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Abstract 

The global increase of antibiotic resistant bacteria threatens the modern health care and 
challenges the therapeutic effects of available antibiotics. The β-lactam mecillinam (Mec) is 
an exception to this due to a stable clinical resistance prevalence resistance of approximately 
3%. It is only used to treat uncomplicated urinary tract infections (UTIs), mainly caused by E. 
coli.  

Mecillinam resistance (MecR) is easily selected for in laboratory settings and linked to 
>40 genes, including the mrdA gene encoding the Mec target penicillin-binding protein 2. A 
majority of the known MecR mutations confer a severe fitness cost. Fitness is important for 
bacteria to survive in the bladder and clinical isolates have been shown to have high fitness. 
These isolates contain loss-of-function mutations in the cysB gene, which encode a positive 
regulator of cysteine biosynthesis. In a previous evolution experiment, fitness cost of cysB 
and mrdA MecR mutations was compensated and the compensatory mutations were 
identified. Here the compensatory mutations were reconstructed into wildtype (WT) E. coli 
strain MG1655, and cysB and mrdA backgrounds to study the impact of the mutations on 
resistance and fitness, using MIC tests and Bioscreen C assays.  

Our results show that the mrdA mutants only had partial fitness compensation 
(significantly lower fitness than WT) for all strains and all strains also increased their MecR. 
The low fitness is possibly an explanation for the lack of mrdA mutants outside laboratories. 
Of the clinically relevant cysB mutants the majority lost their resistance when increasing 
growth rate, some even to levels significantly higher than WT, indicating that ΔcysB 
mutations are easier to compensate for. One strain (ydjNmx2) however, had a significantly 
higher growth rate while remaining clinically MecR.  
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Popular Summary 

Antibiotics are necessary to treat bacterial infectious diseases but their efficiency is now 
threatened by globally increasing resistance. Sometimes spontaneous changes occur in the 
genes of the bacteria, which can give them the ability to resist certain antibiotics. These 
genetic changes, so-called mutations, often come with the cost of lowering the bacteria’s 
ability to grow and multiply (referred to as fitness). Resistance to antibiotics may arise or 
already exist in small populations of bacteria, but might spread to others if beneficial enough.  

Few antibiotics that have been in use for long remain effective but mecillinam (Mec) is 
one of the exceptions. It has been in the market for over 40 years and is still very effective for 
treatment of uncomplicated urinary tract infections (UTIs). Over 80 % of UTIs are caused by 
Escherichia coli (E. coli), a bacterium normally living in the intestine of humans. When E. 
coli are grown in the presence of Mec in laboratory settings it easily acquires mutations 
making it Mec resistant (MecR), which is unexpected since MecR E. coli rarely is found in the 
clinic. How MecR arise in E. coli and the cause of the different findings between laboratories 
and clinics is not yet fully known. This study aims to increase the knowledge in this area and 
contribute to prolonging the effectiveness of mecillinam as a working antibiotic. 

Previous studies have shown that all clinical MecR isolates from UTIs have lost their 
function of cysB, a gene normally involved in activating the bacterial process of producing the 
amino acid cysteine that is needed for cell growth. These mutants have a higher fitness 
compared to other MecR bacteria, such as the mrdA mutation causing changes to Mec’s target. 
Costly mutations can be compensated for by changes in other parts of the genome and a study 
identified several of these in mrdA and cysB mutants that were grown for 400 generations 
without Mec being present.  

We moved these compensatory mutations, single or in combinations, into the genome of 
a standard model (called a wildtype; WT) of E. coli containing the cysB or the mrdA mutation. 
By reconstructing these strains in the laboratory, we could study how these mutations affected 
the bacteria with regard to MecR and fitness. The compensatory mutations in the mrdA group 
did not reach high fitness, but increased MecR. Since all these strains had the fitness-costly 
mutation in mrdA, the altered target of Mec could explain why they remained resistant to 
mecillinam and provide a probable explanation of why they are not able to survive clinically. 
In the cysB group, we saw that all mutants gained higher fitness, some even higher than the 
WT. Most of them lost the MecR in the process but we found one that gained in fitness and 
remained MecR.  

This study contributes to the understanding of antibiotic resistance by showing the 
impact fitness has on MecR mutants and their clinical prevalence.  
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Abbreviations 

Amp Ampicillin 
bp base pair(s) 
Cam chloramphenicol 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic Acid 
E. coli Escherichia coli 
HGT horizontal gene transfer 
IS insertion sequence 
Kan kanamycin 
kb kilo base pair 
LA Luria-Bertani agar 
LB Luria-Bertani  
Mec  mecillinam 
MH Mueller-Hinton 
MIC minimal inhibitory concentration 
nt nucleotide(s) 
PBP penicillin-binding protein 
PCR polymerase chain reaction 
Tet tetracycline 
TBE tris-borate-EDTA 
us upstream  
UTI urinary tract infection 
WSG whole-genome sequencing 
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Introduction 

The discovery and introduction of antibiotics revolutionised medicine and they are considered 
a cornerstone of modern medicine. Alexander Fleming discovered penicillin by chance in the 
year 1928 [1], although it took until 1941 until Walter Florey and Ernst Boris Chain could 
introduce the working drug to the market [2]. Penicillin was the first β-lactam discovered, a 
compound gaining its broad-spectrum antibacterial property from the name-giving β-lactam 
ring in its chemical structure (highlighted in Figure 2). Between the 1950s and 1970s, also 
referred to as the “golden age of antibiotics” [3,4], new β-lactams and several new antibiotic 
groups were discovered and introduced. These miracle medicines changed the society by 
curing previous potentially lethal infectious diseases and thereby prolonging the average 
lifespan of the human population [5–8].  

From the year 1987, no new classes of broad-spectrum antibiotics have been introduced 
and few new drugs have reached the market during this “discovery void” [9]. More and more 
of the antibiotics so frequently used started to fail in treatment as antibiotic resistance spread 
among bacteria, partly due to the overuse of antibiotics. Despite the need for new effective 
antibiotics, the emerging resistance, and the need to restrict the use of any new antibacterial 
drug, made the efforts of antibiotic development an economically risky business. 

The increased antibiotic resistance is a global problem and the Centres for Disease 
Control and Prevention (CDC) and the World Health Organisation (WHO) have announced 
that tackling this is a priority [10,11]. The large, and sometimes unnecessary use of antibiotics 
has led to increased amounts being released into the environment, resulting in a high pressure 
on bacteria to become antibiotic resistant. Bacterial strains become resistant by mutations in 
the genome or through transfer of resistance plasmids, enabling them to thrive compared to 
non-resistant bacteria [12–14]. The longer the antibiotic has been on the market and the 
higher amount that has been prescribed, the more resistant bacteria can be found in clinical 
settings, indicating a strong correlation between selection pressure and resistance evolution.  

