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ABSTRACT
Antibiotic resistance levels of pathogenic bacteria have increased drastically since
antibiotics were first introduced and render many antibiotics completely ineffective.
Understanding how bacteria become resistant is crucial for developing new drug therapies or
finding new drugs that inactivate these mechanisms. This research focuses on the Rcs
phosphorelay, a cell envelope stress response that potentially contributes to antibiotic resistance.
Finding how often this pathway is utilized and what proteins are crucial for resistance can help
deduce how this pathway increases antibiotic resistance. Initially, E. coli mutants resistant to
cefsulodin, a β-lactam antibiotic, were isolated from different concentrations of cefsulodin. All
mutants tested were found to be resistant on plates but not in liquid, indicating a resistance
mechanism that was activated by surface contact. These mutants were then tested for dependence
on the Rcs phosphorelay by deleting rcsB because rcsB is the central mediator of the pathway
that helps form the transcriptional factors. Without rcsB, the pathway is inactive. Most of the
mutants with high resistance levels had a large reduction in resistance when the Rcs
phosphorelay was inactivated, which indicates a strong dependence on the pathway. It was also
found that these mutants had elevated rcsB activity levels only when stressed with high
concentrations of antibiotic. rcsA was also deleted in these mutants to see if production of
colanic acid affects resistance levels. Upon rcsA deletion, the mutants did not experience a
decrease in resistance, indicating rcsA was not required for resistance.
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Introduction
It is evident that the current arsenal of antibiotics is selecting for more resistant bacterial
strains that are immune to various antibiotics. It has been well documented that bacteria can
develop mutations that render antibiotics useless or have genes that code for proteins like βlactamases that reduce the viability of using β-lactam antibiotics to inhibit cell wall synthesis (6).
In addition to these modes of resistance, bacteria have evolved specific stress responses that are
activated upon any damage to the cell envelope (1). This is of particular importance since
inhibiting cell wall synthesis is a popular mode of inhibition (40). Specifically in gram-negative
bacteria, these stress responses are not well understood (1). The Cpx envelope stress response
and transcriptional initiation factor σE have been found to respond to misfolded proteins in the
periplasmic space (1). However, the stress responses of the peptidoglycan layer are not as well
documented. Previous findings have suggested that the Rcs phosphorelay responds to damage to
the peptidoglycan layer and activates genes that code for antibiotic resistance (18).
Understanding how the Rcs phosphorelay stress response affects our current antibiotic treatments
can help determine if inhibition of this pathway reduces resistance levels and restores antibiotic
efficacy.

Targeting the Cell Envelope with Antibiotics
The cell envelope is an essential component of a bacterial cell. Besides providing
structural integrity to the cell, it also controls many functions such as nutrient transport, toxin
exclusion, and energy generation (18, 27). Specifically in gram-negative bacteria, the cell
envelope is composed of an inner and outer membrane, periplasmic space located between the
membranes, and a thin layer of peptidoglycan located within the periplasm (1). The main
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function of the outer membrane is to form a barrier between the cell and its environment. It is an
asymmetric membrane that contains a high concentration of lipopolysaccaharides (LPS) in the
outer leaflet and phospholipids in the inner leaflet (20, 37). LPS restricts permeability of the
outer membrane and is an effective barrier against many hydrophobic compounds (20). The outer
membrane also contains many β-barrel proteins, such as porins, that allow molecules such as
monosaccharides and amino acids to passively diffuse (37). Comparatively, the inner membrane
is a symmetric phospholipid bilayer that surrounds the cytoplasm. It is the site of many
membrane-associated functions and contains numerous proteins that are involved with
trafficking of ions and macromolecules in the electron transport chain, biosynthesis of
peptidoglycan subunits, and regulation of metabolism (24, 37). The peptidoglycan layer forms
the cell wall is a rigid structure that helps maintain cell morphology. It is composed of repeating
subunits of N-acetylglucosamine (NAG) and N-acetylmuramic disaccharide (NAM) that are
cross-linked by a small peptide chain (22).
To form the peptidoglycan layer, bacteria utilize several different penicillin binding
proteins (PBPs) that control transglycosylation, transpeptidation, and cell division (36). PBPs are
organized into two main categories: high molecular weight (HMW) PBPs and low molecular
weight (LMW) PBPs. HMW PBPs are further subdivided into two classes denoted as A and B
and are essential for cell survival (42). Because of this, HMW class A PBPs (PBP1a, PBP1b,
PBP1c) and HMW class B (PBP2 and PBP3) are commonly targeted by β-lactam antibiotics in
E. coli (36). PBP1a and PBP1b are involved with transglycosylation and transpeptidation.
Inhibition of these PBPs by antibiotics such as cefsulodin results in rapid cell lysis without a
change in cell morphology (34, 35, 36). PBP2 is required for cell elongation, and upon inhibition
by mecillinam, cells adapt a spherical morphology and usually arrest cell growth. PBP3 is
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required for septation, and when inhibitied by antibiotics such as ceftazidime, the cells form
filamentous structures (3). Although inhibition of only one of the above PBPs has been found to
be sufficient for cell lysis, inhibition of multiple PBPs by antibiotics such as ampicillin
accelerates this process (35, 41).
Because the cell wall is an essential structure found in bacteria but not humans, it is a
popular target of antibiotics. β-lactam antibiotics are the most widely used drugs to treat bacterial
infections and specifically target PBPs (40). There are several classes of β-lactams: penicillins,
carbapenems, cephalosporins, and monobactams (42). Denoted by their four-membered ring, βlactams are able to mimic the substrates of various PBPs. They covalently bind to serine residues
in the active site of PBPs and prevent trans-glycosylation and transpeptidation (40, 42). By
disrupting PBPs, β-lactams compromise the morphology of the cell, which usually results in cell
lysis (17).
Despite the effectiveness of antibiotics, bacteria have become more resistant to
commonly used antibiotics such as β-lactams. Bacteria have utilized various mechanisms such as
target alteration, antibiotic export through efflux pumps, enzymes that inactivate or destroy
antibiotics, or increased expression of the target (7, 32, 40). Specifically with regards to βlactams, the main mode of resistance is attributed to enzymes called β-lactamases that hydrolyze
and destroy the four-membered ring, rendering the β-lactam useless (42). Common classes of βlactamases such as K. pneumoniae carbapenemase (KPC) and New-Delhi metallo- β-lactamase
(NDM-1) are found on several plasmids and are easily transferrable through horizontal gene
transfer (2, 23). Although initially isolated in New York and India, respectively, KPC and NDM1 have since been identified and isolated worldwide (2, 23). These modes of mutations have
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dramatically reduced the efficacy of β-lactam antibiotics and illustrate a need to understand how
bacteria respond to antibiotics.

