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Abstract 
 
Antibiotic resistance genes can spread between environments and eventually reach 

pathogenic bacteria through horizontal gene transfer. Wastewater treatment plants (WWTPs) 
receive water from various sources and contain a mixture of human pathogens and antibiotic 
waste. Therefore, WWTPs are believed to be a major source of antibiotic resistant gene 
dissemination. However, it has been demonstrated that even if resistance genes are abundant 
in WWTPs, only a few are disseminated to other environments. In this study, we expressed 58 
genes from a WWTP in Denmark. The genes are known to give resistance towards different 
antibiotics in Escherichia coli. The level of resistance to antibiotics as well as the fitness cost 
was analysed to evaluate if these factors could constitute barriers to gene dissemination. We 
found that both the level of resistance and the fitness cost conferred by the antibiotic 
resistance WWTP genes were highly variable. Moreover, an increased level of resistance was 
not necessarily correlated with a fitness cost. This study could not conclude that the level of 
resistance or the fitness cost could explain the barrier to dissemination of these genes.   
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Popular scientific summary 
 

What is restraining the spread of antibiotic resistant genes from Wastewater Treatment 
Plants (WWTPs) to human pathogens? 

Antibiotic resistant bacteria can survive and grow even if treated with antibiotics, thus, 
they are a major threat to human health. Antibiotics are widely used to fight infections and are 
a cornerstone of modern medicine. Without antibiotics, common health procedures such as 
chemotherapy, organ transplants or hip replacement will be compromised. The problem with 
bacteria that harbour antibiotic resistance genes is that the genes can spread to other bacteria 
causing untreatable infections. Bacteria can acquire genetic material, DNA from other 
bacteria or directly from the surrounding environment. This mechanism of transfer is the 
cause of the quick spread of antibiotic resistance genes around the globe. Wastewater 
treatment plants, WWTPs receive wastewater from various sources (hospitals, households or 
animal farms), therefore, they contain antibiotic waste and also disease causing bacteria. 
Moreover, the WWTPs outgoing water and sludge are released into the nature. Therefore, 
WWTPs are believed to be the perfect place for development and spread of antibiotic 
resistance.  

Our study is based on a scientific report where they characterise antibiotic resistance genes 
present in a WWTP in Aalborg (Denmark) (Munck et al. 2015). They found 79 new genes 
increasing resistance to 15 different antibiotics. They also showed that even if resistance 
genes are abundant in the WWTP, only a few were spread to other environments (<10%). 

The aim of our project is to understand what prevents those WWTP genes that lead to 
antibiotic resistance to spread into other environments or bacteria. One reason might be that 
these genes make the bacteria too sick to survive in the competition for nutrient against other 
bacteria. Or, the resistance genes could give a low level of resistance. Hence, the bacteria 
containing them will not survive at high antibiotic concentrations.  

We used the genes conferring antibiotic resistance found by Munck et al. and transferred 
them into Escherichia coli. E. coli is a bacterium commonly used in the lab and it is also 
dominating the bacterial population in the human intestines. We measured if the bacteria 
containing the new genes were growing poorly in an antibiotic free environment to see if the 
new gene made them grow slower than bacteria without the gene. We also measured the 
antibiotic levels the bacteria could survive. We found that their level of sickness and their 
level of resistance varied. Some of the bacteria containing new genes survived high 
concentrations of antibiotics (highly resistant) without reduction in growth in an antibiotic 
free environment. These genes that made it possible for the bacteria to survive high 
concentrations of antibiotics without growing poorly in an antibiotic free environment should 
in theory not encounter any barriers for spreading to other environments or bacteria. Further 
work needs to be done on the reasons for restriction of the spread of antibiotic resistance that 
might help us slow down the development of antibiotic resistance. Nevertheless, it is positive 
to know that some mechanisms allow the regulation of resistance genes spreading; otherwise, 
we could fear that the antibiotics we are using now would already be useless.  
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Introduction  
 
The level of resistance to antibiotics has been constantly increasing during the past decades 

and has become a major threat to human health. A study has estimated that by 2050 the 
number of deaths attributable to antimicrobial resistance might reach 10 millions every year. 
This lack of susceptibility contributes to the spread of resistance and to the failure of 
antibacterial treatment. Many infections, such as pneumonia, tuberculosis, urinary tract 
infection and gonorrhoea become harder or impossible to treat. This situation implies a high 
price both in terms of human health and of economic costs (O’Neill 2014; Arias & Murray 
2012; Linkevicius et al. 2016). Antibiotics have different modes of action and are targeting 
different structures of the bacterial cell (Figure 1). However, no new type of antibiotic has 
been discovered since the eighties, meaning that there is no alternative for the antibiotics that 
are not efficient anymore (Davies & Davies 2010). The intensive use of antibiotics for human 
health, veterinarian and agriculture purposes is a constant source of antibiotic contamination 
of the environment (Aubertheau et al. 2017). The presence of those antibiotics in the 
environment is one of the main factors causing resistance development (Allen et al. 2010; 
Blair et al. 2015). Moreover, it has been demonstrated that even if the use of antibiotics would 
decrease, it is very likely that the resistance bacteria would persist and not (or very slowly) be 
outcompeted by susceptible ones (Andersson & Hughes 2011).  

 

 
Figure 1: Mode of action of antibiotics included in this study. THF, tetrahydrofolate; DHF, dihydrofolate, 
PABA, para-aminobenzoic acid. Modified from Brock, Biology of Microorganisms, 13th edition (Kohanski et al. 
2010). 
 

There are different mechanisms triggering the development and the spread of antibiotic 
resistance in the environment. Antibiotic resistance did not only appear after we started to use 
antibiotics to treat diseases, it has always existed in nature. This kind of resistance arises as a 
natural protection against endogenous antibiotics, naturally occurring antibiotics or heavy 
metals for example, or because they have an alternative cellular function (Allen et al. 2010). 
Penicillin for example is produced by the fungus Penicillium notatum and it is famous for 
being at the origin of antibiotic discovery by Alexander Fleming (Fleming 1929). However, 
human activities have changed the balance by using enormous quantities of antibiotics and 
polluting the environment with antibiotic waste. These antibiotics are usually present in low 
sub lethal concentrations that are not high enough to kill or stop growth of bacteria but they 
can still cause the development of resistance (Andersson & Hughes 2014).  
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The fast evolution of resistance genes in bacteria is not only due to their rapid 

multiplication and mutation rate but also to a mechanism called horizontal gene transfer 
(HGT) (Frost et al. 2005). HGT is an event where genetic material from bacteria or from the 
environment is incorporated into another bacterium. There are three main mechanisms of 
HGT: transduction (the DNA is carried by a phage), conjugation (through plasmids and 
transposons, requires cell-to-cell contact) and transformation (DNA intake directly from the 
environment). These mechanisms are a major way of acquiring resistance gene within 
bacterial communities (Soucy et al. 2015; Sørensen et al. 2005). HGT is also a limited and 
controlled mechanism, usually (but not always) restricted to closely related bacteria (Thomas 
& Nielsen 2005). To be maintained in the population, acquired genes need to be selected, i.e. 
the bacterium carrying those genes need to be selected over other members of its community. 
This relies on the fitness effect of the acquired gene, usually resistance genes have a higher 
fitness cost (reduce growth and competitiveness) in a non selective environment (Andersson 
et al. 2015; Hughes & Andersson 2015; Lofton et al. 2015). Moreover, even if the gain of a 
resistance gene has an impact on the fitness of the bacteria, the fitness cost might be restored 
by compensatory evolution without reduction in resistance levels (Andersson & Hughes 
2011).  