Bacteria have a rapid generation time and their dynamic genomes allow for beneficial 
mutations to spread quickly. Horizontal gene transfer (HGT), including transformation, 
transduction, and conjugation, enable genetic material to be linearly transferred by exogenous 
uptake [15–17]. The uptake of external genetic material through the cell membrane(s) and its 
incorporation in the recipient’s genome is called transformation. Here, the recipient includes 
the foreign DNA by homologous recombination, requiring similar or identical parts in both 
genetic structures to occur [18]. In a similar process, transduction, the introduction of genetic 
material into the cell is mediated by bacteriophages which have packed donor DNA instead of 
the phage’s [18]. Unlike the two previous HGTs described, conjugation demand cell-to-cell 
contact. This is mediated by the pili system where the donor bacteria produce a pilus which 
attaches to a recipient cell and bringing them close together, enabling the copy and sharing of 
genetic material [18]. HGT does not just occur within the same species but exchange can 
occur wider, enabling beneficial genes such as antibiotic resistance, to become wide-spread 
[10,19].  

The gain of antibiotic resistance is often linked with fitness cost since energy and 
resources will be redistributed from growth [12], and it is rare that bacteria gain a high 
resistance without a loss of fitness [12]. Although, it has been found that in environments with 
sub-MIC levels of antibiotics selective pressure is maintained while enabling fitness 
compensations to occur over time [13,20].  

To study the mechanisms of antibiotics and the emerging resistance, bacterial model 
organisms are often used. One of the main models is Escherichia coli (E. coli), known for its 
large pan-genome and tendency to promiscuously acquire genetic material through HGT [21]. 
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This gram-negative, rod-shaped bacterial species is a part of the human microbiota in the 
larger intestine, and is defined as an opportunistic commensal due to the extra-intestinal 
infections it can cause. The severity of these infections range from uncomplicated to life-
threatening, making this gram-negative bacteria of clinical interest and it has therefore been 
widely studied for over a century [22]. 

 

Figure 1. A schematic figure of E. coli and its cell wall. Figure adapted from Pinho et al. [23] 

Gram-negative bacteria are enveloped by a cell membrane, a thin layer of 
peptidoglycan, a periplasmic space and a non-permeable outer membrane containing 
specialised channels and lipopolysaccharides (Figure 1) [24–26]. These extra barriers protect 
the cell by preventing uptake of harmful substances, making it difficult for drugs to enter. An 
important step in the construction of the cell wall is the cross-linking of peptidoglycans (PGs) 
through transglycosylation and transpeptidation facilitated by penicillin-binding proteins 
(PBPs). The resulting polymerisation and cross-linking (via flexible polypeptides) creates a 
rigid structure surrounding the bacteria [24,25]. Normally, the PBPs bind temporarily to the 
amino acids D-alanyl-D-alanine (D-ala-D-ala) during transpeptidation before moving on to 
the next, enable a recycling of the enzyme. This is inhibited by β-lactams, binding to the PBPs 
instead of D-ala-D-ala due to the similarity of the β-lactam ring and the amino acids. 
Subsequently, the prevention of cross-linkage of the cell wall cause the cell to lyse as it grows 
[1,5,27,28].  

One type of disease caused by E. coli is urinary tract infections (UTIs), where it is the 
primary pathogen, found in 81% of all uncomplicated cases that were sampled [29]. UTIs are 
common in the population, affecting mainly women which have a lifetime incidence of 53-
60% [30,31]. It is characterised by singes and frequent urinations due to infection in the 
bladder and 75% of all cases in Sweden are labelled uncomplicated, meaning the patients 
have functional anatomically normal urinary tracts [29]. In Sweden, UTI’s are one of the 
largest reasons for antibiotic out-of-hospital treatment, amounting to 12% of all antibiotics 
distributed by pharmacies [29,32].  
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Figure 2. The chemical structures of pivmecillinam and its hydrolysis into mecillinam (upper part). In the lower 
part of the figure are the β-lactam ring is shown next to the core structure of penicillins, a sub-group of β-
lactams. The figure is based on information from Sakamoto et al. [33]. 

One of the first-line drugs for UTIs is the penicillin mecillinam (Mec; Figure 2), an 6β-
amidinopenicillanic acid derivate introduced by Lund and Tyrbring in 1972 [34,35], and 
despite over forty years on the market clinical resistance prevalence remains low, at 3% of all 
E. coli UTI isolates[32]. The mechanisms for Mec resistance (MecR) are not fully understood 
and the drug separates itself from the other β-lactams by its unusual chemical structure and 
low effect on gram-positive bacteria [36,37]. In Sweden, the prodrug pivmecillinam is used, it 
is hydrolysed in the intestine to its active form, [33] with 50% of the administered dose being 
excreted via urine [38]. The bactericidal effect of Mec is achieved through binding to a PBP 
instead of the D-ala-D-ala (Figure 1) like other β-lactams. Mec specifically targets PBP2, 
which is responsible for the elongation of the rod-shaped cell [39–41], causing the growing 
bacteria to form large spheres before lysis [27,34–36]. 

The urine bladder may contain bacteria [42] but due to the flushing out of urine, 
adhesive properties and high growth rates are demanded for colonisation. The large pan-
genome of E. coli includes several virulence factors such as adhesins to attach to the wall of 
the bladder, and the aerobactin system beneficial for growth in low-iron environments which 
have been identified in isolates from UTIs [43].  
 As described earlier, antibiotic resistance often come with a fitness cost, and this is the 
case also with MecR. Never the less, MecR is easy to acquire in laboratory settings where over 
forty genes have been linked to it [39,43–49]. Clinical breakpoints have been set by the 
European Committee on Antimicrobial Susceptibility Testing (EUCAST) at ≤8 mg L-1 for 
sensitivity and >8 mg L-1 for resistance with an epidemiological cut-off of ≤1 mg L-1 [50]. 
Mec reaches a high concentration in the bladder and is relatively unchanged throughout the 
body, causing few adverse effects for the patient while acting with high selective pressure and 
short adaptation time for the bacteria [51]. The fitness cost of mutations conferring high MecR 
is thought to be the reason for most MecR mutants not being viable in clinical settings [12]. 

Despite the distinct contrast between the low prevalence of MecR E. coli in clinical 
samples and the high frequency of resistance when selecting under laboratory conditions 
[32,52], few studies have been made within this area. In general, possible differences between 
in vitro and in vivo conditions are rarely highlighted in published material although they are 
of high relevance. To better understand the gap, a previous study screened clinical MecR 
isolates from UTIs for resistance mutations and compared them to laboratory-originated 
resistant mutants. The clinical isolates all carried mutations inactivating the cysB gene, which 
encodes a positive regulator of the cysteine regulon (biosynthesis). These ΔcysB mutants had 
a higher fitness compared to the laboratory isolates which harboured a large variety of 
mutations with big fitness costs [52].  
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Since a high growth rate is important for the establishment of resistant mutants in the 
bladder, an evolution experiment was set up where 8 lineages of mutants with high fitness 
costs (ΔcysB, mrdA, spoT, ppa, aspS and ubiE), to see if the fitness costs could be 
compensated. These mutants were serially passaged for 200-400 generations without the 
presence of Mec and sequenced to find growth compensating mutations [unpublished data 
communicated by M. Knopp and E. Thulin]. Compensatory mutations for spoT, ppa, aspS and 
ubiE occurred intragenically or in a gene with an opposing function. The ΔcysB was 
compensated by mutations in the cysteine biosynthesis pathway [53–55]. Unlike the 
previously mentioned mutants, which lost resistance when acquiring fitness close to the 
wildtype E. coli, the mrdA mutant only partially compensated the growth rate but maintained 
MecR [39,45]. The genes in which compensatory mutations occurred in the ΔcysB and mrdA 
are listed in Table 1 along with their respective gene functions. 