Cell Envelope Stress Responses
Bacteria utilize cell envelope stress responses in order to respond to different stresses. A
stress to a part of the cell envelope initiates a signal transduction pathway that activates different
transcriptional factors that regulate expression of certain genes (1). For example, when bacteria
are grown aerobically, they are placed under oxidative stress due to the presence of reactive
oxygen species (ROSs) such as peroxides (25). These compounds are then able to oxidize
cysteine residues, which disrupt the tertiary structure of many proteins found in the cytoplasm
and the cell envelope (12, 31). When the cell envelope is damaged by ROSs, σE is activated
induces expression of degP, a protease that cleaves denatured or misfolded proteins located in
the periplasm, which rids the cells of malfunctioning proteins that could comprise the survival of
the cell (15, 30).
Many of these cell envelope stress responses induce expression of genes that confer
resistance to antibiotics. A well-characterized pathway is the Cpx envelope stress response that is
activated due to misfolded proteins located in the periplasmic space (28). Although the specific
misfolded proteins that activate this pathway are not all known, it has been found that a
misfolded maltose binding protein and misaligned formation of P pilus subunits can initiate the
pathway (1). CpxA is a sensor kinase located in the inner membrane that identifies these
signatures and activates CpxR, a transcriptional factor. Previous studies have found that CpxR
activates expression of many genes such as foldase and protease genes that directly refold or
degrade damaged proteins located in the periplasmic space (1, 26, 33). Overall, this response has
been found to confer resistance to antibiotics that target the cell wall such as β-lactams (29).
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The Rcs Phosphorelay
The Rcs phosphorelay is another cell envelope stress response that potentially contributes
to increased antibiotic resistance. Initially, the Rcs phosphorelay was identified as system that
regulated the production of a capsule called colanic acid, which is an expolysaccharide involved
in biofilm formation and cell attachment (9, 14, 18, 19). Recently, it has been found that E. coli
cells with an inactivate Rcs phosphorelay are more sensitive to antibiotics and lysozymes that
target the cell wall (4, 18). Although the exact signatures that activate the pathway are not fully
known, it has been shown that the pathway responds to altered lipopolysaccharides,
oligosaccharides, and acidic phospholipids (8). This indicated that the pathway was responding
to a signal from the cell envelope, and general disruption of the peptidoglycan layer could
activate the Rcs phosphorelay. It is also unknown exactly which genes in the Rcs regulon are
contributing to increased antibiotic resistance. It has been hypothesized that osmB, rprA, ydh,
and ymgG play a major role because they were found to be upregulated by multiple different
drug treatments (18). It was found that σS, a known target of RprA, was not required, but it is
possible that RprA is targeting additional targets that contribute to resistance. The other three
genes are predicted to code for cell envelope proteins, although their exact function is unknown.
The Rcs phosphorelay is a two-component system. RcsF is a lipoprotein located in the
outer membrane and oriented towards the periplasm (5). It is able to recognize envelope stress
and induce activation of RcsC, although the exact mechanism of this activation is unknown (5).
RcsC is a sensor kinase located in the inner membrane that can both sense and receive signals
about stress to the peptidoglycan layer (1). Upon activation, RcsC autophosphorylates and then
phosphorylates RcsD at a histidine phosphotransfer (HPt) protein domain (1, 14). RcsD can then
phosphorylate RcsB, which is the key effector of the pathway (1). RcsB can then either form a
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homodimer (RcsB2) or a heterodimer transcriptional factor (RcsAB) that each regulate
transcription of different regulon members (14).

Figure 1: The Rcs phosphorelay signal transduction pathway [figure taken from Laubacher, Ades (2008)]. The
lightning bolts represent cell envelope stress. RcsF and RcsC recognize the stress and activate the pathway. A
phosphorylation cascade begins with RcsC, transfers to RcsD, and ends with RcsB. RcsB forms either a homodimer
or heterodimer transcriptional factor that initiates transcription of the Rcs regulon.

Determining How the Rcs Phosphorelay Contributes to Antibiotic Resistance
Determining how the Rcs phosphorelay contributes to antibiotic resistance was
prioritized. To accomplish this, mutant E. coli strains resistant towards cefsulodin, a β-lactam
antibiotic, were isolated using a population analysis technique to determine resistance frequency
and resistance levels of mutants isolated from different concentrations of cefsulodin. These
mutants were then analyzed for Rcs phosphorelay dependence in order to see the frequency of
activation. Although dependence on the Rcs phosphorelay was not required for strains with low
resistance levels, all the strains tested with high or intermediate levels of resistance were
dependent on the pathway. Several assays were also conducted to analyze RcsB2 activity in order
to determine if increased RcsB2 activity could be correlated with increased resistance. Also, rcsA
was deleted from several candidate strains to analyze how the absence of capsule production
affected resistance levels.
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Significance of the Rcs Phosphorelay
Fully understanding how the Rcs phosphorelay works can provide a convenient and less
costly means of combating resistant bacteria. Currently, approximately 100,000 Americans die
from drug-resistant bacterial infections each year, and this number is only expected to rise (13).
Research in developing novel antibiotics has also stalled. Pharmaceutical companies are
investing in drugs that treat chronic illnesses such as diabetes due to a higher return on
investment (13). In addition, smaller pharmaceutical companies simply do not have the capital
for clinical trials, which is required for FDA approval. Because of this, society is left with an
aging arsenal of antibiotics that are simply selecting for more resistant strains. Finding how the
Rcs phosphorelay is affecting our current antibiotic treatments can provide insight for further
modifications to current antibiotics or provide a new target pathway to inhibit. Inhibiting the Rcs
phosphorelay may be able to restore the effectiveness of current cell wall synthesis inhibitors,
opening the door to new adjuvants and therapy treatments that are more effective against drug
resistant bacteria.
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Materials and Methods
Bacterial Strain
A modified version of the E. coli K-12 MG1655 strain was used as the wild type (WT) in
each assay. An rprA-lacZ reporter gene was placed into the background by placing the promoter
of rprA upstream of the lacZ operon. Subsequently, all isolated mutant strains also contained this
reporter gene. For each assay, overnights of these strains were grown in luria broth (LB) at 37°C.
They were placed in a roller drum and allowed to grow for 16 hours.