 
It is established that many resistance genes present in clinically relevant bacteria are also 

found in environmental bacteria. Some examples are the CTX-M extended spectrum ß-
lactamase, the qnrA gene (plasmid-linked fluoroquinolone resistance) and the gene family 
van, which are all closely related to genes from non-pathogenic environmental bacteria 
(Wellington et al. 2013; Wright 2010; Forsberg et al. 2014). This suggests that presence of 
resistance genes in the environment could be a driving force of resistance development in 
clinical strains. Therefore, there is a growing interest to know which environments and 
mechanisms play a role in the spread of antibiotic resistance genes. This is an important 
matter to be able to restrain the dissemination of resistance.  

 
According to some metagenomic studies, resistance genes could be spread to many if not 

all natural environments (Delmont et al. 2014; Allen et al. 2010). However, these studies 
identify mainly well characterized clinical genes and cannot detect the complete resistome  
present in a given environment. A resistome represent all the genes that confers resistance to 
antibiotics in a defined organism or population (Andersson 2015). This is mainly due to the 
techniques used that are dependent on previous knowledge and annotation of resistance genes. 
Functional metagenomics is a better method to study the resistome of unstudied 
environments. For functional selection the DNA from WWTP samples is sheared into pieces, 
expressed on a plasmid and tested for resistance against different antibiotics. The clones that 
are resistant to antibiotics are selected and sequenced to constitute a functional metagenomic 
library. This allows the sequencing of genes from uncultivated bacteria and it has revealed 
that the majority of the soil resistome has no identity with genes from other environments 
(Nesme & Simonet 2015; Forsberg et al. 2014). Resistance genes identified from a subset of 
gut bacteria (cultured aerobic gut isolates) displays nearly 50%  identity to resistance genes 
from isolated human pathogens.  However, a significant part of the complete gut resistome is 
still evolutionary distant from previously known resistance genes (Sommer et al. 2009).  

 
Most studies using functional metagenomics methods have been focused on soil and 

human gut bacterial communities but other communities might play a role in the spread of 
resistance genes. Wastewater treatment plants (WWTP) are believed to be very important 
when it comes to antibiotic resistance dissemination. WWTP receive water from households, 
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hospitals, pharmaceutical industries and animal farms and they are very likely to be 
contaminated with a wide range of antibiotics and with a large diversity of bacterial species, 
including human pathogens (Rizzo et al. 2013; Kim & Aga 2007). These are perfect 
conditions for horizontal gene transfer of resistance genes with a high risk of dissemination to 
other environments.  

 
This project is based on the work published by Munck et al., in Nature communications, 

2015. They used functional metagenomic selection of resistance genes together with 
metagenomic sequencing to study the WWTP resistome (Munck et al. 2015). Most bacteria 
present in WWTP cannot be cultivated in vitro, but these methods allow studies of the WWTP 
resistome from any kind of bacteria, without prior knowledge of the resistance genes 
(Mullany 2014). During 2012, samples from a large modern WWTP in Aalborg West, 
Denmark, were taken (Munck et al. 2015). The WWTP receives water from both hospitals 
and households. DNA was extracted from the samples and sheared into smaller fragments, 
which were ligated into a plasmid (pZE21) and electroporated into E. coli. Transformants 
with plasmids carrying resistance genes were selected by screening the clones on 15 different 
antibiotics from 8 different chemicals classes. 8,540 resistant clones were identified and 749 
were selected for sequencing. This allowed the identification and annotation of 79 unique and 
functionally validated resistance genes, which they considered to be the core WWTP 
resistome (most abundant genes). The results of this functional metagenomic study show that 
the core WWTP resistome genes have an average of only 62% identity to the best hits in the 
NCBI nucleotide database. Only 6 of them had more than 95% sequence identity. In 
comparison, resistance genes from the human microbiome have an average of 75% identity to 
genes in the NCBI nucleotide database (33% of human microbiome resistance genes had 
>95% sequence identity). Resistance genes from the soil microbiome have an average of 59% 
identity (none above 95% sequence identity). These results suggest that dissemination of 
WWTP resistance genes to human pathogens is limited. It is similar with what is found for 
resistance genes from the soil microbiome. The resistance genes from the human microbiome 
are slightly closer to the ones found in human pathogen; that might be explained by the 
proximity of these two bacterial communities within the human body, allowing more genetic 
exchanges. They also compared the WWTP core resistome to other available metagenomes 
coming from human gut, cow rumen, permafrost and aquifer and they found that only 6% of 
the WWTP genes were found in these other environments, showing that the WWTP core 
resistome is distinctly different to other environments. Altogether, the results of this paper 
suggest that a barrier exists preventing the exchange of resistance genes between the WWTP 
microbiome and other environments.  

 
In this Master thesis, we express the 58 genes identified as the WWTP core resistome in E. 

coli and measure their fitness cost and the level of resistance to antibiotics that they confer. 
The aim is to see if these two parameters might explain the restricted dissemination observed 
between WWTP and other environments.  
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Materials and Methods 

Construction of vector containing insert 
The sequences of the 77 WWTP genes were obtained from Morten Sommer collection 

(Munck et al. 2015). They were synthetized and cloned into pMA-T or pMK-RQ vector by 
Life Technologies and transferred to E. coli NEB5α (Supplementary Table 1). The pMA-T 
plasmid carries an ampicillin resistance cassette and pMK-RQ a kanamycin resistance 
cassette.  

 
The WWTP gene inserts were ligated into a medium copy number plasmid, pBAD18-cam 

(Figure 2). This plasmid has been modified from pBAD18-Amp (Guzman et al. 1995). It 
contains a chloramphenicol (cat cassette) resistance marker and an AarI restriction site. To 
obtain the purified pBAD18-cam plasmid, E. coli NEB5α cells containing the pBAD18-cam 
plasmid was plated onto a Muller-Hinton (MH) agar plate with chloramphenicol (CAM, 15 
µg ml-1) and grown overnight at 37°C (Figure 3). One colony was used to inoculate 50 ml of 
MH broth (CAM 15 µg ml-1) and the culture was incubated overnight at 37°C with agitation. 
The plasmid was purified from the overnight culture using NucleoBond® Xtra Midi kit 
(Macherey-Nagel). Plasmid DNA was digested with restriction enzymes twice, first with AarI 
and secondly with KpnI to reduce the fraction of plasmid that evaded digestion by AarI 
(Supplementary Table 2). Samples were cleaned with the DNA Cleanup Micro Kit 
(ThermoFisher Scientific) to remove the restriction enzyme after each digestion (AarI and 
KpnI) and the DNA concentration was measured using a nanodrop after each digestion step. 