Table 1. Genes in whom compensatory mutations were found after evolution experiment of reconstructed MecR 
ΔcysB and mrdA mutants. The table was based on unpublished data communicated by M. Knopp and E. Thulin. 

Gene Function 
cysB  Encodes positive regulator of the cys regulon [52–55] 
 cysP Thiosulphate importer, part of the cysteine biosynthesis [53–55] 
 cysK Cysteine synthetase, part of the cysteine biosynthesis [53–55] 
 dicA Temperature-sensitive TF repressor for genes involved in cell 

division [56] 
 nudE Hydrolase breaking down compounds like ADP-ribose and NADH 

[57,58]  
 ydjN mut. Cystine/cysteine:cation symporter [54] 
 ydjN dupl. Dupl. containing ydjN, 35-77 kb [54] 

mrdA  Encodes PBP2 [27] 
 nlpI Lipoprotein linked to cell division and PG dynamics [59] 
 Large dupl. Large dupl. of 300 kb (~200 genes) at position 3366948-3651836 

in the E. coli genome [52] 
 pgsA PGP synthase associated with cell membrane [60] 
 sppA del. Del. (3-28 kb) containing part of sppA (protease IV, signal peptide 

peptidase) [61] 
Del., deletion; dupl., duplication; mut, mutation; PG, peptidoglycan; PGP, phosphatidylglycerophosphate; TF, 
transcription factor 

The difference in compensatory mutations may be connected to why some MecR mutants are 
prevalent in the clinic while others are not.  
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Aim 

The aim of this study was to reconstruct and investigate the impact of previously identified 
compensatory mutations in mecillinam resistant Escherichia coli (E. coli) which would 
increase the understanding of the differences seen between clinical and laboratory settings. 
The effect of the mutations on resistance and fitness were examined through their 
introduction, alone or in combination, into the respective cysB and mrdA mutant backgrounds. 
The specific objective of the project was to determine the minimal inhibitory concentration 
(MIC) of mecillinam and fitness (by growth rate measurements) on reconstructed mutants. 

Furthermore, to investigate the mechanisms behind very high mecillinam resistance (i.e. 
mecillinam MICs >256 mg/L) in E. coli, a selection for highly resistant cysB knock out 
mutants was performed. These mutants were phenotypically tested with MIC assays, and 
whole-genome sequenced in search for genetic mutations potentially explaining the presence 
of clinical cysB mutants with a higher MecR, than that caused by only a cysB mutation.  

This study could enable a better understanding of mecillinam resistance and the hope is 
that greater insights of MecR mechanisms may prolong the use of today’s antibiotics and 
postpone the post antibiotic era. 
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Materials and methods 

Bacterial strains and media 
All bacteria used were derivates of Escherichia coli K12 MG1655 and specific strains used in 
this study are listed in Table 3 under results; see also supplementary Table S1. Luria-Bertani 
(LB; Sigma-Aldrich) and Mueller-Hinton (MH; Becton, Dickinson, and Company) were used 
as liquid medium while LA (LB with 15g L-1 agar) and MH agar were used as solid medium. 
Plates with minimal media (M9 + 0.4% glucose) were used for phenotypic testing of highly 
resistant MecR cysB mutants with and without 0.3 mM cysteine (Sigma-Aldrich) 
supplemented. For counter-selection of cat-sacB-cassette, sucrose agar was used (5%; 875 ml 
H2O, 10 g Tryptone, 5 g yeast extract, 200 µL 5M NaOH, 15 g agar and 125 mL 40% 
sucrose). Unless stated otherwise, agar plates were incubated overnight at 37°C. Overnight 
cultures were incubations of a single colony in 1 mL MH at 37°C, shaking, and strains were 
saved by freezing the overnight culture in 10% dimethyl sulfoxide (DMSO) at -80°C. 

Antibiotics were supplemented to medium when appropriate and in the following 
concentrations: 100 mg L-1 mecillinam (Mec), 100 mg L-1 ampicillin (Amp), 12.5 mg L-1 
chloramphenicol (Cam), 100 mg L-1 kanamycin (Kan), 12.5 mg L-1 tetracycline (Tet). All 
antibiotics were from Sigma-Aldrich.  

PCR and Sanger sequencing 
For each polymerase chain reaction (PCR) tube with 1 µL PCR template, 25 µL DreamTaq 
PCR Master Mix (2X) (Thermo Scientific) was used along with 14 µL sterile water (W4502, 
Sigma-Aldrich), and 5 µL each of forward (FWD) and reverse (REV) 5 µM primers. The 
standard template for the PCR protocol was, unless stated otherwise, an initial denaturation at 
95°C for 5 min, followed by 30 repeats of 30 seconds of 94°C denaturation, 30 sec of 
appropriate annealing temperature, and 2 min of 72°C elongation. Protocol was finalized by 
an additional 7 min of 72°C elongation before cooled down to 4°C.  

PCR products were screened to ensure correct result using gel electrophoresis with 1% 
agarose (BioNordika, Stockholm, Sweden) and 1x Tris-borate-EDTA (TBE; 54g Tris, 27.5 g 
boric acid, 20 mL 0.5 M EDTA). Samples were mixed with DNA Gel Loading Dye (6X) and 
4 µL were loaded along with GeneRuler 1kb DNA Ladder as size standard (both from 
Thermo Scientific). Gel was dyed in Ethidium-bromide solution (BioChemica) for a 
minimum of 15 min in 0.5 mg L-1 before viewed using an ultraviolet light camera.  

To screen for single nucleotide mutations, Sanger sequencing was used. The PCR 
products of samples of interest were purified using GeneJET PCR Purification Kit (Thermo 
Scientific) according to their protocol. Of the purified DNA, 15 µL was mixed with 5 µL 
FWD or REV primer, respectively. The DNA samples were sequenced by Eurofins MWG 
Operon (Ebersberg, Germany) and all primers used are available in supplementary Table S2. 

DNA inserts 
For each sample, a master mix of 18.5 µL sterile water (W4502, Sigma-Aldrich), along with 
PCR regents from Thermo Scientific (10 µL 5x Phusion buffer, 5 µL 2mM dNTPs, 5 µL 
DMSO, 0.3 µL Phusion High-Fidelity DNA polymerase, 0.2 µL MgCl2), and 5 µL each of 
FWD and REV primers (see Table S2 for primers). One µL of DNA template (one bacterial 
colony suspended in 50 µL of sterile water) was added to PCR tube containing 49 µL of 
master mix before proceeding with a Touchdown PCR program according to Table 2.  