Liquid MIC
Minimum inhibitory concentration (MIC) assays for cefsulodin were conducted with the
WT and several mutant strains. Overnights of the WT and mutant strains were diluted 100-fold
to achieve a concentration of ~106 cells/ml. Cefsulodin, a β-lactam antibiotic, was serially diluted
2-fold starting from 1 mg/ml and ending at 7.8125 µg/ml. 2 ml aliquots were taken from this
serial dilution and distributed to culture tubes for each strain to be tested to ensure each trial
contained similar amounts of cefsulodin. 100 µl (~105 cells) of the diluted overnights were
placed into each culture tube. Plain LB and inoculated LB were also tested for each strain. The
culture tubes were then placed in a roller drum and grown at 37°C for 20 hours. Any opaqueness
in the culture tubes was considered as positive growth. The last culture that contained no growth
was determined to be the MIC.

Population Analysis
To analyze spontaneous mutant frequency at different concentrations of cefsulodin, LB
agar plates were created with cefsulodin at concentrations of 30 µg/ml, 45 µg/ml, 60 µg/ml, 90
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µg/ml, and 120 µg/ml. Using an undiluted WT overnight, a spot titer on plain LB was conducted
to determine the CFU/ml. From the undiluted overnight, the WT was diluted in 100-fold
dilutions down to 10-6. 100 µl of each dilution was plated on each concentration of cefsulodin.
Colonies were counted after 24 hours of growth in a 37°C incubator. The plates were allowed to
grow for an additional 24 hours at 37°C. Afterwards, new colonies were counted. Candidate
mutants were taken from each concentration of cefsulodin and placed in a 96-well microtiter
plate with glycerol. The mutants were then stored at -80°C.

Spot Titers
Bacterial cultures of WT and tested mutant strains were grown overnight and diluted 10fold down to 10-7. 10 µl of each serial dilution were plated on plain LB agar to determine
CFU/ml of the undiluted overnight. 10 µl of each dilution were then plated on LB agar with
different concentrations of cefsulodin. The plates were grown in a 37°C incubator. After 24
hours of growth, the plain LB agar plates were taken out to prevent overgrowth. LB agar plates
with cefsulodin were analyzed after 24 hours of growth but allowed to grow for an additional 24
hours in the 37°C incubator. The plates were then taken out after a total incubation time of 48
hours and analyzed for growth.

P1 Lysate and Transduction
To create the P1 lysate, a donor strain was infected with bacteriophage P1vir. This donor
strain was genetically modified such that a gene that encodes for kanamycin resistance replaced
rcsB. 4 separate tubes of 5 ml of LB/0.2% glucose/5 mM CaCl2 were inoculated with 50 µl of an
overnight of this strain and incubated in a 37°C water bath for 30 minutes. Then, 100 µl, 50 µl,
10 µl, or no phage was added to the tubes. The tubes were placed in a 37°C rollerdrum until lysis

10

started in one inoculation. This was denoted by bubble formation compared to the no phage
control. To this inoculation, 0.1 ml chloroform was added and vortexed. The solution was then
spun down at 4.5 x g for 10 minutes. The supernatant was removed and transferred to a new
tube. 0.1 ml chloroform was added and then the lysate was stored at 4°C.
A technique called P1 transduction was used to delete rcsB and rcsA from mutant strains
resistant to cefsulodin. The recipient strain was grown in LB overnight. 1 ml of the bacterial
cultures were spun down for 2 minutes. The supernatant was removed, and the cells were
resuspended in 500 µl of 10 mM MgSO4, 5 mM CaCl2. 5 separate tubes were then prepared: 0.1
ml cells, 0.1 ml cells + 10 µl of P1 lysate, 0.1 ml cells + 50 µl P1 lysate, 0.1 ml cells + 100 µl P1
lysate, 100 µl P1 lysate. These tubes were incubated in a 37°C water bath for 30 minutes. 1 ml
LB was then added to each tube. The tubes were placed in a 37°C rollerdrum for 1.5 hours.
Afterwards, the tubes were spun down for 2 minutes. All but 100 µl of solution was removed
from the tubes. They were resuspended and then plated on LB agar kanamycin plates (25 µg/ml).
The plates were allowed to grow at 37°C for 20 hours. 2 colonies were restreaked on LB agar
kanamycin plates (15 µg/ml) to ensure the colonies were truly resistant. 2 colonies were chosen
from the restreaks and inoculated in LB for bacterial growth. 1 ml of each bacterial culture was
mixed with 0.7 ml 50% glycerol and stored at -80°C.

