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Abstract

Screening for antibiotic combinations against
carbapenem-resistant Gram-negative bacteria

Marcus Hong

Carbapenem-resistant Enterobacteriaceae is a growing problem. Not
only are they resistant against carbapenems but the genes that
encode for carbapenemase production, are often situated amongst
other resistance genes making these bacteria resistant to multiple
antibiotic classes. This project aimed to screen for new
antibiotic combinations with synergistic effects that could be
used to combat carbapenem-resistant Enterobacteriaceae.
Carbapenem-resistant E. coli and K. pneumonia was tested and the
oCelloScope instrument was also evaluated for these strains
combined with the antibiotics used. Four antibiotics, aztreonam,
meropenem, minocycline and rifampicin were combined with polymyxin
B against E. coli. Aztreonam and fosfomycin were combined with
polymyxin B against K. pneumoniae. Screening experiments included
time-kill experiments, time-lapse microscopy with the oCelloScope
instrument and a dot test which combined the oCelloScope with
viable counts at 24h. Results showed minocycline combined with
polymyxin B to be the best combination with synergistic effects
against 9 out of 20 E. coli strains. This was closely followed by
rifampicin combined with polymyxin B with synergistic effects
against 7 out of 20 E. coli. Meropenem in combination with
polymyxin B resulted in synergistic effects against only 1 out of
20 E. coli. The oCelloScope instrument could not detect
synergistic effects with aztreonam due to the presence of dead
filamented cells, which the instrument detected as a relatively
high concentration of cells, but could be determined with the dot
test method showing synergistic effects against 2 out of 20 E.
coli with this combination.
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Populärvetenskaplig sammanfattning 
Multiresistenta bakterier är ett snabbt ökande problem. Karbapenemresistenta bakterier är 
särskilt allvarliga då många anser att karbapenemantibiotika är sista utvägen mot dagens 
multiresistenta bakterier. Om inga åtgärder utförs snart, är risken stor att infektioner inte 
längre kommer kunna botas. På grund av dyra utvecklingskostnader och vetenskapliga 
utmaningar kan vi inte längre förlita oss på att nya antibiotika tillverkas i tillräckligt hög takt 
och omfattning. Studier har dock visat att återintroduktion av äldre antibiotika kan ha effekt 
på multiresistenta bakterier. Man har även funnit att kombinationer av befintliga antibiotika 
kan leda till synergistiska effekter som kan bekämpa multiresistenta bakterier. Detta skulle 
kunna skapa fler möjligheter att bekämpa multiresistenta bakterier i väntan på nya antibiotika.  

Däremot är denna typ av forskning fortfarande relativt ny och mekanismerna bakom effekten 
ofta okända. Detta innebär att vi fortfarande inte kan förutse vilka kombinationer av 
antibiotika som skulle kunna ha synergistiska effekter. För att ta reda på detta måste 
kombinationerna testas, vilket är en arbetsintensiv och tidskrävande process om man använder 
konventionella experimentmetoder. Nya, effektivare och automatiserade metoder har 
introducerats under senare år som kan underlätta testandet av nya antibiotikakombinationer. 
oCelloScope är en sådan teknik och i detta projekt har oCelloScope instrumentet använts för 
att undersöka kombinationsmöjligheter hos fem stycken antibiotika. Aztreonam, meropenem, 
minocyklin och rifampicin är fyra olika antibiotika som har kombinerats med polymyxin B. 
Dessa kombinationer har testats på två bakterier, Escherichia coli och Klebsiella pneumoniae. 
Båda bakterierna innehåller gener som uttrycker karbapenemresistens. 
oCelloScopeinstrumentet har även utvärderats i hur bra det presterar i att detektera effekten av 
dessa antibiotika tillsammans med bakteriestammarna som använts. 

Resultaten visade att minocyklin i kombination med polymyxin B fungerade bäst vilket 
visade positiva kombinationseffekter i 9 av 20 fall för Escherichia coli. Rifampicin i 
kombination med polymyxin B var näst bäst med positiva kombinationseffekter i 7 av 20 fall 
för Escherichia coli. oCelloScopeinstrumentet fungerade bra för alla antibiotika som 
användes utom aztreonam där den inte kunde urskilja bakterier lika tydligt på grund av 
filamentering, dvs. förändring i cellskepnad som en konsekvens av exponering mot 
aztreonam. 
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Abbreviations 
AST  Antibiotic Susceptibility Testing 
AZT  Aztreonam 
BMD   Broth micro dilution 
CPE  Carbapenemase producing Enterobacteriaceae 
E. coli  Escherichia coli 
FOS  Fosfomycin 
GC  Growth control 
K. pneumoniae  Klebsiella pneumoniae 
MDR-GNB  Multidrug-resistant Gram- 

negative bacteria 
MER  Meropenem 
MH-II  Mueller Hinton-II 
MIC  Minimum inhibitory concentration 
MIN  Minocycline 
NC  Negative control 
PMB  Polymyxin B 
RIF  Rifampicin 
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1 Introduction and background 
The discovery of antibiotics is considered by many to be the greatest medical achievement of 
the 20th century. Initiation of antibiotic treatment and research also introduced the 
complication with resistant bacteria. The discovery of resistance is not a recent revelation and 
has been known since the dawn of antibiotic research during the 50s. The carefree usage has 
however accelerated the severity of bacterial resistance, allowing it to reach the critical point 
we are experiencing today, with infections that are hard or no longer possible to treat due to 
multiresistance (Ventola 2015).  