DNA inserts were purified from the PCR product using GeneJET PCR Purification Kit 
(Thermo Scientific) according to protocol but with the alternation of using 35 µL of sterile 
water instead of the instructed 50 µL of elution buffer before the final centrifugation. DNA 
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concentration of the final product was measured using NanoDrop 1000 (Thermo Scientific) 
before stored at -20°C. 

Table 2. Template of Touchdown PCR program for DNA inserts used in Lambda Red Linear Transformation. 
Protocol for reagents and Phusion DNA polymerase from Thermo Scientific was used. 

Temp.(°C) 98 98 64 72 98 62 72 98 60 72 98 58 72 98 72 72 4
Time 5’ 30’’ 30’’ 2’ 30’’ 30’’ 2’ 30’’ 30’’ 2’ 30’’ 30’’ 2’ 30’’ 2’ 7’ ∞

2 2 2 7 23

’, minutes; ’’, seconds

1 -
No. of 
cycles 1

 

Strain construction 
Many of the compensatory mutants with ∆cysB background (DA28439, DA50662, DA50665, 
DA50668, DA52926, DA52929, DA52931, DA52943, DA52945) and three from the mrdA 
mutant background (DA29705, DA52935, DA52941) were already constructed and provided 
by co-supervisor Elisabeth Thulin. Remaining compensatory strains were constructed by 
Lambda Red (λRed) linear transformation and P1 phage transduction [62–64]. P1 lysates used 
for transduction were made from overnight cultures of previously constructed strains [52]. To 
facilitate the temperature-controlled λRed based linear transformation, the pSim5-Tet plasmid 
purified from DA24100 [65] was transformed into recipient cells and a cat-sacB (CamR, SucS) 
or kan-sacB (KanR, SucS) cassette was used as a resistance and counter-selectable marker 
[65–67].  

Recipient cells were grown in LB with Tet overnight, then diluted a 100-fold before 
grown to OD600 ~0.3 in 30°C. The cells were then made competent for electroporation by 
washing the centrifuged pellet three times with 10% glycerol [62]. A mixture of 40 µL of 
washed cells and 2 µL DNA inserts were electroporated and transferred to 1 mL of SOC 
media (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 20 mM MgSO4, and 20 
mM glucose) for >3 h recovery at 30°C before plated on selective LA plates. The Flp 
recombinase of the pCP20 plasmid (DA24990) was used to remove the resistance cassette in 
strains where deletions were constructed (see table 3), leaving a FRT-scar of 85 nucleotides. 

Resistance determination 
Minimal inhibitory concentration (MIC) assays were performed using MH overnight cultures 
of bacteria which were diluted 500-fold in Phosphate-buffered saline (PBS; 13 mM 
phosphate, 137 mM NaCl, pH 7.4) and spread evenly on MH agar before a MIC Test Strip 
Mec 0.016-256 mg/L (Liofilchem® MTS, Italy) was placed on the agar. Results were read 
after overnight incubation at 37°C. When suitable, 0.3 mM of cysteine was added to MH agar.  

Fitness measurements 
To measure the fitness of bacterial strains, growth rate analysis was done using Bioscreen C 
Analyzer (Oy Growth Curves Ab. Ltd.). Overnight cultures from biological triplicates were 
diluted 1000-fold into fresh media before 300 µL per technical triplicates were loaded onto a 
100-well Honeycomb plate (Oy Growth Curves Ab. Ltd). The optic density of 600 nm 
(OD600) was measured every 4 min during the 16 h run at 37°C with shaking, and calculations 
were based on where the growth rate observed was exponential.  

R statistical program [68] was used to analyse the data and calculate growth rate for 
each strain. The relative growth rate was calculated by dividing the generation time of the 
wildtype with that of the sample. Significant differences in relative growth rate were 
calculated by performing one-way ANOVA followed by Fisher’s unprotected Least 
Significant Difference post hoc test using GraphPad Prism (version no. 7.03 for Windows, 
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GraphPad Software, La Jolla California USA) between the wildtype E. coli and each of the 
constructed mutants. 

Isolation and whole-genome sequencing of MecR cysB mutants 
To isolate highly Mec resistant mutants, ten individual overnight cultures of the constructed 
∆cysB mutant (DA28439) were diluted ten-fold with PBS of which 100 µL were plated and 
incubated overnight on MH agar supplemented with100 mg L-1 Mec. Same procedure was 
repeated but a plating of 200 µL of undiluted culture on MH agar with 200 mg L-1 of Mec. 
Colonies were re-streaked on freshly made agar of the same Mec concentration, and overnight 
cultures were started the following day in MH broth. Genetic and phenotypic screening was 
performed by local sequencing of the cysB gene, MIC assays and growth on minimal media 
(M9 + 0.4% glucose) agar plates with or without 0.75 mM of cysteine. 

Strains were prepared for WGS by MiSeq by purifying overnight cultures using 
EpiCenter MasterPureTM DNA purification kit (Epicentre) according to cell sample protocol. 
The final pellet was resuspended in 70 µL of 10 mM Tris-HCl, pH 7.5, to check the quality of 
sample a gel electrophoresis, 0.7% agarose were run with 500 ng of sample. The DNA 
concentrations were measured on Thermo Scientific’s Qubit® 2.0 Fluorometer with Qubit® 
dsDNA BR Assay Kit (Thermo Scientific) according to manufacturer’s protocol. Samples 
were diluted to a final concentration of 1 mg L-1 before whole-genome sequenced (Illumina). 
Results were analysed using CLC Genomics Workbench software (version no. 10; CLC bio, 
Aarhus, Denmark) with a cut-off frequency set to 75%.  
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Results 

Reconstructions of compensatory mutations in mrdA and ∆cysB mutants  
Mutations found in fitness compensated strains carrying a cysB mutation (originating from 
DA28439) or an mrdA mutation (originating from DA29705) were reconstructed into 
respective parental strain and the wildtype (DA5438). The mutations were moved using 
Lambda Red transformation and P1 phage transduction, and the resulting strains were 
screened for reconstructed mutations using PCR and local sequencing.  

Attempts to introduce an nlpI mutation into the mrdA mutant DA29705 were 
unsuccessful and therefore replaced by the nlpI KO from the Keio strain collection (Keio 
strain 1324; nlpI knocked out with KanR cassette) [69]. DA54543 was also constructed with 
the use of a Keio strain (K323; sppA KO, KanR cassette) since the in-lab sppA del could not 
be inserted with the mrdA and nlpI combination. A complete list of all strains with specified 
mutations can be found in Table S1. 
Table 3. Characteristics of constructed compensatory strains; including MIC value and relative growth rate 
compared to wildtype. All strains are based on the wildtype E. coli MG1655.  