 

 
Figure 2: Construction of pBAD18-cam. Map of pBAD18-cam derived from pBAD18-Amp. The ampicillin 
resistance cassette was replaced by a chloramphenicol resistance cassette (cmR) and the multiple cloning site 
was replaced by an AarI restriction site. The WWTP genes were ligated into the AarI restriction site. The 
transcription of the insert is regulated by arabinose induction from the PBAD promoter. 

 
Before ligation into pBAD18-cam, the inserts needed to be amplified and digested with 

AarI (Figure 3). Each strain containing the pMA-T or pMK-RQ plasmid with the WWTP 
gene inserts was grown on MH plate supplemented with either ampicillin (AMP) or 
kanamycin (KAN) (50 µg ml-1) depending of the plasmid resistance cassette, and incubated 
overnight at 37°C. One colony from each strains was used to inoculate MH broth (AMP or 
KAN, 50 µg ml-1) and the bacteria were grown overnight at 37°C. To prepare the cells for 
PCR, 10 µl of overnight culture was mixed with 90 µl H2O and incubated for 5 minutes at 
96°C to lyse the cells. The gene inserts were amplified by PCR using Phusion DNA 
polymerase and pMA primers (Supplementary Table 3). The PCR products were run on an 
agarose gel to verify the size of the amplified inserts. The PCR products were cleaned to 
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remove primers, nucleotides and enzymes using the DNA Cleanup Micro Kit (ThermoFisher 
Scientific). Each of the amplified insert samples was digested using AarI restriction enzyme 
(Supplementary Table 2). After digestion the samples were cleaned using the DNA Cleanup 
Micro Kit to remove the restriction enzyme. Ligation of the inserts into pBAD18-cam was 
done using T4 DNA ligase overnight at 16°C (GE Healthcare) (Supplementary Table 4). 
The samples were cleaned after ligation using the DNA Cleanup Micro Kit (ThermoFisher 
Scientific) to remove the T4 DNA ligase. 

 
 

 
 
Figure 3: Expression of WWTP resistance genes inserted in the pBAD18-cam vector introduced into E. 
coli MG1655. The vector pBAD18-cam was purified from E. coli NEB5α and digested using the AarI restriction 
enzyme. The WWTP gene inserts were amplified by PCR and digested with the same AarI restriction enzyme. 
The inserts were ligated into the pBAD18-cam vector and the vector was electroporated into E. coli NEB5α 
cells. pBAD18-cam vectors containing insert were purified from E. coli NEB5α  and re-transformed into WT E. 
coli MG1655. Our on going work consists of transforming pBAD18-cam vectors containing inserts into 
Salmonella Typhimurium LT2 R-/M+ (missing Salmonella restriction system to avoid DNA degradation), 
followed by purification of the vector and re-electroporation into Salmonella Typhimurium LT2 for further 
analysis.  
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The pBAD18-cam plasmids containing one WWTP gene were transformed by 
electroporation into E. coli NEB5α (Figure 3). E. coli NEB5α cells were grown on a MH 
plate overnight at 37°C. One colony was used to inoculate 1 ml of MH broth and grown 
overnight at 37°C. This overnight culture was diluted 1:100 into MH and grown until OD600 ≈ 
0.2. The culture was cooled down on ice for 10 minutes and the cells were spun down at 4500 
rpm for 10 min at 4°C. The supernatant was discarded and the cell pellet was washed with 10 
ml of ice-cold 10% glycerol and spun down (4500 rpm, 10 min, 4°C). This step was repeated 
an additional two times. The cells were re-suspended in a small volume of ice-cold 10% 
glycerol. Electroporation (GenePulserXcell, BioRad) was done with 40 µl of E. coli NEB5α 
cell suspension and 2 µl of ligated plasmid in a 1 mm large cuvette (using the following 
protocol: voltage: 1 800 V; capacitance: 25µF; resistance: 200Ω). After electroporation, the 
cells were recovering for 2 hours in 1 ml of pre-warmed LB at 37°C. The electroporated cells 
were plated on MH (CAM 15 µg ml-1) and grown overnight at 37°C. One colony was re-
streaked on MH (CAM 15 µg ml-1) and grown overnight at 37°C. One colony from the re-
streak was used to inoculate 1 ml of MH (CAM 15 µg ml-1) and grown overnight at 37°C. The 
inserts were amplified using PCR with DreamTaq DNA polymerase and pBAD18 primers 
(Supplementary Table 5) and the size of the inserts were verified by running 2 µl of the PCR 
product on an agarose (1%) gel. The remaining PCR products with the correct size were 
purified with GeneJET Extraction Kit (ThermoFisher Scientific) to remove primers and DNA 
polymerase, and sent for sequencing to verify the insert sequence. After confirmation of the 
insert sequence, the overnight culture of the transformants was stored at -80°C in 15% 
DMSO. 
 

 The pBAD18-cam containing WWTP inserts were purified from E. coli NEB5α and 
transformed into wild type E. coli MG1655 (Figure 3). Strains of E. coli NEB5α containing 
the pBAD18-cam plasmid with verified inserts were plated on MH plates (CAM 15 µg ml-1) 
and incubated overnight at 37°C. One colony was used to inoculate 1 ml of MH broth (CAM 
15 µg ml-1) and grown overnight at 37°C. The overnight culture was used to purify the 
pBAD18 plasmid using E.Z.N.A Plasmid DNA Mini Kit I (Omega). Then, 1 µl of the purified 
plasmid was used for transformation with 40 µl of wild type electrocompetent E. coli 
MG1655. Transformation was done using the same protocol as used for previous 
transformations. The transformed cells were recovered in 1 ml of pre-heated LB during 2 h at 
37°C under agitation, plated onto MH (CAM 15 µg ml-1) agar plates and grown overnight at 
37°C. One colony was re-streaked onto MH (CAM 15 µg ml-1) and incubated overnight at 
37°C. One colony was used to inoculate 1 ml of MH (CAM 15 µg ml-1) broth and grown 
overnight at 37°C.  The overnight culture was stored at -80°C into 15% DMSO.  

Fitness assays 
Growth rates were obtained using a Bioscreen C Reader (Oy Growth Curves Ab Ltd), 

which measures optical density (OD600) of samples in a 100 well Honeycomb plate. Each 
strain was grown on a MH plate (CAM 15 µg ml-1) overnight at 37°C. Four clones from each 
strain were used to inoculate 1 ml of Tryptone Broth (TB) containing CAM (15 µg ml-1) and 
incubated overnight at 37°C. The overnight culture was diluted 1:1000 into two different 
media TB, CAM 15 µg ml-1 with and without 0.1% L(+)-arabinose. Arabinose is used for the 
transcription induction of the insert from the PBAD promoter in the pBAD18-cam plasmid 
(Figure 1). Each well of the honeycomb plate used for Bioscreen measurement was 
inoculated with 300 µl of diluted overnight culture. Each plate contained 8 replicates for each 
of the different strains; 4 biological replicates and 2 technical replicates of each, with or 
without induction with arabinose. The plates were incubated in the Bioscreen C reader at 
37°C for 18-24 h under constant shaking. The OD was measured every 4 minutes at 600 nm. 
The growth rate of a strain containing a pBAD18-cam plasmid without insert was measured 
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as a control in each Bioscreen run. A negative control of TB media (CAM 15 µg ml-1) without 
bacteria was used as a media control on each plate. The growth rate during the exponential 
phase was calculated using the slope of the logarithmic growth curve (OD600 between 0,025 
and 0,09). The fitness of each sample was calculated relatively to a strain containing an empty 
plasmid. The fitness for each strain was obtained using the average fitness of 8 replicates.  