Determination of RcsB2 Activity in Liquid
Cefsulodin-resistant mutant strains were analyzed for RcsB2 activity in liquid to
determine if a mutation increased activity levels. The mutant strain activity levels were compared
to the activity levels of the WT, WT (ΔrcsB), and a mutant with constitutive rcsC activation.
Strains were grown overnight in a 37°C rollerdrum for 16 hours. The bacterial cultures were then
diluted 1:200 into 3 ml LB and then grown for 1 hour 40 minutes in a 37°C rollerdrum. The
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OD600 of each culture was checked to ensure it was between 0.2 and 0.6, indicating the sample
was in exponential phase. 0.5 ml of each culture was then added to a tube containing 0.5 ml Z
buffer with 2.7 µl 2-mercaptoethanol, 1 drop 0.1% SDS, and 2 drops CHCl3. Samples were
placed in a 28°C heat block for 10 minutes. 200 µl of 4 mg/ml ONPG were then added to each
sample. The reactions were timed and stopped by placing 0.5 ml of 1 M Na2HCO3 after a visible
yellow color was observed. The samples were then spun down for 5 minutes to remove cell
debris. The OD420 of the supernatants was measured using 0.5 ml Z buffer + 0.5 ml B as the
blank. Miller Units (MU) could then be calculated using the following equation:
M.U. = (1000 X OD420) / (time of reaction in minutes X volume of sample in ml X OD600).

Determination of rcsB Activation and Isolation of Additional Cefsulodin Resistant Mutants
Mutant strains of E. coli were isolated and then analyzed for rcsB activity. From the
frozen stock, the WT was streaked onto LB agar for isolation and allowed to grow in a 37°C
incubator for 24 hours. Three colonies were chosen, inoculated in three separate tubes of LB.
After inoculation, the colonies were first streaked onto a 60 µg/ml cefsulodin LB agar plate and
then on a plain LB agar in order to see if the original colony was resistant to cefsulodin. The
inoculations were grown in a 37°C rollerdrum for 16 hours and the plates were grown in a 37°C
incubator for 24 hours. A spot titer was conducted on plain LB agar for each overnight to
determine the CFU/ml. 100 µl of each overnight were then plated on 60 µg/ml cefsulodin LB
agar plates and 120 µg/ml cefsulodin LB agar plates. The plates were grown at 37°C for 52
hours. A few colonies were chosen from each concentration and frozen.
The isolated mutants were then patched onto plates with X-gal to determine rcsB activity.
The following plates were created: plain LB + X-gal (50 µg/ml), LB + cefsulodin (60 µg/ml) +
X-gal (50 µg/ml), and LB + cefsulodin (90 µg/ml) + X-gal (50 µg/ml). From the frozen stock, the

12

mutants were streaked onto a plain LB plate. One colony was chosen and then streaked on 90
µg/ml cefsulodin + X-gal plate, then the 60 µg/ml cefsulodin + X-gal plate, and then the plain LB
+ X-gal plate. This ensured colonies were streaked on the plates with cefsulodin. The plates were
grown in a 37°C incubator for 19 hours.

Determination of Mutant Cross-Resistance to Mecillinam
Mutants resistant to cefsulodin were tested for cross-resistance to mecillinam on plates.
The WT and mutant strains were streaked onto LB plates for isolation and allowed to grow for
20 hours at 37°C. A single colony was chosen from each strain and patched onto 0.3 µg/ml
mecillinam plates and LB plates. The plates were allowed to grow for 20 hours at 37°C.
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Results
Population Analysis Used to Isolate Mutants
Population analyses have been used to elucidate information about phenotypic variation
found in bacteria. Specifically, a spectrum of resistance levels was found when MRSA isolates
were plated on different concentrations of methicillin (39). Here, a population analysis was used
to determine if a similar wide range of resistance levels is found when WT E. coli cells are plated
on different concentrations of cefsulodin. Spontaneous mutants arise at each concentration of
cefsulodin and can be analyzed further for resistance levels. This analysis provides a systematic
way of isolating mutants, and through the use of other assays, a way of determining what types
of resistance mechanisms arise at each concentration.
WT E. coli was plated on several concentrations of cefsulodin to try and isolate
spontaneous mutants. Concentrations were chosen above and below the liquid MIC of cefsulodin
(60 µg/ml). This helped determine later if mutants isolated from higher concentrations are more
resistant than mutants isolated from lower concentrations.
Table 1: Spontaneous Mutant Growth at Several Cefsulodin Concentrations
Plated	
  
Dilution	
  

30	
  μg/ml	
  

45	
  μg/ml	
  

60	
  μg/ml	
  

90	
  μg/ml	
  

120	
  μg/ml	
  

24 hrs

48 hrs

24 hrs

48 hrs

24 hrs

48 hrs

24 hrs

48 hrs

24 hrs

48 hrs

10-‐0	
  

++++

++++

+

++

95

173

11

20

0

3

10-‐2	
  

+++

++++

123

+

1

221

0

3

0

0

10-‐4	
  

++

+++

1

9

0

2

0

0

0

0

10-‐6	
  

241

246

0

2

0

0

0

0

0

0

Table 1: The number of colonies counted after 24 hours and 48 hours of growth are shown. The WT was diluted and
plated on several concentrations of cefsulodin. Uncountable colony growth was represented with “+” signs; more
plus signs indicate more growth. It was determined that the CFU/ml of the WT overnight was 3×109.
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Unsurprisingly, the number of colonies counted decreased as the concentration of
cefsulodin increased. As the selective pressure increased, the number of mutations that produce
viable bacterial cells decreases. Because the regular MIC of cefsulodin is 60 µg/ml, it was
hypothesized that the mucoid colonies growing at 60 µg/ml, 90 µg/ml, and 120 µg/ml cefsulodin
were resistant mutants. Also, colonies that grew on plates with 60 µg/ml, 90 µg/ml, and 120
µg/ml cefsulodin were all mucoid, which means they appeared glossy and wet. This was most
likely due to capsule production. Since the Rcs phosphorelay controls capsule production and all
colonies that were viable at high concentrations of cefsulodin were mucoid, this indicated a
potential link between the Rcs phosphorelay and antibiotic resistance. It was also hypothesized
that because all of the mutants that grew at high concetrations of cefsulodin were mucoid, they
were dependent on the Rcs phosphorelay for their resistance.

