects of TraR
on the DegS/RseA signal transduction cascade.

Endogenous TraR expression from the F= plasmid increases
�E-dependent transcription. Measurement of P2rpoE-gfp activity
by fluorescence microscopy is a useful reporter of the effects of
TraR on the extracytoplasmic response (i.e., on �E-dependent
transcription) in an episomal context. We monitored expression
of a P2rpoE-gfp fusion (29) in wild-type cells carrying either the F=

or F=�traR plasmid. We observed more green fluorescent pro-
tein (GFP) fluorescence in cells containing wild-type F= than in
F=�traR cells (Fig. 4A). When quantified via flow cytometry, the
relative GFP level of F=-containing cells was roughly 10 times
higher than that of F=�traR cells (Fig. 4B). Interestingly, this acti-
vation of P2rpoE is not followed by an increase in �E level. The most
likely explanation for the lack of increase in steady-state levels of
�E despite activation of P2rpoE is that there is a shift from the P1
promoter to the P2 promoter of the rpoE operon, resulting in no
major change in the overall transcription of the operon.

Therefore, a transient increase in P2rpoE activity during conju-
gation would not be expected to result in increased steady-state
levels of �E. As a result, the observed increase in P2rpoE activity
(Fig. 4) without a corresponding increase in �E levels (Fig. 2B)
may be expected.

To ensure the increase in transcription from �E-dependent
promoter activity resulted from TraR alone and not from other
genes located on the F plasmid, we also examined GFP fluores-
cence of the P2rpoE-gfp fusion in cells carrying nonconjugative
plasmids, either a vector control (pControl) or one carrying an
IPTG-inducible TraR (pTraR). Similarly, we observed larger
amounts of GFP fluorescence in cells expressing TraR (see Fig. S3

FIG 2 TraR induction activates �E-dependent transcription independently of the degS-rseA signal transduction cascade. Differential �-galactosidase activity of
the P3rpoH-lacZ promoter fusion was measured in LB at 32°C with or without TraR induction (0.1 mM IPTG). (A, C, and D) All lines have an R2 of �0.95 and
are significantly different. TraR and control plasmids are indicated by triangles and circles, respectively. The data shown are a representation of 3 independent
experiments. (A) Induced expression of TraR but not TraR-D6N activates the �E-dependent P3rpoH promoter. Rates of �-galactosidase synthesis in exponential
phase (from an OD600 of 0.2 to 0.8) are �40.17, 149.8, and 59.46 �-gal activity/OD600 unit for pControl, pTraR, and pTraR-D6N, respectively
(R2 � 0.95). There is no significant difference between the slopes of pControl and pTraR-D6N. (B) Quantification of �E levels using polyclonal anti-�E antibody
after induction of TraR. Wild-type culture with either pControl or pTraR was grown in early exponential phase with IPTG. Samples were taken at various OD,
cell extracts from the two cultures were separated by SDS-PAGE, and �E was detected by Western blotting using a fluorescent secondary antibody. There is no
statistically significant influence by either growth phase or strain (2-way ANOVA). Quantification of �E is an average from 3 independent replicates. (C) TraR
expression increases the activity of P3rpoH-lacZ in a �degS background, which prevents release of �E from the membrane. Rates of �-galactosidase synthesis in
exponential phase (from an OD600 of 0.2 to 0.5) are 5.10 �-gal activity/OD600 unit for pControl, 7.33 for pDksA, and 35.45 for pTraR (R2 � 0.99). (D) pTraR
increases the activity of P3rpoH-lacZ in a �rseA background, in which �E is no longer sequestered at the membrane. Rates of �-galactosidase synthesis in
exponential phase (from an OD600 of 0.1 to 0.5) are 1,814 �-gal activity/OD600 unit for pControl, 2,351 for pDksA, and 3,155 for pTraR (R2 � 0.96).
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in the supplemental material). Collectively, these data also show
that expression of TraR, either naturally from the F= plasmid or by
artificial induction, activates the �E envelope stress response.