Minimal inhibitory concentration measurements  
Minimal inhibitory concentration (MIC) of the different antibiotics was measured using the 

microdilution technique. The assay was done in a 96 well microtiter plate with 100 µl of cell 
culture in each well with an initial bacterial concentration of about 0.5 x 106 CFU ml-1. Each 
strain was first grown overnight on MH plates (CAM 15 µg ml-1) at 37°C. One fresh colony 
was diluted into 1 ml PBS to obtain 0.5 McFarland (approximately 5 x 108 CFU ml-1). 30 µl 
of the bacterial suspension was diluted into 3 ml of MH to obtain a final concentration of 5 x 
106 CFU ml-1. The different strains were grown in 100 µl of cell culture and an additional 100 
µl of MH (CAM 15 µg ml-1) with or without 0.1% L(+)-arabinose and in the presence of their 
corresponding antibiotic (Supplementary Table 1) in a 2-fold dilution series over 10 
concentrations. The plates were incubated for 18-20 h at 37°C. The MIC was determine by 
visual reading of the growth and the MIC value corresponds to the lowest concentration were 
no growth could be visually detected. Each strain was tested in duplicate for each treatment 
(with or without arabinose induction). The strain containing pBAD18-cam without insert was 
used to see if the MIC was increase due to the presents of the plasmid without insert. The 
MIC results are expressed as fold increase compare to an E. coli with empty plasmid.  

Bioinformatic analysis of the WWTP genes. 
The amino acid sequence of the 79 WWTP genes received from Morten Sommer was blasted 
against the NCBI protein database. The first hit was selected and used to identify the protein 
encoded by the WWTP gene. The GC content of gene inserts was calculated using EndMemo 
online tool (http://www.endmemo.com/bio/gc.php). The GC content is expressed as the 
percentage of nitrogenous bases in the insert DNAs that are either guanine or cytosine. Codon 
usage in gene inserts was determined as a mean difference compare to E. coli K12 and 
expressed in percentage using GraphicalCodonUsageAnalyser online tool. 
(http://gcua.schoedl.de/) Beta-lactamases were looked for signal peptide based on the 
sequence by using Phobius online tool (http://phobius.sbc.su.se/). 
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Results 

Measurement of MIC and fitness cost of WWTP genes in E. coli MG1655. 
To determine if the fitness cost could be part of the barrier for dissemination, 58 WWTP 

genes were inserted in the pBAD18-cam vector and transferred into E. coli MG1655. These 
genes give resistance to different antibiotics and are named accordingly (Supplementary 
Table 1). The fitness cost was calculated by measuring the exponential growth of MG1655 
containing pBAD18-cam with a WWTP gene insert in comparison of the same strain 
containing an emty plasmid with or without induction of the pBAD promoter with L(+)-
arabinose. The MIC was obtained by growing MG1655 containing a WWTP gene inserts with 
different concentration of the tested antibiotic with or without induction of the plasmid with 
L(+)-arabinose and in comparison with MG1655 containing pBAD18-cam empty. . 15 of the 
inserts were identified as β-lactamases genes using BLAST, 28 were giving resistance to 
nucleic acid inhibitors and 15 were giving resistance to protein synthesis inhibitors 
(Supplementary Table 1). An E. coli MG1655 strain containing an empty pBAD18-cam 
vector was used as a control since it is not expected to give resistance. This construct also 
allows for comparison of the fitness cost with or without gene insert.   

 
 

 
 
Figure 3: Minimum inhibitory concentrations (MIC) and fitness cost measurements of genes expressing β-
lactamase from the pBAD18-cam plasmid in E. coli MG1655. The growth rates during the exponential phase 
was measured for each β-lactamase gene and calculated relatively to the growth rate of E. coli MG1655 
containing an empty pBAD18-cam (without insert) plasmid. Minimum inhibitory concentrations (MIC) were 
measured by visual detection of bacterial growth in a 2-fold dilution of the corresponding antibiotic. Values in 
blue represent measurements without addition of arabinose (no induction of gene expression) and values in 
orange correspond to induction of gene expression by arabinose. The bars are MIC values and the circles are 
relative fitness. The MIC values correspond to measurements in duplicates and the relative growth rate is from 
four biological and two technical replicates, in total eight measurements (mean ± SD). 

 

β-lactamase genes, acting against peptidoglycans synthesis inhibitor genes (β-lactams), 
give resistance with different level of fitness cost in E. coli MG1655.  

All β-lactamase genes (resistant to amoxicillin, carbenicillin or ceftazidime), except 
CTZ_04, gave a higher MIC when the gene was induced with 0.1% L-arabinose compared to 
the uninduced plasmid (Figure 3). The level of resistance differed between strains from 0 to 
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7-fold increase. The relative growth rate was also heterogenic, but the majority (two third) of 
the strains showed a fitness decrease from 40% to close to a 100% compare to the uninduced 
plasmid. The four strains without a significant resistance increase, AMX_01, AMX_05, 
AMX_08 and CTZ_04, did not have a signal peptide (data not shown).  

Genes giving resistance to nucleic acid inhibitor have different level of resistance with a 
low fitness cost in E. coli MG1655.  

Two third of the gene giving resistance to nucleic acid inhibitors gave a high increase in 
resistance, but only two of them showed a fitness cost of 40-60%, the other had less then 20% 
fitness cost (Figure 4). Four of the six rifampicin resistance genes gave a 3 to 5-fold increase 
in MIC. Two of them showed a fitness cost and the other two did not. Surprisingly, the two 
genes that did not give an increase in MIC had roughly 20% fitness cost. The gene inserts 
STM-01, STM-06 and STM-07 need to be re-tested because the MIC increase was beyond the 
measuring window but two of them had between 20-30% fitness cost (data not shown). The 
trimethoprim resistance genes gave up to 15-fold increase in MIC and 13 out of 19 of them 
had a MIC higher than 4 mg L-1 (clinical breakpoint). However, the trimethoprim resistance 
genes seemed to have a very low fitness cost. Only one of the genes gave about 50% fitness 
cost, the others were below 20% fitness cost.  