The resistance problem has previously been postponed by producing new types of antibiotics.  
Nowadays, development of new antibiotics is a time-consuming and difficult process due to 
the high cost of such research, and the fact that new antibiotics would be kept for usage as a 
last resort. This prevents companies to produce new antibiotics from an economical 
perspective (Ventola 2015) (Fernandes & Martens 2017). Furthermore, there are major 
scientific challenges in the development of new antibiotics like far-reaching clinical trials. 
Despite this, new antibiotics are still being researched and there have been several during 
2017 that undergo clinical trials (Bush & Page 2017). 

The carbapenem antibiotics are considered by many to be the last resort to combat multidrug-
resistant Gram-negative bacteria (MDR-GNB). Several endemic cases of carbapenemresistant 
Gram-negative bacteria have been discovered during the early 2000s (Tängdén & Giske 
2015). These bacteria become resistant by expressing enzymes called carbapenemases that 
can neutralize the carbapenem antibiotics. Carbapenemase-producing bacteria have been 
found among the Enterobacteriaceae which are common causes of urinary tract infections, 
sepsis and hospital-acquired pneumonia. Carbapenemase genes are often situated together in 
cassettes with other resistance genes. This makes the carbpanemase producing bacteria 
resisistant to several antibiotic classes and thus difficult to treat (Tängdén et al. 2014). 

The problem has begun to be noticed at a political level. In Sweden, the government recently 
made a statement that the antibiotic research needs to advance more rapidly and have started 
an investigation on a solution to the crisis (Regeringskansliet 2017). 

Since there are relatively few new antibiotics in development today, the issue with MDR-
GNB has to be solved by other means. Research has shown that the reappearance of old 
antibiotics could combat some of the MDR-GNB, but what is more interesting is that 
antibiotics which are ineffective against MDR-GNB could be used in combination to create 
synergistic effects, thereby bypassing the resistance. These types of synergies can however 
not be predicted, and instead has to be screened (Tängdén et al. 2014). Conventional methods 
such as time-kill experiments are very time consuming and labor intensive, which make them 
not very well suited for high throughput screening. A new time-lapse microscopy instrument 
called oCelloScope (Philips BioCell A/S), can test 96 samples per run, and is also automated, 
which makes it viable as a screening device. With this device it would be feasible to run 
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sizable screening in order to find new synergistic combinations to combat the MDR-GNB 
problem (Ungphakorn et al. 2017a). 

In this project aztreonam (AZT), meropenem (MER), minocycline (MIN) and rifampicin 
(RIF) were combined with polymyxin B (PMB) to find out if any of these antibiotics have any 
synergistic effect on clinical isolates of carbapenemase producing Enterobacteriaceae (CPE). 
The antibiotics chosen for this project were based on previous unpublished data. 

The project used clinical strains, which meant that all lab work had to be performed in a 
biosafety class 2 lab. Precaution of contamination were issued, where all lab work was done 
with gloves and special work clothes. 

1.1 Polymyxin B 

Polymyxins is a class of nonribosomal peptides and consists of different compounds classified 
from A to E. Polymyxin B and colistin (polymyxin E) have been used since the 60s and 70s 
but have later had a more restricted usage due to their toxicity. However, because of the rise 
in MDR-GNB, the usage of polymyxins has been revived as a last resort antibiotic. Recent 
studies has also revealed that the toxicity might not be as severe as previous reported due to 
outdated pharmacodynamics used in past articles (Gupta et al. 2009). PMB’s main 
mechanism as antimicrobial agent is to disrupt the cell membrane of mainly Gram-negative 
cells. There have been several cases of successful synergistic effects when using PMB in 
combination with other antibiotics. It is believed that the synergy is due to increasing 
permeability of the cell membrane by PMB which makes it possible for the secondary 
antibiotic to enter the cell (Tängdén et al. 2014). This synergy opens up the opportunity to try 
antibiotics that would normally have no effect on Gram-negative cells. Minocycline and 
rifampicin are examples of mainly Gram-positive antibiotics that now could target Gram-
negative cells with the help of PMB. PMB is a clinically usable drug that is not used 
worldwide. In Europe, colistin is used rather than PMB, which is currently not available in 
this region. Colistin and PMB share many properties and their only difference in chemical 
structure is a single amino acid. It is therefore expected that the results gained for PMB will 
also be similar for colistin.  

1.2 Aztreonam 

AZT is a monocyclic β-lactam that inhibits the bacterial cell wall synthesis. This is achieved 
by binding to the penicillin-binding-protein 3 (PBP-3), thus inactivating the protein. PBPs are 
also associated with filamentation when inactivated. The PBP-3 in particular which AZT has 
the greatest affinity towards will cause filamented cells with elongated cell morphology. AZT 
mainly works on Gram-negative bacteria where it can bind to the PBP more easily, while 
being more ineffective against Gram-positive cells where a higher concentration is required. 
(Davies et al. 2008). AZT is of particular interest against CPE as it is the only available beta-
lactam which is stable against the metallo-β-lactamases. 
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1.3 Meropenem 

MER is part of the carbapenem class of antibiotics. Like AZT it will also bind to the PBP 
proteins, but have a higher affinity towards PBP-2. Inactivation of PBP-2 will result in 
circular cell morphology. It also has affinity towards PBP-3 but not as strongly as AZT. 
(Davies et al. 2008). 

1.4 Minocycline 

MIN is a tetracycline class antibiotic. MIN acts by binding to the ribosome thus preventing 
tRNA from binding to the ribosome, which will interfere with the protein synthesis. 
Tetracycline classed antibiotics can have a lesser effect against E. coli due to different efflux 
pumps system that decrease the intracellular tetracycline concentration (Lashinsky et al. 
2017). 