Episomal TraR affects stress resistance. To determine if the
presence of TraR would confer increased stress resistance in the
presence of a conjugative plasmid, we compared strains carrying
an F= plasmid with or without TraR under different stress condi-
tions. Using temperature or ethanol stress (which both lead to �E

induction), F= and F=�traR strains were compared for differences
in growth and survival. Wild-type E. coli containing F= plasmids
with and without TraR were grown at 42°C. During early log
phase, both strains showed identical growth, as measured by op-
tical density, colony counts, and cell morphology. However, the
strain lacking traR on the F= plasmid virtually stopped growing at
an OD600 of about 0.2 (Fig. 5A).

We also tested the effects of TraR in an additional assay for
activation of transcription by E�E. Wild-type E. coli cells contain-
ing an F= plasmid or an F= plasmid without traR were incubated in
the presence of 10% ethanol. As shown in Fig. 5B, in the absence of
TraR viability is reduced by 50% after a 1-h exposure to 10%
ethanol compared to the level for the wild-type F= plasmid. To-
gether, these data suggest that TraR provides a growth advantage
for cells carrying an F= plasmid under protein stress.

DISCUSSION

Conjugative plasmids play a major role in bacterial evolution by
promoting the active exchange of genetic material between bacte-
ria, but they also come with a fitness cost. Synthesis and mainte-
nance of the conjugative apparatus causes envelope and cellular
stress (6, 7). Here, we show that TraR, a transcription factor pro-
posed to interact with RNAP and bind within the secondary chan-
nel, increases �E-dependent transcription independently of the
signal transduction cascade and in the absence of periplasmic

stress. In addition, removing traR from the conjugative F= plasmid
decreases tolerance to both heat and ethanol stress. These results
suggest that TraR helps the bacterium to anticipate the periplas-
mic stress created by the biosynthesis of the sex pilus.

TraR is active during conjugation. Our previous observations
suggested that TraR was active continuously from the F= plasmid.
To look at the activity of traR from another conjugative plasmid,
we examined if the pR1 conjugative plasmid also is able to reverse
the �dksA auxotrophic phenotype, like strains that carry an in-
ducible TraR. Under laboratory conditions, the conjugation fre-
quency of wild-type pR1 is about 10�4 and is 10�2 for the F=
plasmid, because expression of the F= transfer operon (tra) is con-
stitutive due to the inactivation of a repressor element (finO) by a
transposon (25). When the �dksA pR1 strain was plated on min-
imal medium, no rescue was observed after 2 days, whereas the
pR1drd19 mutant (which constitutively expresses the tra operon)
was able to compensate for the growth of the �dksA mutant on
minimal medium (Fig. 1A and B). This result suggests that TraR
normally is functional when the tra operon is actively expressed,
such as when conjugation is occurring.

Role of TraR in �E regulation is direct and independent of
degS and rseA. To date, TraR has been demonstrated to act simi-
larly to DksA/ppGpp by inhibiting promoters involved in rRNA
synthesis and activating promoters involved in amino acid synthe-
sis (20). Since DksA has been shown to regulate the activity of the
�E extracytoplasmic stress in the presence of ppGpp, we looked at
the role of TraR in �E activation. We observed upregulation of the
P3rpoH-lacZ fusion (Fig. 2A) upon TraR induction in vivo, and we
showed that TraR activated a �E-dependent promoter in a puri-
fied system in vitro in the absence of ppGpp, and that ppGpp did
not further stimulate the effect of TraR (Fig. 3C and D). We con-
clude that direct activation of E�E transcription initiation by TraR
accounts, at least in part, for its effects on expression from E�E
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FIG 3 TraR activates transcription from P3rpoH in vitro. (A) Transcripts from a supercoiled plasmid template containing the P3rpoH promoter produced at a range
of concentrations of purified wild-type TraR or mutant TraR D6N and resolved on 6% acrylamide-7 M urea gels. (B) Quantification of triplicate determinations
of transcripts produced with 500 �M wild-type or D6N mutant TraR as described for panel A, normalized to transcripts produced in the absence of TraR. (C)
Transcripts from P3rpoH produced in the absence of factors or in the presence of 1 �M wild-type TraR with or without the indicated concentrations of ppGpp.
(D) Quantification of transcripts as described for panel C, normalized to transcription in the absence of factors (1.0).