 

 
 
Figure 4: Minimum inhibitory concentrations (MIC) and fitness cost measurements of genes giving 
resistance to nucleic acid inhibitor, expressed from the pBAD18-cam plasmid in E. coli MG1655. The 
growth rates during the exponential phase was measured for each nucleic acid inhibitor gene and calculated 
relatively to the growth rate of E. coli MG1655 containing an empty pBAD18-cam (without insert) plasmid. 
Minimum inhibitory concentrations (MIC) were measured by visual detection of bacterial growth in a 2-fold 
dilution of the corresponding antibiotic. Values in blue represent measurements without addition of arabinose 
(no induction of gene expression) and values in orange correspond to induction of gene expression by arabinose. 
The bars are MIC values and the circles are relative fitness. The MIC values correspond to measurements in 
duplicates and the relative growth rate is from four biological and two technical replicates, in total eight 
measurements (mean ± SD). 
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Genes giving resistance to protein synthesis inhibitors have a low increase in MIC and 
only a few have a fitness cost in E. coli MG1655. 

Only 6 out of 15 genes giving resistance to protein synthesis inhibitor gave a MIC increase 
(Figure 5). Three of them had a MIC increase of 1-2-fold and the three other a 4-fold 
increase. One third of the genes had a fitness cost of 20-80%, but only two of them also 
showed an increased MIC. The insert AZT_03 gave no increase in MIC but had a 30% fitness 
cost both with and without expression of the resistance gene.  

 
 
Figure 5: Minimum inhibitory concentrations (MIC) and fitness cost measurements of genes giving 
resistance to protein synthesis inhibitor, expressed from the pBAD18-cam plasmid in E. coli MG1655. The 
growth rates during the exponential phase was measured for each β-lactamase gene and calculated relatively to 
the growth rate of E. coli MG1655 containing an empty pBAD18-cam (without insert) plasmid. Minimum 
inhibitory concentrations (MIC) were measured by visual detection of bacterial growth in a 2-fold dilution of the 
corresponding antibiotic. Values in blue represent measurements without addition of arabinose (no induction of 
gene expression) and values in orange correspond to induction of gene expression by arabinose. The bars are 
MIC values and the circles are relative fitness. The MIC values correspond to measurements in duplicates and 
the relative growth rate is from four biological and two technical replicates, in total eight measurements (mean ± 
SD). 

 

There is no clear correlation between increased resistance and fitness cost. 
The resistance increase conferred by the different resistance genes was extremely variable 

(from 1 to over 16000-fold). Most of the strains with a fitness cost higher than 20% seemed to 
have an increased MIC (Figure 6). There were two exceptions to this, one is AZT_03 (this 
strain displayed the same fitness cost even without induction of expression of the resistance 
gene), and the other was ERM_05 (none of the erythromycin resistance gene had an increased 
MIC). An increased MIC, however, did not seem to automatically induce a fitness cost. The 
strains resistant to trimethoprim showed a particular picture, most of them gave a very high 
increased MIC without any fitness cost.   
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Figure 6: Correlation between fitness cost and level of resistance in E. coli MG1655. The level of resistance 
was measure with the MIC fold increase during arabinose induction (gene expression) relative to pBAD18-cam 
without insert. The fitness cost was measured from the growth rates of strains containing pBAD18-cam with 
inserts (induced expression with arabinose) relatively to pBAD18-cam empty (without insert) growth rate during 
the exponential phase. AMX: amoxicillin, CAR: carbenicillin, CTZ: ceftazidime, RMP: rifampicin, STM: 
trimethoprim-sulfamethoxazole, TMP: trimethoprim, AMK: amikacin, AZT: azithromycin, ERM: erythromycin, 
GEN: gentamicin, SPC, spectinomycin, TET: tetracycline.  

 

The fitness cost has no correlation with the size of the inserts, the GC content or the 
codon usage.  

To see if the fitness cost could be explained by some properties of the resistance genes we 
used different bioinformatic analyses. The size of the resistance genes did not seem to be 
correlated to the fitness (Supplementary Figure 6). In the same way, the GC content of the 
genes did not appear to be linked to the fitness (Supplementary Figure 7). The codon usage 
of the genes was compared to codon usage in E. coli K12 but no correlation with fitness could 
be detected (Supplementary Figure 8).   
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Discussion 
 
We tested 58 WWTP genes (Supplementary Table 1) expressed from pBAD18-cam 

(Figure 1), a medium copy number plasmid in an E. coli MG1655 background. MG1655 is a 
common lab strain of E.coli used as a model of wildtype E.coli.  The fitness cost and the level 
of resistance conferred by these genes was measured (Figures 3-5). These genes were 
identified by Muck et al (2015) using functional metagenomics. They managed to 
characterize unknown resistance genes from various bacteria (some of them might be 
uncultivable bacteria) present in WWTP. They sheared DNA sample from WWTP and 
express them in high copy number pZE21 plasmid at the HincII site into E. coli TOP10 cells. 
Resistance genes were detected by growing the transformed cells containing WWTP DNA 
fragments on LB agar plate with 1 of 15 tested antibiotics at their respective clinical breaking 
point concentration. The clinical breakpoint is the point that predict the outcome of therapy 
(bacteria can reach a level of resistance were the likelihood of the therapeutic failure is higher 
than the level of therapeutic success). After this functional characterization they sequenced 
DNA fragments and identified the open reading frame of the gene involved in resistance. 

Increase of resistance is highly variable 
The level of resistance from the WWTP genes varies a lot. Many of the genes seemed not 

to confer any resistance increase compare to the empty pBAD18-cam vector (Figures 3-5). 
The other genes display different levels of antibiotic resistance. The resistance increase level 
which a gene can give depends of the protein it encodes. Genes giving resistance to nucleic 
acid inhibitor genes, particularly trimethoprim, reached very high levels of resistance 
compared to the empty plasmid. On another end, almost none of the genes acting on protein 
synthesis inhibitors, erythromycin for instance, gave an increase of resistance. However, the 
strains we used to express our genes of interest, MG1655, already has some resistance to 
erythromycin by itself. In total, β-lactamases had a significant increased resistance but to 
lower levels than genes acting on nucleic acid inhibitors. This difference between the levels of 
resistance might be explained in two ways, either the genes are functionally different, or, they 
might be different in their level of expression. Since we express all the genes in the same 
expression model with the same promoter, the level of expression should be the same. 
However, some proteins might need to be expressed at a higher level than others to give 
antibiotic resistance. For example, at a same level of expression of the promoter, trimethoprim 
resistance gene give a very high level of resistance while erythromycin resistance gene show 
no difference with the empty plasmid. We can suppose that trimethoprim resistance need a 
small level of expression to give a high resistance, while erythromycin resistance genes need 
to be highly expressed. Moreover, even though they are expressed from the same promoter, 
some mRNA transcripts might be more stable than others. If some of the genes form very 
unstable transcripts they are degraded quickly which can cause much lower protein levels 
compared to others.  

All of the genes in this study were previously selected because of their antibiotic resistance 
by Muck et al. (2015). Still some of genes showed no resistance increase in our study. This 
difference in results can partly be explained by the use of different expression systems, since 
they used a high copy number plasmid and we used a medium copy plasmid. Moreover, they 
selected the genes using the clinical breaking point concentration of antibiotics.  

When the resistance genes were not induced by arabinose most of the strains did not have 
an increased level of resistance compare to the empty pBAD18-cam vector (Figures 3-5). 
However, most of the strains with high increase of resistance in the presence of arabinose also 
have, to a smaller extent, an increased resistance level in the absence of arabinose. This 
suggests that our expression system is leaky and allows low level expression of the resistance 
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genes even in the absence of arabinose. The pBAD18 promoter we used is supposed to be 
tightly controlled but the level of expression might not be zero (Guzman et al. 1995).   