1.5 Rifampicin 

RIF is an antibiotic that primarily works on Gram-positive bacteria and is also a cornerstone 
in the treatment of turberculosis. It acts on the RNA synthesis mechanism of the cell and 
inhibits RNA polymerase, which prevents the growth of the bacterial cell. Gram-negative 
bacteria have a higher MIC against RIF because of their outer membrane preventing the 
antibiotic from entering the cell (Wehrli 1983). 

1.6 NDM 

The metallo β-lactamases belong to the class B β-lactamases. NDM is an enzyme that 
hydrolyzes most of the β-lactams, including the carbapenem antibiotics. NDM genes are often 
situated on a plasmid, which means that the resistance could be spread even further by 
horizontal gene transfer. The NDM gene sometimes also co-exists with other resistance genes 
(Khan et al. 2017). 

1.7 OXA-48 

OXA-48 is part of the class D β-lactamases and has the ability to hydrolyze carbapenems and 
other β-lactams. It has a weaker hydrolytic activity towards carbapenems than other β-lactams 
e.g. AZT. For the carbapenems, the hydrolytic activity is strongest towards ertapenem. There 
are a number of variants that are very similar to OXA-48 with only 1-5 differences in amino-
acids substitutions or deletions. The gene that encodes OXA-48 can be situated on a plasmid, 
which increases the risk of spreading by horizontal gene transfer. Furthermore, the gene can 
also co-exist among other resistance genes (Mairi et al. 2017).  
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1.8 oCelloScope 

The oCelloScope (Philips BioCell A/S) is a recently developed digital time-lapse microscopy 
instrument that can be used for high throughput AST screening. The instrument takes images 
on each well in a 96 well tray during a set time interval. By using growth kinetics algorithms, 
the images can be translated into bacterial growth curves with the software UniExplorer 
(Philips BioCell A/S). The background corrected absorption (BCA) algorithm uses the first 
image to correct the background intensity in order to calculate a threshold value to determine 
dark pixels as objects. A higher bacterial concentration will increase the number of object 
pixels, the more object pixels that are detected the higher BCA value. Segmentation and 
Extraction of Surface Area (SESA) is another growth kinetic algorithm that unlike BCA is not 
affected by differences in light intensity. It uses segmentation and can detect objects by their 
contrast against the background, resulting in a very high efficiency at low bacterial 
concentrations, but will be unreliable at high concentrations when the bacteria start to overlap 
(Ungphakorn et al. 2017b) (Philips BioCell A/S 2015). 

1.9 Project aim 

This project aimed to explore the possibilities of using antibiotic combinations as a viable 
treatment option for CPE. Combination therapy against carbapenemase-producing E. coli and 
K. pneumoniae strains were investigated. The concentrations and antibiotics used for this 
project were clinically relevant and were based on previously published pharmacokinetic data. 
The project also further evaluated the oCelloScope to determine if it is suitable to use as a 
screening instrument against these strains and antibiotics.  
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2 Materials and methods 

2.1 Strains 

The strains used were all clinical isolates. 20 E. coli strains, that had been whole genome 
sequenced and minimum inhibitory concentration (MIC) tested, were sent from Karolinska 
Institutet, with origins from different hospitals in Oman. Additionally, four K. pneumoniae 
strains from the Public Health Agency of Sweden were used. They were previously MIC 
tested at the lab, but were not whole genome sequenced (Table 1 and Table 2). Clinical 
breakpoints for susceptibility (S), intermediate (I) and resistant (R) towards the antibiotic 
were taken from EUCAST (EUCAST, 2017a).  

Table 1: K. pneumoniae strains from the Public Health Agency of Sweden with carbapenemase genes, 
MIC values for different antibiotics together with their classification according to clinical breakpoints 
from EUCAST. No clinical breakpoints exist for RIF and MIN against Enterobacteriaceae. 
  MIC mg/L 

Strain Carbapenemase 
gene 

PMBa CST AZT RIF MIN FOS MER ERT IMI 

ARU601 NDM 0.5 (S) 0.125 (S) >256 (R) >32 16 32 (S) >32 (R) >32 (R) >256 (R) 

ARU602 VIM 0.5 (S) 0.19 (S) 0.25 (S) >32 16 64 (R) 32 (R) 4 (R) 16 (R) 

ARU604 KPC 0.5 (S) 0.125 (S) >256 (R) 32 6 32 (S) >32 (R) >32 (R) 32 (R) 

ARU613 OXA-48 2 (S) 0.75 (S) 128 (R) 32 12 32 (S) 24 (R) >32 (R) 4 (I) 

aClinical breakpoint values from colistin 
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Table 2: E. coli strains from Karolinska Instititutet with their β-lactamase genes, MIC values and classification according to EUCAST clinical 
breakpoints. No clinical breakpoints exist for RIF and MIN against Enterobacteriaceae. The carbapenemase genes are marked in bold for the β-
lactamase genes. 
    MIC mg/L  

Strain Carbapenemase 
gene 

PMBa CST AZT RIF MIN FOS MER  ERT IMI β-lactamase genes 

ARU 770 NDM 0.5 (S) ≤1 (S) >16 (R) 16 32 < 1 (S) >64 (R) >2 (R) >8 (R) blaOXA-9/blaCTX-M-15/blaNDM-4/blaTEM-1B 
ARU 771 NDM 0.5 (S) ≤1 (S) >16 (R) 16 32 < 1 (S) 64 (R) >2 (R) 8 (I) blaTEM-1B/blaCTX-M-15/blaNDM-1 

ARU 772 NDM 0.5 (S) ≤1 (S) >16 (R) 16 4 < 1 (S) 32 (R) >2 (R) >8 (R) blaNDM-7/blaCTX-M-15/blaOXA-1 