Grace et al.

928 jb.asm.org March 2015 Volume 197 Number 5Journal of Bacteriology

http://jb.asm.org


promoters in vivo. In addition, we showed that the effects of TraR
are not mediated through the anti-sigma factor-dependent regu-
latory pathway (RseA and DegS) (Fig. 2C and D).

Role of TraR in stress survival in the presence of the F= plas-
mid. TraR’s effects on �E induction are further supported by the
in vivo acquired thermotolerance assay, in which the E. coli strain
containing the F= plasmid grew better at 42°C than the F=�traR
strain (Fig. 5A). Additionally, the F=�traR strain has decreased
viability with ethanol stress (Fig. 5B). Both types of stress affect
envelope homeostasis and induce the extracytoplasmic stress re-
sponse. The reduced viability of cells carrying a conjugative plas-
mid without TraR during stress suggests that a conjugative plas-
mid could generate stress transiently in the periplasm, and this
ultimately could be harmful for the bacterium. Furthermore, we
suggest that this response, like that of the cpx system (6, 7), would
provide a better folding environment for phenomena at the cell

surface, such as pilus synthesis. Although we have not tested
TraR’s effects on pilus formation directly, we show that TraR in-
creases transcription from a �E-dependent promoter, an indicator
of periplasmic stress. In addition, activation of the cpxAR envelope
stress response also would reduce expression of the transfer
operon to potentially alleviate the problem (8).

We have demonstrated that TraR functions independently of
ppGpp in vitro. We suggest that TraR evolved to function without
ppGpp, a necessity if conjugative stress does not mirror ppGpp-
inducing starvation stress. The starvation-induced stress condi-
tions that result in elevated ppGpp levels likely differ from the
stress conditions that might ensue following conjugation. We sug-
gest that TraR-RNAP interactions cause an allosteric change in
RNAP that is similar to that produced by DksA and ppGpp acting
together on RNAP. This mechanism could account for the obser-
vation that TraR by itself upregulates E�E-dependent transcrip-
tion at P3rpoH (Fig. 3), whereas both DksA and ppGpp are required
for upregulation of transcription at the E�70-dependent amino
acid biosynthesis promoters (30). Thus, the study of TraR may be
useful for determining the details of the conformational change in
RNAP structure associated with positive control of transcription
by ppGpp and DksA together.

We propose that the presence of TraR could prepare the
bacterium to overcome the stressful act of conjugation and
possibly prevent an overload of unfolded protein coming from
the synthesis of pili during conjugation, as well as possibly
increasing cellular resources for the plasmid (Fig. 6). Because
many bacterial pathogens spread antibiotic resistance genes

FIG 4 Expression of TraR from its native promoter on the F= plasmid in-
creases �E-dependent promoter activity. (A) Microscopy images from cultures
grown at 32°C in LB medium of wild-type F= (top) and �traR mutant F=
plasmid carrying a P2rpoE-gfp fusion. The images shown are phase contrast and
GFP fluorescence (from left to right). All images were taken with identical light
or fluorescent exposure. (B) Quantification of �E activity by flow cytometry
from cultures grown at 32°C in LB medium. �E-Dependent activity is mea-
sured with the P2rpoE-gfp fusion in cells containing wild-type F= and F=�traR=.

A

B

traR

FIG 5 Presence of traR on the F= plasmid increases resistance to stress. (A)
Growth curves of wild-type culture carrying F= and F=�traR plasmid show that
there is a fitness cost associated with the loss of TraR at 42°C in LB. Data shown
are a representation of 3 independent experiments (R2 � 0.90). (B) F=�traR
cells are more sensitive to 10% ethanol than wild-type F= cells. Exponential-
phase cultures were exposed to 10% ethanol for 1 h, and plating efficiency was
measured by comparing CFU/ml on LB plates with or without ethanol (P �
0.05). The data were normalized to preexposure CFU, with 100% set as the
CFU at time zero. Because wild-type strains continued to grow, the final CFU
counts were above 100%.
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and virulence factor genes via conjugative plasmids (31), these
observations may provide a basis for new studies designed to
combat antibiotic resistance and virulence in emerging patho-
gens.
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