The WWTP genes STM_02 to STM_05 do not give any increased trimethoprim resistance 
(Figure 4) compared to empty plasmid. All of these genes encode thymidylate synthase 
proteins (Supplementary Table 1) which is the target protein of trimethoprim (Hyde 1990). 
These genes might not be sensitive to trimethoprim. This might increase their resistance level 
and explain why they have been selected against the antibiotic combination 
sulfamethoxadole-trimethoprim by Munck et al. However, they might still be sensitive to 
sulfamethoxadole which targets another step of the biosynthetic pathway of tretrahydrofolic 
acid (this hypothesis is supported by ongoing experiments). This might explain why we do 
not detect any increase in resistance in our expression system (Hawser et al. 2006; Eliopoulos 
& Huovinen 2001).  

We found that four of the β-lactamases (Figure 3, AMX_01, AMX_05, AMX_08 and 
CTZ_04) had no signal peptide; interestingly those genes had no (or a very low) increase of 
resistance. One explanation could be that the protein produced by these genes cannot be 
secreted due to the lack of a signal peptide, and therefore cannot reach the membrane and 
inhibit peptidoglycan synthesis (Kadonaga et al. 1984).   

In conclusion, our results show that some genes do not give an increased resistance and 
therefore would not give a selective advantage in an environment containing antibiotics. 
However, these results are valuable in our model of expression with an E. coli genetic 
background and further studies have to strengthen this conclusion.  

Not every WWTP gene shows a fitness cost, even with an increased resistance 
The fitness cost of the WWTP resistance genes was highly variable. It is generally 

accepted that most of the resistance genes impose a fitness cost, mainly due to the fact that the 
mechanisms of resistance are associated with important biological functions of the cell 
(Andersson & Hughes 2010). However, it appears that some of them such as many of the 
trimethoprim resistance genes or CAR-04 for instance, gave a significant increase in MIC 
with a small or no fitness cost (Figure 3 and 4). On the contrary, some genes such as AZT-01 
or ERM-05 have a high fitness cost without giving any increased resistance (Figure 5). 
Therefore, it appears that fitness cost is highly variable and seems not to be correlated with 
the level of resistance (Figure 6).  

The occurrence of cost-free or low cost mutations has also been found in previous studies 
(Sundqvist et al. 2009; Melnyk et al. 2015). Those can explain the persistence of certain 
resistance genes even in absence of the drug. The presence of low-cost resistance genes can 
be explained by different mechanisms; some resistance can occur without any fitness cost in 
the first place or the fitness cost can also be compensated by secondary mutation which can 
restore the growth rate to a normal level (Andersson & Hughes 2011).  

It is interesting to note the different trends depending of the antibiotic mechanism of 
action. The β-lactamases have on average a much higher fitness cost compared to genes 
giving resistance to nucleic acid or to protein synthesis inhibitors (Figure 3-5). A previous 
study found that β-lactamases cause a change in the peptidoglycan composition associated 
with a high fitness cost (Fernández et al. 2012). On the contrary, genes giving resistance to 
nucleic acid inhibitors have a higher MIC increase than the ones giving resistance to 
peptidoglycan synthesis inhibitors but a lower fitness cost on average (Figure 4). This is in 
accordance with previous studies showing that trimethoprim resistance genes have no fitness 
cost or can even be beneficial for the bacteria in absence of the drug (Melnyk et al. 2015; 
Sundqvist et al. 2009). Our results are in agreement with literature, suggesting a difference of 
fitness cost between drugs or drug classes. 

When it comes to the genes that have no resistance increase and no fitness cost, a 
hypothesis is that their level of expression in our model system was not enough to give an 
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effect. Another reason could be that these genes were not expressed in an E. coli background. 
Another hypothesis is that we might not have the complete genes. The previous study that 
identified these genes used a bioinformatic tool to find the open reading frame but it is 
possible that some of them were misidentified and the correct start codon could have been 
further upstream (Munck et al. 2015).  

The gene AZT_03 shows the same fitness cost with or without induction of the gene 
expression (with arabinose). Our hypothesis is that something might be wrong with the vector 
plasmid construction and this construct will be reconstructed.  

The difference in fitness cost for the genes was analysed to find a connections with some 
of the properties of the genes. We attempted to link the fitness cost with the resistance level, 
the size of the insert (Supplemental Figure 6), its GC content (Supplemental Figure 7) or 
its codon usage (Supplemental Figure 8). No significant correlation was found between the 
fitness cost and any of the tested gene characteristics.  

The fitness cost and the level of resistance of the WWTP genes are not enough to explain 
the limited dissemination of these genes to other environments 

The cell viability and the spread of a resistance gene is believed to be linked to the 
resistance level it confers, its fitness cost and its ability to evolve to compensate its cost 
(Björkman & Andersson 2000; Andersson & Levin 1999; Andersson & Hughes 2010). Our 
results show that the resistance level and the fitness cost of the studied genes are highly 
variable (Figure 3-6). Therefore, some of the genes might be limited in their dissemination by 
a high fitness cost, which makes them less competitive in the absence of antibiotic selection. 
Some genes display a fitness cost without an increased resistance and it is unlikely that such a 
phenotype would have been selected in a natural environment. Since these genes have been 
selected at the clinical breakpoint of the antibiotic concentration in a previous study, our 
hypothesis is that they might give an increased resistance in a different expression system and 
possibly in the nature. At the opposite, some genes gave an increased resistance without any 
fitness cost. Those genes might have gone through compensatory evolution (Andersson & 
Hughes 2011). In theory they should not encounter any barrier to dissemination to other 
environments, as they have high resistance and competitiveness.  

In total, the level of resistance or the fitness cost of the WWTP genes, as they appear in 
this study, are not enough to explain a barrier for their dissemination to other environments. A 
high fitness cost might be part of an explanation for some of them, but our findings showed 
that many of the gene should be able to be competitive and spread without problems. A 
similar study about gut resistome genes showed that all the genes in that study were 
functional in E. coli (Sommer et al. 2009). It indicates that the transfer of genes was not 
limited by functional incompatibility between different genetic backgrounds. Since the 
WWTP microbiome is more distant to human pathogens than the gut microbiome, we believe 
that the genes might encounter more functional compatibility issues (Munck et al. 2015). 
Using deep metagenomic sequencing, a subset of clinically relevant genes is detectable in 
WWTP. This suggests that species that are less abundant in WWTPs, including human 
pathogens, might constitute a community able to exchange resistance genes with clinically 
relevant strains, while the core resistome of the WWTP is not disseminating to other 
communities (Munck et al. 2015). In the case where the genes are not limited by functionality 
for disseminated, they need to be mobilized and transported from one bacterium to other 
bacteria. Munck et al. also found that the genes that were present in other environments were 
associated with canonical mobility elements. It suggests that mobilization of the WWTP 
genes more than the functional compatibility might be the barrier to dissemination.    