ARU 773 NDM 0.5 (S) ≤1 (S) 1 (S) 16 16 < 1 (S) 64 (R) >2 (R) >8 (R) blaTEM-1B/blaNDM-5 
ARU 774 NDM 0.5 (S) ≤1 (S) >16 (R) 32 16 < 1 (S) >64 (R) >2 (R) >8 (R) blaNDM-1/blaCMY-42/blaTEM-1B/blaCTX-M-15/blaOXA-1 

ARU 775 NDM 0.5 (S) ≤1 (S) >16 (R) 16 4 < 1 (S) >64 (R) >2 (R) >8 (R) blaTEM-1B/blaNDM-5/blaCTX-M-15/blaOXA-1 
ARU 776 NDM 0.5 (S) ≤1 (S) >16 (R) 16 4 < 1 (S) >64 (R) >2 (R) >8 (R) blaCMY-42/blaCTX-M-15/blaTEM1B/blaNDM-1/blaOXA-1 
ARU 777 NDM 0.5 (S) ≤1 (S) >16 (R) 16 16 < 1 (S) 16 (R) >2 (R) 2 (S) blaCTX-M-15/bla0XA-1/blaNDM-5 
ARU 778 NDM 0.5 (S) ≤1 (S) >16 (R) 32 16 < 1 (S) 16 (R) >2 (R) 2 (S) blaCTX-M-15/blaDHA-1/blaNDM-1/blaTEM1B/blaOXA-1/blaCMY-6 
ARU 779 NDM 0.5 (S) ≤1 (S) >16 (R) 16 8 < 1 (S) >64 (R) >2 (R) >8 (R) blaCTX-M-15/blaTEM-1B/blaNDM-5 
ARU 780 NDM 0.5 (S) ≤1 (S) 8 (R) 16 8 < 1 (S) 64 (R) >2 (R) 8 (I) blaTEM-1B/blaCMY-2/blaNDM-5 
ARU 781 NDM 0.5 (S) ≤1 (S) >16 (R) 16 8 < 1 (S) >64 (R) >2 (R) >8 (R) blaTEM-1B/blaCTX-M-15/blaOXA-1/blaNDM-5 

ARU 782 NDM 0.5 (S) ≤1 (S) >16 (R) 32 4 < 1 (S) 64 (R) >2 (R) 8 (I) blaTEM-1B/blaNDM-5/blaCTX-M-15/blaOXA-1 

ARU 783 OXA-48 0.5 (S) ≤1 (S) ≤0.5 (S) 8 2 < 1 (S) 2 (S) 1 (I) 1 (S) blaOXA-48/blaTEM-1B 
ARU 785 OXA-48 0.5 (S) ≤1 (S) >16 (R) 16 1 < 1 (S) 2 (S) >2 (R) 1 (S) blaOXA-48/blaCMY-42/blaCTX-M-15 
ARU 786 OXA-48 0.5 (S) ≤1 (S) ≤0.5 (S) 8 1 < 1 (S) 1 (S) >2 (R) 2 (S) blaOXA-48/blaTEM-1B 
ARU 787 OXA-48 0.5 (S) ≤1 (S) >16 (R) 16 8 < 1 (S) 1 (S) >2 (R) ≤0.5 (S) blaTEM-1B/blaCTX-M-15/blaOXA-1/blaOXA-181/blaCMY-42 
ARU 788 OXA-48 0.5 (S) ≤1 (S) >16 (R) 32 8 < 1 (S) 1 (S) >2 (R) ≤0.5 (S) blaTEM-1B/blaCTX-M-15/blaOXA-1/blaOXA-181/blaCMY-2 
ARU 790 NDM & OXA-48 0.5 (S) ≤1 (S) >16 (R) 32 32 < 1 (S) 16 (R) >2 (R) >8 (R) blaCTX-M-15/blaNDM-5/blaTEM-1B/blaOXA-181/blaOXA-1/blaCMY-2 

ARU 791 NDM & OXA-48 0.5 (S) ≤1 (S) >16 (R) 32 64 < 1 (S) 32 (R) >2 (R) 4 (S) blaCTX-M-15/blaTEM-1B/ blaNDM-1/blaOXA-48 
a Clinical breakpoint values from colistin
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2.2 Antibiotics and Media 

All antibiotic stocks were prepared at 10000mg/L. PMB, MER and FOS powder were 
dissolved in sterile water while AZT, MIN and RIF powder were dissolved in DMSO. For 
time-kill experiments, each stock was diluted to the final concentrations chosen according to 
synergistic effects recorded from previous oCelloScope experiments, PMB 0.25mg/L, AZT 
64mg/L and FOS 128mg/L. Experiments with FOS also included 25mg/L glucose-6-
phosphate according to EUCAST guidelines for MIC testing. For the oCelloScope 
experiments, each stock was diluted to the final clinical relevant concentrations, PMB 0.25, 
0.5, 1 and 2 mg/L, MER 2, 16 and 64 mg/L, AZT 2, 8 and 64 mg/L, MIN 0.5, 4 and 16 mg/L 
and RIF 1, 8 and 32 mg/L. For ARU783 and ARU786 a lower AZT concentration range, 
0.125, 0.5 and 2mg/L, was used due to low MIC for AZT. When the concentration was 
required to be decreased for MER it was set to 0.125, 0.5 and 1mg/L and for PMB, 0.125, 
0.25, 0.5 and 1mg/L (ARU783, 785, 787 and 788 for the MER set in Table 5). Each antibiotic 
was also diluted to the MIC range of the ATCC control strain (EUCAST 2017b). Cation-
adjusted Mueller-Hinton II (MH-II) broth and agar plates were used for all experiments in this 
project.  