Strain Genotype 
MIC 

(mg L-1) 
Relative 

growth rate 
DA5438 E. coli MG1655, wildtype 0.125 1 
DA49341 E. coli MG1655, CamR wildtype 0.125 1 
DA28439 Reconstructed phenotypical mut by KO of cysB gene 24 0.59 
DA50662 dicA mut into DA28439 32 0.63 
DA50665 cysP mut into DA28439 0.25-0.38 1.03 
DA50668 nudE mut into DA28439 64 0.63 
DA52926 ydjNmx2 mut into DA28439 32-48 1.07 
DA52929 cysK mut into DA28439 1-1.5 0.93 
DA52931 ydjN dupl. into DA28439 0,25 1.00 
DA52943 cysP + cysK mut into DA28439 1.5-2 0.95 
DA52945 cysP + ydjNm mut into DA28439 0.25 1.01 
DA55120 ydjNm mut into DA28439 24-48 0.67 
DA55448 ydjNm mut + ydjN dupl. into DA28439 0,38 1.06 
DA29705 Reconstructed mrdA mutant 16 0.29 
DA52935 pgsA mut into DA29705 >256 0.53 
DA52941 ansA del into DA29705 >256 0.24 

DA54156 sppA del into DA29705 >256 0.51 

DA54533 Large dupl. into DA29705 >256 0.29 

DA54536 pgsA + Large dupl. into DA29705 >256 0.23 

DA54538 pgsA mut + sppA del into DA29705 48 0.59 
DA54541 sppA del + Large dupl. into DA29705 >256 0.40 
DA54543 nlpI KO + sppA KO into DA29705 >256 0.51 
DA54545 nlpI KO into DA29705 >256 0.43 
DA54547 nlpI KO + Large dupl. into DA29705 24-32 0.66 
DA55447 pgsA mut + sppA del + Large dupl. into DA29705 >256 0.70 
Del, deletion; dupl, duplication; KO, knock-out; mut, mutation 
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Mecillinam MIC determination of reconstructed compensated strains 
MIC assays were performed with a minimum of two biological replicates per strain using Mec 
MIC Test Strips on MH agar, and results can be found in Table 3. The MIC values of the 
compensatory mutations showed few variants within the strain replicates and within the strain 
groups (cysB or mrdA). In the clinically relevant cysB mutants, six of the ten strains lost their 
resistance with the additional mutations while four had MIC values close to or higher than the 
∆cysB (DA28439; 24 mg L-1); dicA, ydjNm, ydjNmx2 and (nudE). None of the mrdA 
reconstructed mutants showed wildtype levels of susceptibility to Mec and all the additional 
mutations in the mrdA background (DA29705; MIC of 16 mg L-1) increased the resistance to 
MICs of >256 mg L-1, apart from the nlpI + Large dupl. (LD) at 24-32 mg L-1 and pgsA del + 
sppA del at 48 mg L-1. 

Fitness of MecR compensatory strains 
Bioscreen analysis was used to assess the fitness (exponential growth rate) of strains with 
reconstructed compensatory mutations and is visualised in Figures 3 and 4 where the strains 
were compared with wildtype E. coli. The mutant strains were grown in MH and compared 
with DA5438 apart from the strains containing Large dupl. or ydjN dupl. which were run in 
MH with Cam to prevent loss of duplications, and compared with the CamR DA49341 (also 
originating from DA5438). 

 
Figure 3. The relative growth rate compared to WT (left axis) and MIC (right axis) for cysB mutants. 
Significances (P value <0.05) were found for 8 of the 11 strains whereof four of the strains had a very strong 
significance with a P value <0.0001. No significances were found between the WT and ydjN dupl., 
ydjNmx2+cysP, and cysP respectively.  

All compensatory mutations added to the cysB mutant showed an increase of growth 
rate compared to the parental strain DA28439 (Figure 3), though only the ydjNm + ydjNm 
dupl. and the ydjNmx2 mutants had a growth rate significantly higher than the WT DA4538, 
which was set as 1 (P values <0.05 and <0.001 respectively). The growth rates of ydjN dupl., 
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ydjNmx2 + cysP, and cysP mutants were non-significant compared to the wildtype (P values 
of 0.87, 0.67 and 0.32 respectively).  

The results from the mrdA mutants’ growth rates (Figure 4) showed that all strains had 
low fitness, when compared to WT (P value <0.0001). The mrdA mutant had a relative 
growth rate of 0.29 and the additional mutants both increased and decreased the fitness 
(values written out in Table 3). 

 
Figure 4. The relative growth rate (left Y axis) of the mrdA mutants plotted with the MIC (right Y axis). All 
mutants, including the single mrdA variant showed significantly low fitness compared with WT with P values 
<0.0001. The MICs distinguishes from the susceptible WT (0.125 mg L-1) to clinically resistant (>8 mg L-1) for 
all mutants. 

Selection and whole-genome sequencing of highly MecR cysB mutants 
The selection of MecR mutants was performed to elucidate how cysB mutants can become 
highly resistant to mecillinam by acquisition of additional mutations, since we have identified 
clinical isolates that have higher resistance than that conferred by the cysB mutation they 
carry. Therefore, ten lineages of the constructed cysB mutant DA28439 were plated on MH 
agar supplemented with Mec at concentrations of 100 or 200 mg L-1 to select for bacteria with 
higher resistance than the MIC of 24 mg/L that is provided by the cysB deletion. Growth was 
only observed on the Mec 100 mg L-1 plates and one colony from nine of those initial ten 
independent cultures, were identified as highly MecR cysB mutants and sent for whole-
genome sequencing. These lineages still had the ΔcysB mutation (screened by PCR) and were 
phenotypically controlled through MICs on MH (>256 mg L-1) and growth on minimal media 
supplemented with and without cysteine, the latter confirming the cysteine auxotroph 
phenotype by growth of the strains only when cysteine was supplemented.  

Analysis of the WSG data showed mutations, mainly various insertion sequence (IS) 
elements, in the nonessential genes rfaG, rfaP, rfaQ and galU (Table 4). The galU gene 
revealed insertions of IS element 4 (IS4) in lineage 3, 5 and 10 (DA55103, DA55109, 
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DA55118) and a Threonine (T) frame-shift (FS) mutation in the ninth lineage (DA55117). IS1 
elements could also be found inserted in rfaP (lineage 1; DA55100) and rfaG (lineage 8; 
DA55116), IS5 in lineage 6 and 7 (DA55112 and DA55114) in rfaG, and in lineage 4 
(DA55106) in rfaQ. All of these insertions of IS elements are thought to cause disruption of 
the gene function [70]. 

Table 4. Mutations found after WSG the nine lineages of highly MecR cysB mutants (MIC >256 mg L-1).  