Isolated Mutants are Resistant to Cefsulodin on Plates But Not in Liquid
To determine if the mutants isolated at higher concentrations of cefsulodin (60 µg/ml, 90
µg/ml, 120 µg/ml) were more resistant than mutants isolated from lower concentrations (30
µg/ml, 40 µg/ml), the liquid MIC of mutants from each concentration was determined.
Table 2: Cefsulodin Liquid MICs of Mutants Isolated from Population Analysis
Isolation	
  
1	
  
Plate	
  
mg/ml	
  
(μg/ml)	
  
0
WT	
  
0
30	
  
0
45	
  
0
45	
  
0
60	
  
0
60	
  
0
90	
  
0
90	
  
0
120	
  

500	
  
μg/ml	
  

250	
  
μg/ml	
  

125	
  
μg/ml	
  

62.5	
  
μg/ml	
  

31.3	
  
μg/ml	
  

15.6	
  
μg/ml	
  

7.81	
  
μg/ml	
  

Plain	
  
LB	
  

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
+
0
0
0
0

++
++
+++
+
+++
+
+++
+++
++

+++
+++
+++
+++
+++
+++
+++
+++
+++

+++
+++
+++
+++
+++
+++
+++
+++
+++

+++
+++
+++
+++
+++
+++
+++
+++
+++

15

120	
  

0

0

0

0

0

+

+++

+++

+++

Table 2: Mutants isolated from the population analysis were tested for resistance against cefsulodin in liquid.
Growth is indicated by “+” signs. More “+” signs equates to more growth. “0” indicates no growth was detected.

All of the mutants except one did not appear more resistant to cefsulodin when compared
to the WT. Only 1 mutant tested was able to grow at a cefsulodin concentration of 60 µg/ml
while the rest grew similarly to the WT. This was unexpected because these colonies were able
to grow significantly at high concentrations of cefsulodin when on plates, but in liquid, they were
not able to grow at the same concentrations. To see if a similar phenomenon was observed on
plates, serial dilutions of the WT and mutants were plated on different concentrations of
cefsulodin using the spot titer protocol noted in the materials and methods section.

*

*

*

Figure 2: Mutant strains isolated from cefsulodin plates of concentrations 30 µg/ml, 45 µg/ml, 60 µg/ml, 90 µg/ml,
and 120 µg/ml were spot titered on plates with plain LB, 45 µg/ml cefsulodin, 60 µg/ml cefsulodin, and 120 µg/ml
cefsulodin. Plating efficiency was determined by dividing the colony forming units (CFU) on the cefsulodin plate by
the CFU on the plain LB plate. Higher plating efficiency indicates a strain is more resistant. “*” indicates that the
mutant was unable to grow on the plate with cefsulodin.
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In contrast to what was seen in liquid, the mutants are more resistant to cefsulodin on
plates when compared to the WT. The mutants were able to survive at much higher
concentrations. Also, mutants that were isolated at a higher concentration of cefsulodin are more
resistant when compared to mutants isolated at lower concentrations. Mutants isolated from
cefsulodin concentration plates of 60 µg/ml, 90 µg/ml, and 120 µg/ml were able to grow
significantly on 120 µg/ml cefsulodin plates. However, the WT mutants isolated at 30 µg/ml and
45 µg/ml were unable to grow at this concentration. Although the mutants did not appear to be
resistant in liquid, there was a range of resistance levels seen when the mutants were plated. This
insinuates that these mutants require a surface in order to be resistant to cefsulodin. Also, these
mutants were mucoid when plated on cefsulodin, which indicated the Rcs phosphorelay was
potentially activated. To figure out if the Rcs phosphorelay activated genes in the resistant
mutants that caused antibiotic resistance, the mutants were analyzed further.

Mutants are Dependent on the Rcs Phosphorelay for Resistance
The resistant mutants were analyzed for dependence on the Rcs phosphorelay. Although
many different mutations can cause bacteria to become resistant to antibiotics, bacterial cells that
were utilizing this cell envelope stress response were of interest. To find these mutants, P1
transduction was used to selectively delete rcsB. rcsB is a key central mediator of the Rcs
phosphorelay. Without it, the transcriptional factors cannot form, leaving the pathway inactive.
The resistance level of mutants with this rcsB deletion (ΔrcsB) was compared to the resistance
level of the original strain without the deletion to see if any changes occurred. rcsB was deleted
in mutant strains isolated from a cefsulodin concentration of 60 µg/ml, 90 µg/ml, and 120 µg/ml.
Both the parent strain and ΔrcsB were then plated on cefsulodin plates to see if there was a
reversion in resistance.
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*

*

**

*

*

*

Figure 3: rcsB was deleted from 5 candidate mutants. C1 and C3 were originally isolated from a 60 µg/ml
cefsulodin plate, D3 was isolated from a 90 µg/ml cefsulodin plate, and E1 and E2 were isolated from a 120 µg/ml
cefsulodin plate. The mutant strains and ΔrcsB mutant strains were spot titered on 60 µg/ml cefsulodin plates and
120 µg/ml cefsulodin plates. CFU/ml was calculated for each strain and plotted above. A decrease in viability was
observed for most ΔrcsB, indicating a dependence on the Rcs phosphorelay for resistance.

All of the mutants tested except C3 exhibited at least partial dependence on the Rcs
phosphorelay. Specifically, D3 (mutant isolated from 90 µg/ml cefsulodin plate), E1 and E2
(mutants isolated from a 120 µg/ml cefsulodin plate) were completely dependent on the Rcs
phosphorelay. All three of these strains were extremely resistant to cefsulodin, growing almost
completely uninhibited compared to growth on LB (data not shown). These mutant strains grew
to approximately 2 × 109 CFU/ml on LB and reached comparable levels when plated on
cefsulodin plates. However, when the ΔrcsB strains were plated on two concentrations of
cefsulodin (60 µg/ml and 120 µg/ml), they had resistance levels comparable to the WT. This
indicates that without the Rcs phosphorelay, the mutant is no longer resistant. It was thus
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hypothesized that through increased activity of a component of this pathway, the mutant strains
were able to become resistant towards cefsulodin.