2.3 oCelloScope 

The growth kinetics algorithms for this project used a combination of SESA and BCA to 
prevent false interpretation of growth by obscurance of light, e.g. condensation but also to be 
able to measure high concentrations of objects. A cut-off value of BCA≥8.0 and SESA≥5.8 
(maximum SESA value at any time-point) was considered as growth and was based on 
previous studies (Ungphakorn et al. 2017a and unpublished data). Synergistic effect was 
defined by having an antibiotic combination below the cut-off while both single antibiotics at 
the same concentration were above the cut-off. An indifference effect as no difference 
between the combination and the most potent single antibiotics, and antagonistic effect as an 
antibiotic combination above the cut-off while one or both single antibiotics was below the 
cut-off. 

Sample was taken from a frozen stock of bacteria and streaked on a MH-II agar plate that was 
incubated overnight in 37°C. One colony was taken from the streaked MH-II agar plate (not 
older than 14 days) and suspended in MH-II broth for 15-18h at 37ºC with 190RPM shaking 
to create an overnight culture. The overnight culture was diluted 1:100 and incubated further 
at 37ºC with 190RPM shaking for 1.5h to reach exponential growth phase. A 1:20 dilution 
was done to get a starting inoculum of ~1×106 CFU/mL in each well. MH-II broth and 
antibiotics were added to a flat bottom 96-well tray and the culture was added last to give a 
total volume of 200µL in each well. A growth control (GC) with only culture and MH-II 
broth, and one negative control (NC) were included for all oCelloScope experiments. Quality 
control strains were used to verify that the antibiotic concentration was in the correct range. E. 
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coli ATCC 25922 control strain was used for AZT, MER and PMB. S. aureus ATCC 29213 
control strain was used for MIN and RIF. The layout of the oCelloScope plate is shown in 
Figure 1. The tray was covered with a qPCR film and inserted in the oCelloScope instrument 
for 24h. The instrument is placed inside a 37 ºC incubator.  

The oCelloScope instrument was set up using the UniExplorer software with the following 
setup and parameters: 

• Task: Acquire/growth kinetics 
• Illumination: 150 
• Illumination time: 0.2s 
• Focus: bottom search 
• Image distance: 4.9µm 
• Image taken: 5 
• Time interval: 15 min 
• Number of repetition: 97 

These settings yield a detection limit of ~1.1×105CFU/mL. The resulting data were exported 
from the UniExplorer software and an image matrix composed of 24h time-point images for 
each well was obtained by a python script (Figure 1). For more detail about the data handling 
see section 2.10. 

 
Figure 1: Visualization of the 96 well plate layout (left) that was used for the oCelloScope 
experiments. Each color represents a bacterial strain in a matrix with 2 different antibiotics from low 
to high concentrations, in this case PMB and RIF. The numbers indicate the concentration of the 
antibiotic in mg/L. The unmarked cells indicate a combination of both antibiotics with the 
concentration according to the matrix layout. Column 11 and 12 contain an ATCC strain to check if 
the antibiotic concentration was in the right interval. All strains have a positive control marked with 
GC. One negative control was marked with NC at the A12 well. The resulting image obtained by the 
oCelloScope from the 24h time-point in each well (right). The image follows the same matrix as the 
96 well plate layout (left). A green frame indicates no growth, a red frame indicates growth by the 
oCelloScope growth kinetics algorithms using the cut-off values. 
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2.4 Dot test (oCelloScope + plating) 

After 24h, at the end of the oCelloScope experiment, the 96 well tray was taken out of the 
instrument. Each well in the tray was serially diluted in seven steps with 10x dilution in each 
step. 10μL samples of each well was pipetted on a MH-II agar plate, one strain, i.e. 20 dots, 
per plate and a MH-II agar plate supplemented with 4xMIC PMB (i.e. 2mg/L PMB) and 
incubated overnight in 37°C. The plates were then checked for growth at each dot and 
recorded as a 1x10x+2 (where x is the dilution step) regardless of the amount of growth in the 
spot. This gives a detection limit of 1×102CFU/mL. The synergy was defined as a ≥2log10 
decrease between the combination and the most potent single antibiotic, indifference as a 
<2log10 difference and antagonism as a ≥2log10 increase between a combination and a single 
antibiotic. 

2.5 Antibiotic susceptibility testing 

RIF and MIN had been tested with BMD, while AZT, PMB and MIN had been tested with 
BMD using the Automated Incubation and Reading System developed by ThermoFisher 
scientific. FOS was MIC tested using agar dilution with 25mg/L glucose-6-phosphate added 
to the agar. The MIC testing was done by the research team at Karolinska Institutet that sent 
the strains, in addition PMB and MER was tested with BMD on arrival to ensure no loss of 
resistance had occurred. Clinical breakpoints were taken from the EUCAST 
Enterobacteriaceae list, however, no clinical breakpoint exist for MIN, RIF and PMB for 
Enterobacteriaceae. Colistin breakpoints were used instead of PMB (EUCAST, 2017a) (Table 
1 and Table2). 

2.5.1 Broth microdilution 
Three to five colonies were picked from a freshly streaked MH-II agar plate not more than 
one day old and suspended in saline to 0.4-0.6 McFarland, which is ~1-2×108 CFU/mL. The 
suspended culture was further diluted 1:100 in MH-II media and then inoculated to a 96 
rounded well tray that contains the appropriate antibiotic concentrations. This gave a start 
inoculum of approximately 1×105 CFU/mL. The tray was sealed with a lid and incubated at 
37 ºC for 16-20h. The plate was read for visible growth by the unaided eye and the first 
concentration with no visible growth was read as the MIC. 