Lineage Strain Gene Mutation 
1 DA55100 rfaP IS1 
3 DA55103 galU IS4 
4 DA55106 rfaQ IS5 
5 DA55109 galU IS4 
6 DA55112 rfaG IS1 
7 DA55114 rfaG IS5 
8 DA55116 rfaG IS5 
9 DA55117 galU Mutation T186FS 
10 DA55118 galU IS4 

FS, frame-shift; IS, insertion sequence; T, Threonine 
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Discussion 

Compensatory mutations in MecR ∆cysB and mrdA mutants 
The reconstruction of previously identified fitness-compensating mutations in cysB and 

mrdA mutant backgrounds enabled us to study the individual and combined impact of these 
mutations. The compensatory mutations arose either in the clinically important cysB or the 
laboratory relevant mrdA background. By comparisons of MecR and fitness of these mutants, 
the differences between the clinical and laboratory MecR isolates were investigated 
[unpublished data communicated by M. Knopp and E. Thulin].  

The low prevalence of resistance in the clinical setting may be due to the need of a high 
growth rate for the bacteria to remain within the bladder [29,32,51]. This, in combination of 
the high Mec concentration reached during treatments demand a phenotype that is difficult for 
the bacteria to acquire. For example, compensatory mutations might occur in the bacteria but 
the resulting phenotype does not meet the demand on either fitness or resistance. Examples of 
this would be when bacteria with high growth rate fail to gain the required level of MecR, or 
when sufficient resistance is retained but at the cost of fitness being to low, flushing out the 
MecR bacteria with the urine [29,51,52]. 

The latter example is in line with the results gained from the group of mutants with the 
mrdA background. The MecR of these strains increased drastically compared to the original 
mrdA mutant, but the compensatory mutants remained significantly low in fitness compared 
to WT, implying a difficulty to compensate for the high cost of the mrdA mutation. The high 
fitness cost of an impaired PBP2 function, caused by supplementation of Mec or by mutations 
in the mrdA gene, has been shown in several studies. Morphological studies of E. coli with 
mrdA mutations resulting in defective PBP2 have shown that alternations preventing the 
binding of Mec also greatly impair the protein’s physiological function [36]. Instead of the 
normal rod shape of E. coli, these mutants grew as round cells with a low growth rate even in 
the absence of Mec. [27,35]. 

As seen in Figures 4 and Table 3, the mrdA mutation alone does not give a high MIC 
but the MIC increases greatly when combined with the compensatory mutations. All but two 
of the reconstructed mrdA background strains had MIC values of Mec >256 mg L-1. The two 
exceptions (nlpI + LD and pgsA + sppA del.) still had an increase in resistance, though within 
three concentration steps on the MIC Test Strip of the parental value (24-32 mg L-1, 48 mg L-1 
and 16 mg L-1 respectively). The increase in the MIC of Mec could possibly be explained by 
the effect of the compensatory mutations on the bacterial cell division and enveloping 
membranes. Mecillinam has been shown to have a low inhibitory effect on the cell division in 
low concentrations [27,35,36]. These mutations might stabilise the cellular integrity of the 
bacteria, allowing cell division to continue despite the inhibitory effect from Mec. Hence, the 
bacteria may avoid the swelling due to accumulated cell mass within the weakened bacterial 
envelope, leading to lysis.  

The selective pressure for MecR along with environmental factors such as fitness cost 
appear to greatly impact the selection of clinically viable mutations. The results from the 
compensatory mutations found in the cysB phenotype showed that most of the reconstructed 
strains lost their MecR in favour of a higher growth rate (seen in Table 3 and Figure 3), even 
though exceptions were found. Four of the ten reconstructed compensatory strains increased 
their resistance (dicA, ydjNm, ydjNmx2 and nudE), though the compensations achieved in 
growth rates were minor. Since the MIC of the cysB mutation is at 24 mg Mec L-1, the slight 
increase in the values of dicA, ydjNm and ydjNmx2 were considered within error margins of 
the MIC test that was used. The nudE mutant showed an unexplainable high MIC, doubling 
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that of the parental strain, and due to inconsistent results during repeats of the MIC assay this 
result will be excluded from further discussions.  

The growth rate of strains with the dicA and nudE mutations were both significantly 
lower than WT (P values of <0.0001), but a slight increase was observed when compared to 
the cysB parental strain (P values of 0.22 and 0.21 respectively). The strains containing 
mutations in the promotor of the ydjN gene, ydjNm and ydjNmx2 both were significantly 
higher in fitness compared to parental growth rate (P values of 0.032 and <0.0001 
respectively). However, the single mutation strain, ydjNm, remained significantly lower in 
fitness than the WT with a P value of 0.03, while interestingly the same result for ydjNmx2 
was significantly higher (P value of 0.0095). Excluding the last mentioned cysB 
compensatory mutation, the collective results of MIC and Bioscreen C assays are concurrent 
with the general theory that high antibiotic resistance usually comes with a fitness cost [12].  

Since a high fitness is rare in strains with high antibiotic resistance, the ydjNmx2 
(DA52926) was particularly interesting. This reconstructed strain contained two mutations 
located in the promotor of the ydjN gene (C to A 60 nt us and T to A 47 nt us). Bioscreen C 
assay revealed a relative growth rate of 1.07, which was significantly higher (P value of 
0,0095) than the WT. This, along with an MIC higher than the clinical breakpoint of Mec (32-
48 mg L-1) see Table 3 and S1, distinguished the mutant.  
 The mutations in the promotor caused an upregulation of the ydjN gene without the 
need of cysB, enabling the normal function of ydjN as a cystine importer. The regained access 
to cysteine would result in an increased growth rate. The increased concentration of cysteine 
in the bacteria appear to be low enough to maintain the MecR but sufficient to significantly 
increase the growth rate. Due to the fact that the ydjNmx2 mutation was not found alone but 
only in combination with the cysP mutation in the lineages of compensatory mutations, it 
needs to be further studied to ensure the results of this phenotype. 

Furthermore, all the original nlpI mutations found in the compensating strains 
[unpublished data communicated by M. Knopp and E. Thulin] led to a loss of function. 
Therefore should the usage of the nlpI KO from the Keio strain K1324 [69] result in the same 
phenotype as that of the compensatory strains in the aspect of MIC and growth rate. Still, the 
nlpI strains constructed during this study should be reconstructed by a clean Knock out of the 
nlpI gene, rather than the transfer from a Keio strain, to ensure that the same results can be 
achieved. The constructions of the large duplication in the mrdA mutants should also be 
repeated using a different antibiotic marker, preferably a kan-sacB cassette instead of the cat-
sacB, because of problems occurring during reconstructions[66,67].  

Increased resistance in ΔcysB mutants by selection on high levels of Mec 
When analysing the clinical isolates in a previous study, some of them had mecillinam 

MICs that were much higher than what is conferred by the cysB mutations they carried. To 
investigate the cause of this high MecR, a selection of ∆cysB mutants was carried out on MH 
agar supplemented with Mec at 100 and 200 mg L-1. Successful selection was achieved at a 
Mec concentration of 100 mg L-1 while the Mec 200 mg L-1 yielded no growth. The MICs of 
the isolated were all over 256 mg L-1 when grown on MH agar, somewhat conflicting results 
due to the lack of isolates on MH + Mec 200 mg L-1. 