Activity of RcsB2 Does Not Increase in Liquid
Resistant mutants dependent on the Rcs phosphorelay were tested for elevated RcsB2
activity. Of the possible mutations that could increase resistance, it was possible that the
transcriptional factor RcsB2 was constitutively active. To test for increased RcsB2 activity, the
rprA-lacZ reporter gene was utilized. This reporter gene correlates β-galactosidase activity with
the activity of RcsB2.
RcsB2

lacZ
PrprA

ONP	
  (yellow	
  
product)

Beta-‐galactosidase
ONPG

Figure 4: The WT was genetically engineered with the rprA promoter upstream of the lacZ operon. When RcsB2
binds to the promoter of rprA, transcription of β-galactosidase is initiated. When exposed to ONPG, a substrate of βgalactosidase, ONP is formed and turns the solution yellow. The hue of blue is thus directly correlated with RcsB2
activity.

The RcsB2 activity of mutants with high cefsulodin resistance on plates was tested (D3
and E1). The activity of these strains was compared to the activity of the WT, a WT ΔrcsB strain,
and a mutant with constitutive rcsC activation. These three strains collectively showed low,
intermediate, and high RcsB2 activity levels and were used as reference points. Miller Units were
used to quantify RcsB2 activity.
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Figure 5: The RcsB2 activity of mutants resistant to cefsulodin on plates was tested in liquid. An rprA-lacZ reporter
gene was utilized to correlate β-galactosidase cleave of ONPG with RcsB2 activity. The WT ΔrcsB had the lowest
RcsB2 activity, WT had intermediate activity, and the rcsC mutant had the highest activity Miller Units were used to
quantify this activity and are defined as (1000 × OD420)/(time of reaction in minutes × volume of sample in
milliliters × OD600). The mutants were found to have an RcsB2 activity level similar to the WT activity level.

The results show that the mutants do not have increased RcsB2 activity in liquid. The WT
ΔrcsB strain expectedly had the lowest activity, WT had intermediate activity, and the rcsC
mutant had the highest activity. Compared to these controls, the mutants appeared like the WT.
The liquid MIC of these mutants were also tested and were found to have liquid MIC levels of 60
µg/ml, which is the normal MIC of WT E. coli. This insinuates there was no increase in Rcs
phosphorelay activity for the mutants in liquid, which leaves their RcsB2 activity levels close to
the WT.

rcsB is Not Constitutively Active
One of the components of the Rcs phosphorelay that could be hyperactivated is rcsB, the
central mediator of the pathway. rcsB can form the transcriptional factor RcsB2, a homodimer
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that initiates transcription of different Rcs regulon members. An increase in rcsB activity can
form more RcsB2 and increase transcriptional activity. To test for increased rcsB activity, the
rprA-lacZ reporter gene was utilized. This reporter gene correlates β-galactosidase activity with
the activity of RcsB2.	
  
To see if spontaneous mutants contain a constitutively active rcsB, a new set of mutants
were isolated using a similar protocol in the population analysis. Mutants were isolated on 60
µg/ml cefsulodin plate and 120 µg/ml cefsulodin with mutation frequencies of approximately 5 ×
10-7 and 1.1 × 10-8, respectively. They were then streaked onto plates that contained varying
degrees of cefsulodin concentrations to see if activity levels are concentration dependent.
LB + X-gal

60 µg/ml cefsulodin + X-gal 90 µg/ml cefsulodin + X-gal

Row
1
2
3
4
5

Figure 6: The hue of blue indicates rcsB activity. Each patch was a different mutant. The first three rows were
mutants isolated from a 60 µg/ml plate. The 4th row contains mutants isolated from a 90 µg/ml plate. The fifth row
contains a ΔrcsB strain, WT, and rcsC137, a strain that contains constitutive activation of rcsB.

None of the mutants analyzed contained a constitutively active rcsB. As the concentration
of cefsulodin increased, the hue of blue became darker. This indicates that rcsB was activated
only when the bacteria were placed under stress. Had rcsB been constitutively active, the strains
would have been the same hue of blue across all concentrations. Four mutants also appeared to
be utilizing the pathway differently compared to the others. Mutants located in the first row
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appeared to be very resistant but had the least activate rcsB. This could be an indication of a
separate mutation that does not rely on the Rcs phosphorelay.

Mutants with High Resistance to Cefsulodin are Dependent on the Rcs Phosphorelay
Several new mutants were tested for resistance to cefsulodin (data not shown). Most
mutants isolated fell into three categories: high resistance, intermediate resistance, and low
resistance. Mutants isolated from the 120 µg/ml cefsulodin plate all exhibited high resistance,
and mutants isolated from the 60 µg/ml plate exhibited either intermediate or low resistance to
cefsulodin. Mutants with high and intermediate levels of resistance were mucoid, indicating a
potential role for the Rcs phosphorelay. To see if the mutants were dependent on the Rcs
phosphorelay for resistance, rcsB was deleted.

*

*

*

*

*

* *

Figure 7: rcsB was deleted from one mutant strain of each resistance level. 3550 was isolated from a 120 µg/ml
cefsulodin plate and exhibited high resistance. 3557 was isolated from a 60 µg/ml cefsulodin plate and exhibited
intermediate levels of resistance. 3556 was also isolated from a 60 µg/ml cefsulodin plate but exhibited low levels of
resistance. rcsB was deleted using P1 transduction. The mutant strains and ΔrcsB mutant strains were spot titered on
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60 µg/ml cefsulodin plates and 120 µg/ml cefsulodin plates. CFU/ml was calculated for each strain and plotted
above. A decrease in viability was observed for mutants with high and intermediate levels of resistance, indicating a
dependence on the Rcs phosphorelay for resistance.