Therefore, it might be possible that the WWTP resistome still plays a role in antibiotic 
resistance spread, as it is commonly believed (Kim & Aga 2007). However, this 
dissemination seems to be limited to a subset of less abundant species in WWTP. It would be 
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interesting to see if the resistance genes specifically spread to other environment have a 
different resistance level or fitness.  

Future work 
To continue this project, we would like to clone and test all the 79 WWTP genes in E. coli 

MG1655. As a comparison we will also clone and test these genes in Salmonella, which is a 
pathogenic evolutionary close species to E. coli. The expression of these genes in another 
genetic background would be interesting since the combined result can tell us if epistasis 
occurs (Wong 2017). Hence, the genetic background matters for the fitness cost and the 
resistance level of the new genes (Melnyk et al. 2015; Luo et al. 2005). Therefore, we could 
determine if the WWTP genes coming from various bacteria might have different expression 
profile when passing to another organisms.  

We believe one of the limitations of our study is the level of gene expression, which might 
be too high or too low for some genes. Therefore, we would like to use a different expression 
system where the level of expression could be titratable with the arabinose concentration. In 
this way, we could test different levels of expression and see if it influences the level of 
resistance and the fitness cost conferred by the WWTP genes. Another interesting experiment 
would be a competition assay between bacteria carrying a plasmid with a resistance gene and 
bacteria with an empty plasmid. This could give us a more relevant picture of the 
competitiveness (fitness) of the resistant bacteria including other growth phases than only the 
exponential phase.  
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Supplementary data 
 

Supplementary Table 1: List of resistance genes and their antibiotic resistance. Top hit from protein 
BLAST, with the percentage identity between the top hit and the resistance gene. 
Antibiotics Gene ID Size Top hit 

Genank % 
ID 

 A
m

ik
ac

in
 AMK_01 558 aminoglycoside N(6')-acetyltransferase [Chloroflexi bacterium OLB14] 73,00% 

AMK_02 567 aminoglycoside 6'-N-acetyltransferase [uncultured soil bacterium] 65,00% 
AMK_03 501 aminoglycoside N(6')-acetyltransferase [Chloroflexi bacterium OLB14] 74,00% 

Ampicillin AMP_01 1020 class D beta-lactamase [Arcobacter butzleri] 72,00% 

 A
m

ox
ic

ill
in

 

AMX_01 843 SubclassB3_beta_lactamase [uncultured bacterium] 87,00% 
AMX_02 909 class A beta-lactamase [Runella zeae] 69,00% 
AMX_03 801 class D beta-lactamase [Dechloromonas denitrificans] 81,00% 
AMX_04 762 class D beta-lactamase [Arcobacter butzleri] 76,00% 
AMX_05 693 class A beta-lactamase [Parapedobacter luteus] 71,00% 
AMX_06 915 subclass B3 metallo-beta-lactamase [Sphingomonas sp. MCT13] 54,00% 
AMX_07 858 class D beta-lactamase [Flavobacterium hydatis] 72,00% 
AMX_08 774 class A beta-lactamase [Janthinobacterium sp. Marseille] 54,00% 

  A
zi

th
ro

m
yc

in
 

AZT_01 759 
23S rRNA (adenine(2058)-N(6))-methyltransferase Erm(B) 
[Streptococcus agalactiae] 99,00% 

AZT_02 777 
23S rRNA (adenine(2058)-N(6))-methyltransferase Erm(S) 
[Streptomyces fradiae] 49,00% 

AZT_03 
618 

Potassium efflux system KefA protein / Small-conductance 
mechanosensitive channel [Candidatus Daviesbacteria bacterium 
GW2011_GWF2_38_6] 57,00% 

 C
ar

be
ni

ci
lli

n 

CAR_01 n.a. No start codon n.a. 
CAR_02 1005 ClassA_beta_lactamase [uncultured bacterium] 56,00% 
CAR_03 909 class A beta-lactamase [Adhaeribacter aquaticus] 68,00% 
CAR_04 798 subclass B1 metallo-beta-lactamase NDM-15 [Escherichia coli] 46,00% 

CAR_05 861 
MULTISPECIES: class A broad-spectrum beta-lactamase TEM-116 
[Bacteria] 100,00% 

CAR_06 900 beta-lactamase class A [Dyadobacter koreensis] 60,00% 
CAR_07 480 beta-lactamase class D [uncultured bacterium] 90,00% 
CAR_08 825 class D beta-lactamase [Marinobacter hydrocarbonoclasticus] 100,00% 
CAR_09 882 class A beta-lactamase [Nitrosomonas eutropha] 88,00% 

 C
ef

ta
zi

di
m

e 

CTZ_01 759 subclass B1 metallo-beta-lactamase [Chitinophaga ginsengisegetis] 81,00% 
CTZ_02 768 subclass B1 metallo-beta-lactamase [Chitinophaga ginsengisegetis] 76,00% 
CTZ_03 732 subclass B1 metallo-beta-lactamase [Pseudozobellia thermophila] 56,00% 
CTZ_04 696 class A beta-lactamase [Chryseobacterium artocarpi] 61,00% 

 E
ry

th
ro

m
yc

in
 ERM_01 399 23S ribosomal RNA methyltransferase Erm [Tetrasphaera australiensis] 100,00% 

ERM_02 636 GTP-binding protein HflX [Nitrosovibrio tenuis] 88,00% 
ERM_03 828 rRNA (adenine N-6-)-methyltransferase [uncultured bacterium] 97,00% 
ERM_05 513 macrolide efflux MFS transporter Mef(A) [Enterococcus cecorum] 98,00% 

Gentamicin GEN_01 510 GNAT family N-acetyltransferase [Mesorhizobium alhagi] 71,00% 
 
Piperacillin 

PIP_01 771 ClassD_beta_lactamase [uncultured bacterium] 49,00% 

PIP_02 
807 class D beta-lactamase [Cytophaga hutchinsonii] 61,00% 
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 R
ifa

m
pi

ci
n 

RMP_01 429 NAD(+)--rifampin ADP-ribosyltransferase [Elizabethkingia anophelis] 84,00% 
RMP_02 582 Pentapeptide repeats (8 copies) [Bacteroidetes bacterium ADurb.Bin217] 75,00% 
RMP_03 426 MULTISPECIES: NAD(+)--rifampin ADP-ribosyltransferase [Vibrio] 74,00% 
RMP_04 744 rRNA adenine methyltransferase [Mastigocladus laminosus] 73,00% 
RMP_05 750 rRNA adenine methyltransferase [Trichococcus flocculiformis] 97,00% 
RMP_06 447 rifampin ADP-ribosyl transferase [Runella slithyformis] 82,00% 

 Sp
ec

tin
om

yc
in

 

SPC_01 792 
ANT(3'')-Ia family aminoglycoside nucleotidyltransferase AadA11 
[uncultured bacterium] 98,00% 

SPC_02 1005 spectinomycin phosphotransferase [Holospora undulata] 50,00% 
SPC_03 372 phosphotransferase [Legionella pneumophila] 55,00% 

SPC_04 807 
ANT(3'')-Ia family aminoglycoside nucleotidyltransferase AadA10 
[uncultured bacterium] 74,00% 