2.6 Susceptibility of surviving resistant cells  

To test whether the growth on MH-II agar plates with 2mg/L PMB was due to an inoculum 
effect or actual resistance, BMD was performed on a selection of samples that grew on these 
agar plates.  

Bacteria from growth spots were picked from the resulting growth in the dot test (section 2.4) 
and suspended in saline to 0.4-0.6 McFarland. The samples were then tested for PMB 
susceptibility with BMD (section 2.5.1). 
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2.7 Carry-over test 

To ensure that any lack of visible growth in the dot test was not due to carry-over effect (i.e. 
antibiotic still remaining and acting on samples when placed on agar plate), a test was done 
on strain ARU786 where both a dot test and a plating with glass beads was performed on the 
undiluted and 10x dilution sample of each well.  

Dot test was done as in section 2.4. The glass bead plating was done by taking 100µL of 
sample from the well on to a MH-II agar plate. Sample was left to sink into plates for ~1 min. 
Glass beads was then used to spread the samples on the plates. The remaining sample ~80μL 
in the wells was put on a MH-II agar plate with 2mg/L PMB and plated in the same way.  

2.8 Time-kill experiments 

A 1.5h start culture was created in the same way as for oCelloScope experiments in section 
2.3. The start culture was transferred to tubes with pre-warmed MH-II broth (time-kill tubes), 
one for each antibiotic and antibiotic combination used and one GC. Sample was taken from 
each time-kill tube for 0h plating and antibiotics were added to the time-kill tubes. The time-
kill tubes were then incubated in 37°C with 190RPM shaking. Each sample was taken and 
serially diluted with PBS 10 times for each step and plated on MH-II agar plates with glass 
beads at the time intervals 0, 1, 3, 6, and 24h after addition of antibiotics. The agar plates 
were incubated overnight at 37°C and colony counting was performed after the incubation. 
This will give a detection limit of ~10CFU/mL. 

Time-kill experiments for strain ARU601 and ARU602 were done in duplicate so the mean 
value for each time point was taken as the final result, while strain ARU604 and ARU613 
were only done once. As in previous studies the synergy was defined as a ≥2log10 decrease 
between the combination and most potent single antibiotic, indifference as a <2log10 
difference and antagonism as a ≥2log10 increase between a combination and a single 
antibiotic at 24h. (Tängdén et al. 2014) 

2.9 Resistance loss test 

Due to unexpected oCelloScope results for ARU782 with MER, the strain was tested for loss 
of MER resistance. The strain was streaked on an agar plate and incubated at 37°C overnight. 
Bacteria samples were picked by dipping a plastic loop three to five times on the streaked 
plate over the main growth area and suspended in saline to 0.4-0.6 McFarland and serially 
diluted in seven steps with 10x dilution in each step. 100μL was added to a MH-II agar plate 
and a MH-II agar plate containing 8mg/L MER for each dilution step. The plates were spread 
using glass beads and incubated at 37°C overnight, and colonies were then counted the 
following day.   
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2.10  Software and data handling 

UniExplorer was used to set up the oCelloScope instrument and export the acquired data. The 
SESA and BCA algorithm values for each time-point were exported to a csv file as well as the 
images. The data was processed with a python script that reads the csv data and plotted the 
algorithm value for each time-point. Images taken at the 24h time-point for each well was also 
loaded, and marked with a red frame if they were exhibiting growth or marked with a green 
frame if there was no growth according to the BCA and SESA cut-off (Figure 1). The BCA 
and SESA values at 24h were also exported to an Excel table. 

3 Results 
The results were divided into K. pneumoniae and E. coli. K. pneumoniae were tested with 
PMB in combination with AZT and FOS using time-kill, the oCelloScope and dot test, while 
E. coli were tested with the oCelloScope and dot test for all strains with PMB in combination 
with MER, AZT, MIN and RIF.  

3.1 Klebsiella pneumoniae 

Time kill experiments were done on K. pneumoniae strains with different antibiotic 
combinations, AZT or FOS combined with PMB (Figure 2). The majority of the strains 
exhibited regrowth after 24h with exception of ARU602 where total kill was seen with AZT 
and the combination of AZT&PMB after 24h. No synergistic effect could be observed at 24h 
in the time-kill experiments for any of the strains. No synergistic effect could be detected with 
the oCelloScope at 24h at any of the concentrations tested in the time-kill experiments (Table 
3). However, the dot test for ARU613 with AZT&PMB combination resulted in one 
synergistic effect with PMB at 2mg/L and AZT at 64mg/L which was not tested with time-kill 
experiments. 

Table 3: Summary over the classifications of the experimental methods for K. pneumoniae with the 
combinations AZT&PMB and FOS&PMB. 
Strain Carbapenemase 