3550 and 3557 were completely reliant on the Rcs phosphorelay for resistance, whereas
3556 was not dependent on the pathway. Upon deletion of rcsB, 3550 and 3557 had dramatically
reduced plating efficiencies when treated with high concentrations of cefsulodin, completely
failing to form colonies at 60 µg/ml cefsulodin or 120 µg/ml cefsulodin. 3556 did not experience
a significant decrease in viability when rcsB was deleted, which possibly indicates a different
mutation that did not involve the Rcs phosphorelay was utilized. Interestingly, both 3550 and
3557 exhibited higher resistance levels and were originally mucoid, but 3556 exhibited lower
resistance and was not mucoid. This suggests a possible link between resistance level and
dependence on the Rcs phosphorelay.
To determine if these mutants were dependent on capsule production controlled by the
Rcs phosphorelay, rcsA was deleted. Without rcsA, the transcriptional factor RcsAB cannot form
and initiate transcription of colanic acid.

*

* *

* *

23
Figure 8: rcsA was deleted from 3550, 3557, and 3556 to determine if capsule production affects resistance levels.
rcsA was deleted from the mutant strains by using P1 transduction. The mutant strains and ΔrcsA mutant strains
were spot titered on 60 µg/ml cefsulodin plates and 120 µg/ml cefsulodin plates. CFU/ml was calculated for each
strain and plotted above. No significant decrease in viability was seen for the mutants, indicating capsule production
was not required for resistance.

None of the mutants tested were dependent on rcsA for resistance. Although a slight
decrease in CFU/ml was observed for each mutant, the results were not as drastic as seen when
rcsB was deleted. As expected, mutant strains were not mucoid upon deletion of rcsA, which
indicated a decrease in production of colanic acid. This insinuates colanic acid does not decrease
the effectiveness of antibiotics and that 3550 and 3557 rely on a different component of the Rcs
phosphorelay.
Unexpectedly, 3557 did not grow on 120 µg/ml cefsulodin as previously observed in
Figure 7. 3557 was initially isolated on a lower cefsulodin concentration plate (60 µg/ml) and
was observed to have moderate resistance on both 60 µg/ml and 120 µg/ml. However, it clearly
was not as resistant compared to 3550, which was isolated from 120 µg/ml cefsulodin. It is
possible that 3557 has a resistance level that is barely sufficient to sustain growth at 120 µg/ml
cefsulodin, which causes fluctuation in growth results. Further studies will need to be conducted
to fully understand the resistance profile of 3557.

Isolated Mutants are Additionally Resistant to Mecillinam
Mutants resistant to cefsulodin were tested for cross-resistance to mecillinam. Mutants of
high and intermediate levels of resistance to cefsulodin were tested. A couple ΔrcsB strains were
also tested to see if resistance levels also decrease with mecillinam.
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LB

0.3 µg/ml mecillinam

Row
1
2
3
4
5

Figure 9: Several mutants resistant to cefsulodin were streaked onto a 0.3 µg/ml mecillinam plate to test for crossresistance. Mutants were also streaked on LB to ensure colonies were viable. The first row contains 3550 (first
patch) and other mutants that were isolated from a 120 µg/ml cefsulodin plate. These mutants exhibited high levels
of resistance towards cefsulodin. The second row contains the ΔrcsB strains of the mutants in the first row (only two
were tested). The third row contains 3557 and other mutants isolated from a 60 µg/ml cefsulodin plate. These
mutants exhibited intermediate levels of resistance towards cefsulodin. The fourth row contains the ΔrcsB strains of
the mutants in the third row. The fifth row contains the WT.