To identify any changes in the genome compared with the parental cysB mutant of these 
highly MecR mutants, WSG was performed and analysed. The results of the nine highly MecR 
cysB mutants showed IS elements disrupting non-essential genes (see Table 4). Most of these 
genes have been linked to mecillinam resistance in previous studies [71–74]. The IS elements 
found are thought to cause disruptions of the genes due to their large size, the transposable 
insertion sequences, ranging from 768 bp for IS1 to 1426 bp for IS4, preventing intended 
function of the products [70]. 
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The mutations found in the highly MecR cysB isolates can all be linked to the LPS 
which extends out from the outer membrane of E. coli. Disruption of the galU gene in 
connection to MecR has not been identified previously, though mutations in the galE gene 
have shown to greatly increase MecR in combination with other mutations (including some in 
cysB) in Salmonella typhimurium [75,76]. The galU gene encodes for the UTP—glucose-1-
phosphate uridylyltransferase, an enzyme that is part of the galactose metabolism for E. coli. 
It also has a central in the synthesis of the lipopolysaccharide (LPS) core used in the cell 
envelope. Due to similarities in many of the gene functions found in the closely related E. coli 
and S. typhimurium the impact of the galE mutation in S. typhimurium may be translational to 
the findings of galU mutations in E. coli. The products of the rfa genes are; LPS 
glucosyltransferase I for rfaG, LPS core heptose kinase for rfaP, and LPS core 
heptosyltransferase III for rfaQ [71–73]. In a study performed in S. typhimurium it was shown 
that mutations in the rfa operon resulted in high levels of MecR in combination with other 
mutations [75]. This too might be extrapolated to explain the effects seen by the rfa mutations 
in E. coli. 

However, none of the clinical highly MecR cysB mutant strains (MICs >256 mg/L) 
carried galU mutations and although several had mutations in rfa genes, similar rfa mutations 
are also found in strains with lower resistance (MICs about 32 mg/L). Any distinctions 
between the two resistance groups are yet to be unravelled.  
 
In conclusion, the connection between fitness and resistance has been further supported by the 
general results in this study as compensatory mutations increasing fitness resulted in 
decreased antibiotic resistance. The cause for the difference between MecR E. coli in clinical 
versus laboratory environments, appear to be linked to the bacteria’s ability to maintain a high 
growth rate while acquiring clinical resistance. Yet, the complete mechanisms of MecR are 
still unknown. More studies need to be made to further uncover the mechanisms behind MecR 
with the hope that increased knowledge of the causative effects behind the antibiotic 
resistance will postpone the post-antibiotic era. 
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Supplemental Materials 

Table S1. All strains used in this study. 
Strain Genotype Description 
DA5438ⁱ E. coli MG1655 Wildtype (IS1 insertion in fadK)  
DA24100ⁱ MG1655 /pSIM5-Tet Lambda red system TetR plasmid 
DA24990ⁱ MG1655 /pCP20  Lambda red system AmpR, CamR FLP plasmid 

DA27146ⁱ S. enterica del(CRISPR1-cas1)::spc 
del(CRISPR2)::cat-sacB-T0 / pSIM5-tet 

Serovar Typhimurium strain LT2, used for 
amplification of cat-sacB cassette 

DA35728ⁱ Blue-Chr, Acatsac1: amilCP+cat+sacB Used for selection with blue cat-sacB cassette 
DA49341ⁱ E. coli MG1655 araB::FRT-cat-FRT Used as CamR wildtype 
DA28439ⁱ cysB::FRT scar Reconstructed phenotypical mutant of cysB gene 
  DA50662ⁱ cysB::FRT scar, 51 nt (A to G) ds of dicA  dicA mutant into cysB KO 

  DA50665ⁱ cysB::FRT scar, 70 nt (G to A) and 44 nt (T to 
del) us of cysP cysP mutant into cysB KO 

  DA50668ⁱ cysB::FRT scar, 50 nt (G to T) us of nudE nudE mutant into cysB KO 

  DA52926ⁱ cysB::FRT scar, 60 nt (C to A) and 47 nt (T to A) 
us of ydjN  ydjNmx2 mutant into cysB KO 

  DA52929ⁱ cysB::FRT scar, 73 nt (C to T) us of cysK cysK mutant into cysB KO 

  DA52931ⁱ cysB::FRT scar, forced dupl. cat-sacB cassette 
inserted by ydjN 

ydjN dupl. mutant with cat-sacB cassette into 
cysB KO 

  DA52943ⁱ cysB::FRT scar, 73 nt (C to T) us of cysK, 70 nt 
(G to A) and 44 nt (T to del) us of cysP cysP and cysK mutants into cysB KO 

  DA52945ⁱ cysB::FRT scar, 60 nt (C to A) and 47 nt (T to A) 
us of ydjN, 44 nt (T to del) us of cysP cysP and ydjNm mutants into cysB KO 

  DA55120ⁱⁱ cysB::FRT scar, 47 nt (T to A) us of ydjN ydjNm mutation into cysB KO 
DA29705ⁱ mrdA(D389G), ybeD::FRT-scar Reconstructed mrdA mutant 
  DA52935ⁱ mrdA(D389G), ybeD::FRT-scar, L16P in pgsA pgsA mutation into mrdA mutant 
  DA52941ⁱ mrdA(D389G), ybeD::FRT-scar, ansA::FRT-scar ansA del into mrdA mutant 
  DA54156ⁱⁱ mrdA(D389G), ybeD::FRT-scar, sppA::FRT-scar sppA del into mrdA mutant 
  DA54533ⁱⁱ mrdA(D389G), ybeD::FRT-scar, Large dupl. Large dupl. into mrdA mutant 

  DA54536ⁱⁱ mrdA(D389G), ybeD::FRT-scar, L16P in pgsA, 
Large dupl. 

pgsA mutation and Large dupl. into mrdA 
mutant 

  DA54538ⁱⁱ mrdA(D389G), ybeD::FRT-scar, pgsA::FRT-scar, 
sppA::FRT-scar pgsA del and sppA del into mrdA mutant 

  DA54541ⁱⁱ mrdA(D389G), ybeD::FRT-scar, sppA::FRT-
scar, Large dupl. sppA del and Large dupl. into mrdA mutant 

  DA54543ⁱⁱ mrdA(D389G),ybeD::FRT-scar, nlpI::FRT-scar, 
sppA::FRT-scar nlpI* and sppA KO* into mrdA mutant 

  DA54545ⁱⁱ mrdA(D389G), ybeD::FRT-scar, nlpI::FRT-scar nlpI* into mrdA mutant 

  DA54547ⁱⁱ mrdA(D389G), ybeD::FRT-scar, nlpI::FRT-scar, 
Large dupl. nlpI* and Large dupl. into mrdA mutant 