gene 
Concentration 
mg/L 

Classification 
Time-kill 

Classification 
oCelloScope 

Classification 
Dot-test 

ARU601 NDM PMB 0.25 + AZT 64 Indifference Indifference Indifference 
ARU602 VIM PMB 0.25 + AZT 64 Indifference Indifference Indifference 
ARU604 KPC PMB 0.25 + AZT 64 Indifference Indifference Indifference 
ARU613 OXA-48 PMB 0.25 + AZT 64 Indifference Indifference Indifference 
ARU601 NDM PMB 0.25 + FOS 128 Indifference Indifference Indifference 
ARU602 VIM PMB 0.25 + FOS 128 Indifference Indifference Indifference 
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Time-kill and BCA graphs were compared to see how well they correlated (Figure 2). A BCA 
graph will not ordinarily decrease, but rather have a slower increase or remain stable during 
growth inhibition, because it can only detect pixel variable, and dead cells would still remain 
on the images. This would correspond to an inhibition or decrease in the time-kill graphs. 
Therefore, the methods did agree but with some deviation. For the PMB&AZT combinations, 
ARU 601, ARU602 and ARU604 had a slightly longer single PMB 0.25mg/L inhibition time 
according to the BCA graphs compared with the time-kill graphs. For ARU601 and ARU602, 
regrowth for PMB 0.25mg/L started at ~1h in the time-kill graphs for both strains. The BCA 
graphs, recorded a regrowth at ~3h (ARU601) and ~8h (ARU 602). The increase on the BCA 
graph starts approximately when the time-kill graphs reach 5log10 CFU/mL which is the 
detection limit of the oCelloScope. ARU604 had no detectable inhibition with PMB 0.25mg/L 
on the time-kill graph but the BCA graph showed inhibition until ~3h followed by regrowth. 
Time-kill experiments for ARU601 and ARU602 with single FOS and PMB & FOS showed 
inhibited growth until ~3h and ~5h respectively followed by regrowth but only inhibiting 
effect was seen in the BCA graphs (Figure 2).  
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Figure 2: The correlation between time-kill experiments (left) and oCelloScope experiments (right) 
for the K. pneumoniae strains. Time in hours is represented on the x-axis, log10 CFU/mL on the y-axis 
for the time-kill graphs and BCA value on the y-axis for the oCelloScope graphs. ARU604 and 
ARU613 were only tested once, while the rest had been tested in duplicates and the mean value for 
each time-point was plotted for both the time-kill graphs and BCA graphs.  
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3.2 Escherichia coli 

The E. coli strains from Karolinska Institutet were MIC tested from frozen stock to make sure 
that no carbapenem-resistance had been lost by sub-culturing between labs. This was done by 
BMD for MER and the MIC remained at approximately the same for all strains used in this 
project, thus no resistance loss had occurred during sub-culturing. All strains were also tested 
with BMD for PMB MIC, which resulted in a MIC of 0.5mg/L. All other MIC testing was 
performed at Karolinska Institutet (Table 2).  

The oCelloScope growth kinetics data and dot test experiments showed that MIN had the 
most synergy hits of the four antibiotics tested in combination with PMB, 9 out of 20 strains. 
This was closely followed by RIF. Both MER and AZT had very poor synergistic effects 
when combined with PMB. Antagonism was seen for MER against 4 cases, 2 against AZT, 2 
against MIN and 4 against RIF. (Table 4 and Table 5).  

Table 4: The oCelloscope classification results for the number of E. coli strains out of 20 in total 
where synergy, indifference and antagonism were seen per antibiotic in combination with polymyxin 
B. Strains that were not classified are listed as not applicable. Numbers in parenthesis represents the 
classification according to the dot test. 
Antibiotic Synergy Indifference Antagonism Not Applicableb 

Meropenem 1 11 4 4 

Aztreonama 0 (2)a 16 (15)a 2 2 (3)a 

Minocycline 9 9 2 0 

Rifampicin 7 9 4 0 
aAztreonam was classified with the dot test instead, listed in parenthesis. 
bClassification could not be applied due to no growth at lowest concentration or inconclusive results 
between replicates. 

The oCelloScope and dot test results on MH-II agar and 4xMIC PMB agar are listed in table 
5. The wells listed contained the highest concentration in combination where synergy or 
antagonism occurred, or where there was still growth (Table 5). The classification according 
to the dot test and the BCA/SESA values from the oCelloScope correlated very well for all 
antibiotics except for AZT & PMB where synergy was detected with the dot test in two cases 
(ARU780 and ARU786), but not with the cut-off values used for the BCA/SESA algorithms. 
Cell filamentations were also observed for the AZT & PMB combinations (Figure 3). 
However, the BCA/SESA cut-off values for MER were still valid where sphere formations 
occurred (Table 5 and Figure 3). Generally, the dot test for MH-II agar plates either had a 
bacterial growth around 8-9 log10 CFU/mL or no bacterial growth (Table 5). Dot test for all 
strains and antibiotic combinations in table 5 that had growth of 8-9log10 CFU/mL 
corresponded to a mean (standard deviation in parenthesis) SESA value of 6.19(0.15) and a 
mean BCA value of 8.99(0.12). When looking at the strains that had no growth with the dot 
test, not counting strains exposed to AZT, the mean SESA value was 5.12(0.45) and a mean 
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BCA value of 6.23(0.93). The no growth for AZT strains had a mean SESA of 6.23(0.15) and 
a mean BCA value of 8.13(0.07). 

The dot test on 4xMIC PMB agar plates showed that growth occurred mostly when the 
samples where undiluted. In five cases (Appendix 1), growth occurred when the samples were 
diluted. See section 3.3 for more detail. 

For ARU790 (PMB0.25 & MER16mg/L) and ARU788 (PMB0.25 & RIF32mg/L) the SESA 
value was below the 5.8 cut-off value (Table 5). Despite this, visible bacterial growth could 
be observed from the oCelloScope images. The BCA value remained over 9, and growth 
occurred on the dot test (8log10 CFU/mL). In these cases, the SESA value was discarded, and 
the cut-off for bacterial growth was set to be only BCA ≥ 8 for the oCelloScope. 