SPC_05 1092 aminoglycoside phosphotransferase [uncultured bacterium] 34,00% 

Su
lfa

m
et

ho
xa

do
le

/ 
Tr

im
et

ho
pr

im
 

STM_01 795 thymidylate synthase (TS) (TSase) [Ardenticatena] 84,00% 

STM_02 687 
thymidylate synthase [Candidatus Kerfeldbacteria bacterium 
RIFCSPHIGHO2_12_FULL_48_17] 71,00% 

STM_03 444 thymidylate synthase [uncultured bacterium] 90,00% 

STM_05 414 
thymidylate synthase [Candidatus Levybacteria bacterium 
RIFCSPLOWO2_12_FULL_37_14] 72,00% 

STM_06 516 Dihydrofolate reductase [uncultured bacterium] 57,00% 
STM_07 483 diacylglycerol kinase [Flavobacterium sp. Leaf359] 72,00% 

  
Tetracyclin TET_01 

1191 Tetracycline_Resistance_MFS_Efflux_Pump [uncultured bacterium] 85,00% 

  Tr
im

et
ho

rp
im

 

TMP_01 588 
thymidylate synthase [Burkholderiales bacterium 
RIFCSPHIGHO2_12_FULL_61_11] 87,00% 

TMP_02 696 thymidylate synthase [uncultured bacterium] 88,00% 
TMP_03 477 dihydrofolate reductase [Draconibacterium orientale] 77,00% 
TMP_04 489 Dihydrofolate reductase [uncultured bacterium] 67,00% 
TMP_05 495 Dihydrofolate reductase [uncultured bacterium] 93,00% 
TMP_06 501 dihydrofolate reductase [Bacteroidetes bacterium OLB9] 51,00% 
TMP_07 489 Dihydrofolate reductase [uncultured bacterium] 61,00% 
TMP_08 495 SDR family oxidoreductase [Caldilinea aerophila] 71,00% 
TMP_09 471 Dihydrofolate reductase [uncultured bacterium] 61,00% 
TMP_10 537 Dihydrofolate reductase [uncultured bacterium] 46,00% 
TMP_11 888 Thymidylate synthase [Ignavibacteria bacterium ADurb.Bin266] 87,00% 
TMP_12 510 Dihydrofolate reductase [uncultured bacterium] 37,00% 
TMP_13 525 dihydrofloate reductase [uncultured bacterium] 81,00% 
TMP_14 480 Dihydrofolate reductase [uncultured bacterium] 67,00% 
TMP_15 816 thymidylate synthase [Neisseria weaveri] 76,00% 
TMP_16 525 dihydrofloate reductase [uncultured bacterium] 81,00% 
TMP_17 483 Dihydrofolate reductase [uncultured bacterium] 58,00% 
TMP_18 492 Dihydrofolate reductase [uncultured bacterium] 70,00% 
TMP_19 483 diacylglycerol kinase [Flavobacterium sp. Leaf359] 72,00% 
TMP_20 753 short chain dehydrogenase [uncultured bacterium] 58,00% 
TMP_21 663 RibD C-terminal domain protein [uncultured bacterium] 50,00% 
TMP_22 516 dihydrofolate reductase [Acidovorax caeni] 66,00% 
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TMP_23 525 dihydrofolate reductase [uncultured bacterium] 81,00% 
TMP_25 495 thymidylate synthase [uncultured bacterium] 100,00% 

 
 
 

Supplementary Table 2: Digestion protocols. 
Digestion of pBAD18-cam with AarI, O/N, 37°C 
H2O Bring up to Final volume: 100 µl 
10X AarI buffer 10 µl 
50X oligo 2 µl 
AarI enzyme 5 µl 
DNA 5 µg 
Digestion of pBAD18-cam with KpnI, 2h, 37°C 
H2O Bring up to Final volume: 100 µl 
10X FD buffer 10 µl 
KpnI enzyme 4 µl 
DNA 2.2 µg 
Digestion of inserts with AarI, O/N, 37°C 
H2O Bring up to Final volume: 40 µl 
10X AarI buffer 4 µl 
50X oligo 0.8 µl 
AarI enzyme 2 µl 
DNA 1.2 µg 
 

 
Supplementary Table 3: PCR amplification protocols, Phusion DNA polymerase.  

 Volume Concentration 
5X Phusion HF Buffer 10 µL 1X 
2 mM dNTPs 5 µl 200 µM each 
10 µM pMA-fw primer 5 µl 1 µM 
10 µM pMA-rv primer 5 µl 1 µM 
Template DNA 1 µl  
DMSO 5 µl 10% 
Phusion DNA Polymerase 0.5 µl 0.02 U/µl 
H2O 18.5 µl  

PCR protocol: 98°C-30 s, 98°C-30 s, 54°C-30 s, 72°C-1 min (30s/kb), 72°C-7 min, 4°C-hold. 
34 cycles. 
pMA-fw: 5’-AAGGCGATTAAGTTGGGT-3’ 
pMA-rv: 5’-GAGTCAGTGAGCGAGGAA-3’ 

 
Supplementary Table 4: Ligation protocol. 

pBAD18-cam AarI/KnpI digested 170 ng 
Insert 70 ng 
H2O 18 µl 
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Supplementary Table 5: PCR amplification protocol, DreamTaq DNA polymerase 
2XMM (Master Mix) 25 µl 1X 
10 µM pBAD18-fw 5 µl 1 µM 
10 µM pBAD18-rv 5 µl 1 µM 
Template DNA 1 µl  DMSO 5 µl 10% 
DMSO 5 µl 10% 

PCR protocol: 95°C-5 min, 95°C-30s, 53°C-40 s, 72°C-2 min (30 s/kb), 72°C-7 min, 4°C-
hold. 34 cycles 
pBAD18-fw: 5’-ACCAAAGCCATGACAAAAAC-3’ 
pBAD18-rv: 5’-AGACCCCACACTACCATC-3’ 

 
 

 
 
Supplementary Figure 6: Correlation between fitness cost and gene size of insert in E. coli MG1655. The 
fitness cost was measured as growth rates of strains containing pBAD18-cam with inserts relatively to pBAD18-
cam empty (without insert) during the exponential phase.  
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Supplementary Figure 7: Correlation between fitness cost and GC content of gene inserts in E. coli 
MG1655. The fitness cost was measured as growth rates of strains containing pBAD18-cam with inserts 
relatively to pBAD18-cam empty (without insert) during the exponential phase. The GC content was calculated 
using an online tool (http://www.endmemo.com/bio/gc.php). The GC content is expressed as the percentage of 
nitrogenous bases in the insert DNAs that are either guanine or cytosine.   

 
 

 
Supplementary Figure 8: Correlation between fitness cost and codon usage in gene inserts in E. coli 
MG1655. The fitness cost was measured as the growth rates of strains containing pBAD18-cam with inserts 
relatively to pBAD18-cam empty (without insert) during the exponential phase. The Codon usage was 
determined as a mean difference compare to E. coli K12 and expressed in percentage using 
GraphicalCodonUsageAnalyser online tool. http://gcua.schoedl.de/. 