K323* sppA::FRT-Kan-FRT Keio strain used for sppA KO in DA54543 
K1324* nlpI::FRT-Kan-FRT Keio strain used for nlpI constructions 
*, Keio origin; ⁱ, lab collection; ⁱⁱ, this work; del, deletion; dupl, duplication; KO, knock-out 
Large dupl., amplification of 300 kb at position 3366948-3651836 in the E. coli genome 
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Table S2. A complete list of primers used. 
Primer name Sequence Used for 
sacB_scr_FWD GCTGTACCTCAAGCGAAAGG	 screening for the cat-sacB cassette, binds to 

sacB 
cysB_FWD GAAAAAGACGGAAAGGCGA	 amplification of the cysB gene and screening 

of the cysB KO cysB_REV GCGAGGCGGGTAATTAGA	

cysB_KO_FWD ATGAAATTACAACAACTTCGCTATATTGTTG
AGGTGGTCATGTAGGCTGGAGCTGCTTC	 amplification of the cat cassette used for KO 

of the cysB gene cysB_KO_REV TTATTTTTCCGGCAGTTTTATATCTTTAAACA
TGACCTCACATATGAATATCCTCCTTAGTTCC	

cysK_LiTr_FWD AATTCAGCAATCCGGCAAACCCTGAAATTCA
CGAAAAGACTGTAGGCTGGAGCTGCTTC	 amplification of the cat-sacB cassette used 

for moving the mutation in the cysK gene cysK_LiTr_REV TCCCGGTATCTGGCGGTGTAGCGCCAGTCA
ATCGTGCTTCCATATGAATATCCTCCTTAG	

cysP_LiTr_FWD AACGCGAATACCAGACTGCGCGTACTCCACC
GCCAGCGATTGTAGGCTGGAGCTGCTTC	 amplification of the cat-sacB cassette used 

for moving the mutation in the cysP gene cysP_LiTr_REV TTTCCCGAACCCGAAAACGTCGGGTAACGC
GCGTTATACCCATATGAATATCCTCCTTAG	

dicA FWD  GGAACGGGGTGATAGTGA	 amplification of the dicA gene and screening 
of the dicA mut dicA REV  GTATAGTCTGGCGCGATG	

dicA_LiTr_FWD CAGAAAATTAATGCAGCGCAGGATCTGAAA
TGGGCTAATGTGTAGGCTGGAGCTGCTTC	 amplification of the cat-sacB cassette used 

for moving the mutation in the dicA gene dicA_LiTr_REV ATCTATCTTGTTAGTTATGACTAACAATAAA
GGTGTTTTACATATGAATATCCTCCTTAG	

nudE_LiTr_FWD TCTCTGGCGCTGAATGCCGAAAGCAACAAC
GTCATGATGCTGTAGGCTGGAGCTGCTTC	 amplification of the cat-sacB cassette used 

for moving the mutation in the nudE gene nudE_LiTr_REV CGCTGGCGCATATGATGGATTTGCTGGAAG
ACCCTGACTTCATATGAATATCCTCCTTAG	

ydjN FWD  AATGGTGCTGGGTTATTTGA	 amplification and screening of the ydjN gene, 
including promotor ydjN REV  AAGACTAACGGCATAACGA	

ydjN_LiTr_FWD GTCTGAACGCCATTGAAAGTAACTATGTTGG
TAAAGTCTCTGTAGGCTGGAGCTGCTTC	 amplification of the cat-sacB cassette used 

for moving the mutation in the ydjN gene ydjN_LiTr_REV AAGAAACGACTTTGGGTGATCGATGTCCGG
TAACAAACACCATATGAATATCCTCCTTAG	

ydjN_dupl_scr_FWD  GTTTTGTATAGGGGCCGTTG	
amplification and screening of the ydjN gene ydjN_dupl_scr_REV  AATAAGATCAGGAGAACGGG	

ydjN_dupl_LiTr_FWD GTCAGCGAAAAAAATGTCCAACTTATCAATA
CATTCCTGGTGTAGGCTGGAGCTGCTTC	 amplification of the cat-sacB cassette used 

for forced duplication of the ydjN gene ydjN_dupl_LiTr_REV TTAGTATTCAACCTGATGCTTAATAAGCCGA
TGAAACTGGCATATGAATATCCTCCTTAG	

mrdA_FWD ATTTTACGCTCCATCATGCC	
amplification of the mrdA gene mrdA_REV TGTCGCCTGCCTGTAAAG	

mrdA_LiTr_FWD AGTTGCCTTTGCTGCTTGGTTTTACCGTTGG
GGTGTAGTCTGTAGGCTGGAGCTGCTTC	 amplification of the Cam cassette used for 

KO of the ybeD gene (linked to mrdA) mrdA_LiTr_REV TGATCAGGTGGTTGAAGTGGTACAGCGCCA
TGCGCCAGGTCATATGAATATCCTCCTTAG	

ansA_scr_FWD  TCGTCGGCCACATTATTT	
amplification and screening of the ansA gene ansA_scr_REV  TTAGCGACATCCACCGTA	

ansA_del_LiTr_FWD ATGCAAAAGAAATCAATTTACGTTGCCTACA
CGGGCGGGATGTAGGCTGGAGCTGCTTC	 amplification of the cat-sacB cassette used 

for moving the mutation in the ansA gene ansA _del_LiTr_REV TTAATCATCCGGCGTCAGTTCGCCGCGCAGG
TTTTGGCTCCATATGAATATCCTCCTTAG	

nlpI_K1324_FWD AGTACGTGTGCCTCAAAA	
amplification and screening of the nlpI gene nlpI_K1324_REV CGTATCCGTCTGAGCATT	
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Large dupl_FWD ACGCAACAGACAAATCA	 amplification and screening of the Large 
dupl. Large dupl_REV ATACAGCTAACGTCTGGC	

Large_dupl_LiTr_FWD ATTGCTGAACAACGAGCTGACTTACCAACTA
ATATAAAAGTGTAGGCTGGAGCTGCTTC	 amplification of the cat-sacB cassette used 

for moving the Large dupl. Large_dupl_LiTr_REV ATCAGTAATTTTACATTGTTCATTTTGCCTCC
ACCAGGACCATATGAATATCCTCCTTAG	

pgsA_scr FWD TCTTTTAAACTGGAGCGGG	
amplification and screening of the pgsA del  pgsA_scr REV CGAGGAAATTGCAAAAGTG	

pgsA_LiTr_FWD AGAGACATCAATGTTTCAACGACCAGAAGA
TCTTTTCTGCTGTAGGCTGGAGCTGCTTC	 amplification of the cat-sacB cassette used 

for moving the mutation in the pgsA gene pgsA_LiTr_REV TTTCGGCGTAATTTTCAGCAAACGATCAAAA
GTGGTGAAACATATGAATATCCTCCTTAG	

sppA_scr_FWD  TGATTAACTCCTGTCGTG	
amplification and screening of the sppA del sppA_scr_REV  AGGAAATATGGGGCGAAA	

sppA_del_LiTr_FWD ATGCGAACCCTTTGGCGATTTATTGCCGGAT
TTTTTAAATTGTAGGCTGGAGCTGCTTC	 amplification of the cat-sacB cassette used 

for moving the mutation in the sppA del sppA_del_LiTr_REV TTAACGCATGTTGGCGCAGGTCAGGCAAAA
CGCATAACGGCATATGAATATCCTCCTTAG	

 