Several mutants appear to be resistant to mecillinam as well as cefsulodin. Specifically,
three mutants in the first row and one mutant in the third row appear to be resistant. Deletion of
rcsB did not seem to affect most strains ability to grow on a mecillinam plate. However, one
ΔrcsB strain was more inhibited compared to the original mutant strain (first ΔrcsB in second
row compared to first strain in first row). This potentially indicates the Rcs phosphorelay can
provide resistance to multiple antibiotics, although further studies will be conducted to confirm
this preliminary result.
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Discussion
E. coli possesses many cell envelope stress responses that are activated when the cell
envelope is damaged. Previously, the Rcs phosphorelay has been shown to increase antibiotic
resistance (18). The results shown here confirm this observation and indicate that spontaneous
mutations that cause resistance to cefsulodin are related to the Rcs phosphorelay. Although
dependence on the Rcs phosphorelay varies from mutant to mutant, many have been found to be
at least partially dependent on the pathway. This preliminary finding indicates the Rcs
phosphorelay could be a viable target for future antibiotics due to its prevalence in mutants of
different resistance levels.
The population analysis helped characterize the resistance frequency observed at different
concentrations of cefsulodin. Inherently, an overnight culture of a WT is not homogenous. DNA
replication in E. coli has error rates that range from 10-9 to 10-11 errors per base pair (11).
Although this is extremely low, a single overnight can have many different types of mutants due
to the sheer number of cells and base pairs. By plating the bacterial cultures on different
concentrations of cefsulodin, a basic understanding of the likelihood a mutation can cause
resistance at that level of cefsulodin can be obtained. As expected, as the concentration of
cefsulodin increased, the number of spontaneous mutants that grew also decreased (Table 1). At
a certain point, the selective pressure became too large that a single round of selection was too
demanding for the bacteria to survive. A dramatic decrease in survivability can be seen at 60
µg/ml of cefsulodin, which is the liquid MIC for E. coli. Also, at this point, many colonies were
mucoid. Although the entire population at 60 µg/ml cefsulodin were not mucoid, the entire
population at both 90 µg/ml and 120 µg/ml cefsulodin were mucoid. It is hard to explain this
observation, although it has been observed that bacteria that form biofilms are able to decrease
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the diffusion rates of many different antibiotics (38). It has also been observed that L-forms of
bacteria require colanic acid, a product that contributes to biofilms and is regulated by the Rcs
phosphorelay, but it has also been shown that mutants do not require colanic acid for resistance
to cefsulodin (16, 18). It is possible that there is a connection between higher levels of resistance
to cefsulodin and colanic acid production.
When the cefsulodin resistance levels of the mutants isolated from the population
analysis were tested, it was found that the mutants were resistant on plates but not in liquid
(Table 2, Figure 2). It is possible that these mutants contain a mutation that both provides
resistance to cefsulodin and requires a surface for activation. Because these mutants were
initially selected on a solid surface, it is possible that mutations catered to surfaces were more
favored than mutations catered to liquid. The Rcs phosphorelay has also been shown to control
normal biofilm formation and production of colanic acid on solid surfaces (10). RcsC has been
found to be key signaler for these functions and specifically responds when the cell is on a
surface (10). It is conceivable that when on a plate, the Rcs phosphorelay is activated in an RcsF
or RcsC dependent manner and activates transcription of genes that provide resistance. Further
analysis would have to be conducted to determine if these mutants are either dependent on RcsF
or RcsC for proper signaling on a surface.
To determine if some of the mutants isolated from the population analysis were
dependent on the Rcs phosphorelay for their resistance, rcsB was deleted from a few candidate
strains. Since rcsB is the key effector molecule in this pathway, the pathway is inactive without
it. By deleting rcsB, the resistance level of a mutant can be compared with and without the Rcs
phosphorelay. Out of eight strains tested, five were found to be completely dependent on the Rcs
phosphorelay (D3, E1, E2, 3550, 3557), one was found to be partially dependent (C1), and two
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were found not to be dependent (C3, 3556) (Figure 3 and Figure 4). Four out of the five strains
found to be completely dependent on the pathway were able to grow uninhibited at 120 µg/ml,
and the last strain was only able to partially grow at 60 µg/ml. The one strain found to be
partially dependent on the pathway was able to grow uninhibited on 60 µg/ml cefsulodin but
only partially on 120 µg/ml. The two strains found not to be dependent on the pathway were only
able to grow on 60 µg/ml cefsulodin. Further studies would have to be conducted to determine if
there is a relationship between resistance level and dependence on the Rcs phosphorelay.
Overall, these results indicate that the mutation that caused resistance to cefsulodin involved the
Rcs phosphorelay for some mutants. Without the pathway, these strains appear like the WT. This
denotes potential for the Rcs phosphorelay as a potential target for future antibiotics. Although a
larger study would have to be conducted to see what proportion of resistant mutants are at least
partially dependent on the Rcs phosphorelay for their resistance, it has been shown here that
some resistant mutants utilize the pathway for resistance. Targeting the Rcs phosphorelay has
potential to decrease resistance levels of some mutants.
Of the many types of mutations that are related to the Rcs phosphorelay, it was
hypothesized that mutants could have a constitutively active rcsB. As the central mediator of this
pathway, rcsB helps form two transcriptional factors: RcsAB and RcsB2. With increased rcsB
activity, it is possible that more RcsB2 forms and activates transcription of the Rcs regulon more
frequently. To determine the level of rcsB activity, an rprA-lacZ reporter gene was utilized to
correlate the activity of β-galactosidase with the activity of RcsB2. It was found that for most
mutants, activity correlated with the concentration of cefsulodin (Figure 6). This indicates that a
separate part of the pathway could be hyperactive. However, when tested in liquid, the mutants
tested did not show any increase in RcsB2 activity and had activity levels similar to the WT
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(Figure 5). This was not completely unexpected because the strains were not resistant in liquid,
which could indicate the Rcs phosphorelay could not be activated in liquid. In order to
understand what part of the pathway is utilized when bacteria are grown on plates, more analysis
would need to be conducted to figure out if the signal is controlled upstream of rcsB, such as by
rcsF, or downstream, such as by rcsA.
rcsA was deleted in several mutant strains to see if capsule production has an effect on
resistance levels. Because RcsAB controls expression of capsule production, deleting rcsA
prevents RcsAB from forming and activating production of capsules. Upon deletion, the mutants
did not experience a significant reduction in CFU/ml when plated on different concentrations of
cefsulodin (Figure 8). The ΔrcsA strains were noticeably less mucoid compared to the original
mutant strains when plated, but this did not translate into a large decrease in plating efficiency.
Unlike rcsB, these mutants were not dependent on rcsA for resistance, which means the
downstream products of rcsA, such as colanic acid, are not required. A similar result was
observed before and shows that the genes under the control of RcsB2 are more important for
resistance compared to the genes under the control of RcsAB (18). Further studies would need to
be conducted to find which genes are the most important for resistance.
The mutants resistant to cefsulodin were also tested for cross-resistance to mecillinam
(Figure 9). Some of the mutants tested showed a strong dependence on the Rcs phosphorelay for
resistance. To see if this pathway could potentially provide resistance to multiple antibiotics, the
original mutant strains and ΔrcsB strains were patched onto mecillinam plates. Four out of the
eight mutants tested appeared to be resistant to mecillinam and cefsulodin. Additionally, one
mutant appeared to be less resistant to mecillinam when rcsB was deleted. This same mutant was
also found to be dependent on rcsB for resistance to cefsulodin. It is possible that this mutant
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contained a mutation in the Rcs phosphorelay that provided resistance to cefsulodin and
mecillinam. More analysis should be conducted to determine if the pathway is able to provide
resistance to multiple antibiotics and whether or not RcsB2 or RcsAB is more important for
resistance.
Antibiotic resistance has become a crucial clinical problem. Current usage of antibiotics
selects for resistant strains, and pharmaceutical companies are simply not investing in antibiotic
research (13). Without the creation of novel antibiotics that target new scaffolds, resistant
bacteria can be extremely costly to combat in the future. The results shown in this paper show a
potential target called the Rcs phosphorelay. Antibiotic combination therapies have become quite
common and are able to eradicate many resistant strains of bacteria by targeting multiple
scaffolds at once (21). In future, antibiotics that target the Rcs phosphorelay could re-sensitize
resistant bacteria strains to antibiotics such as β-lactams and reduce the risk of death. As a cell
stress response is activated under antibiotic stress, the Rcs phosphorelay is promising as a novel
target for future antibiotics.
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