             
Figure 3: Images from the oCelloScope at 1, 3, 6 and 24h for ARU786 with MER (left) and ARU786 
with AZT (right) (darker image has higher bacteria concentration, SESA values and BCA values in 
parenthesis, note that SESA value only represent the highest value recorded for that time-point). Left 
image: At 24h, the GC and ARU786 PMB 0&MER 2mg/L both had SESA/BCA values over the cut-
off for growth and 8 respective 9log10 CFU/mL on the dot test. ARU786 PMB 0.25&MER 2mg/L 
(shows sphere formation) and the NC at 24h had both a SESA/BCA value under the cut-off and no 
growth on the dot test. Right image: At 24h, the GC, ARU786 PMB 0&AZT 0.125mg/L and ARU786 
PMB 0.25&AZT 0.125mg had a SESA/BCA value over the cut-off for growth but only the GC and 
ARU786 PMB 0&AZT 0.125mg/L had 8log10 CFU/mL growth on the dot test while ARU786 PMB 
0.25&AZT 0.125mg/L (shows filamented cells) had no growth on dot test. NC had SESA/BCA value 
under the cut-off and no growth on the dot test.  
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Because no growth occurred at the lowest MER concentration at 2mg/L, ARU783, ARU785, 
ARU787 and ARU788 on the MER set was redone with a lower MER and PMB 
concentration range in the oCelloScope. However, the results for ARU787 (PMB 0 & MER 
0.5mg/L) and ARU788 (PMB 0 & MER 0.5mg/L) differed between the replicates and 
therefore were classified as N/A. Strains that only grew with PMB were also classified as N/A 
and should preferably be repeated with lowered concentration range. 
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Table 5 A: oCelloScope and dot test results at 24h of E. coli exposed to polymyxin B + meropenem. 
   Classification  Dot test (log10 CFU/mL) 
Strain Carbapenemase 

gene 
Concentration (mg/L)a SESA/BCA Dot test SESA(BCA)a PMB&MERa Δb PMB  MER  4xMIC PMB 

PMB&MERa 

 

ARU770 NDM PMB 0.50 + MER 64 Antagonism Antagonism 6.21 (9.04) 9 9 0  8 0 
ARU771 NDM PMB 0.25 + MER 64 Indifference Indifference 6.31 (9.01) 6 0 6  6  2 
ARU772 NDM PMB 0.25 + MER 64 Indifference Indifference 6.34 (9.01) 8 1 7  8  0 
ARU773 NDM PMB 0.25 + MER 64 Indifference Indifference 6.28 (9.01) 8 0 8  8  2 
ARU774 NDM PMB 0.25 + MER 64 Indifference Indifference 6.33 (8.91) 7 -1 8 8 0 
ARU775 NDM PMB 0.25 + MER 64 Indifference Indifference 6.30 (9.00) 8 0 9  8  2 
ARU776 NDM PMB 0.25 + MER 64 Indifference Indifference 6.32 (9.00) 9 1 8  9  2 
ARU777 NDM PMB 0.25 + MER 16 Indifference Indifference 6.25 (9.02) 9 1 8  9  2 
ARU778c NDM PMB 0.25 + MER 64 Antagonism Antagonism 6.22 (8.93) 8 4 8  4  2 
ARU779c NDM PMB 0.25 + MER 64 Indifference Indifference 6.31 (9.01) 7 0 7  9  2 
ARU780c NDM PMB 0.25 + MER 64 Indifference Indifference 6.14 (9.02) 8 1 8  7  3 
ARU781c NDM PMB 0.25 + MER 64 Indifference Indifference 6.29 (9.02) 9 0 9  9  2 
ARU782 NDM PMB + MER N/A N/A - - - - - - 
ARU783 OXA-48 PMB 0.25 + MER 2 Antagonism Antagonism 6.27 (9.01) 9 9 9 0 2 
ARU785 OXA-48 PMB 0.25 + MER 0.125 Antagonism Antagonism 6.30 (8.99) 8 8 0 8 2 

ARU786 OXA-48 PMB 0.25 + MER 2 Synergy Synergy 5.67 (7.55) 0 -8 8  9  0 
ARU787 OXA-48 PMB + MER N/A N/A - - - - - - 
ARU788 OXA-48 PMB + MER N/A N/A - - - - - - 
ARU790 NDM & OXA-48 PMB 0.25 + MER 16 Indifference Indifference 5.78 (9.00) 8 0 8  8  2 
ARU791 NDM & OXA-48 PMB + MER N/A N/A - - - - - - 
N/A – not applicable 
aValue from highest concentration in combination where synergy or antagonism occurred or where there was still growth on the dot test 
bDifference in log10 CFU/mL between the combination and most potent antibiotic at the same concentration 
cControl out of range for MER 

19 



Table 5 B: oCelloScope and dot test results at 24h of E. coli exposed to polymyxin B + aztreonam combinations.  
   Classification  Dot test (log10 CFU/mL) 
Strain 
 

Carbapenemase 
gene 

Concentration (mg/L)a SESA/BCA Dot test SESA(BCA)a PMB&AZTa Δb PMB  AZT 
 

4xMIC 
PMB 
PMB&AZTa 

ARU770 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.26 (8.31) 8 0 8 8  2 
ARU771 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.13 (9.04) 8 1 7  8  2 
ARU772 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.23 (9.02) 7 0 7  8  0 
ARU773 NDM PMB 0.25  + AZT 64c Antagonismc N/Ac 6.14 (9.02) - - - - - 
ARU774 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.09 (9.02) 9 1 8 9  2 
ARU775 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.20 (9.02) 8 0 8  9  0 
ARU776 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.19 (9.03) 9 1 9  8  2 
ARU777 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.08 (9.04) 9 1 8  8  2 
ARU778 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.33 (8.93) 8 1 8  7  0 
ARU779 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.24 (9.03) 8 0 8  8  0 
ARU780 NDM PMB 0.25  + AZT 8 Indifference Synergy 6.24 (8.06) 0 -5 9  5  0 
ARU781 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.11 (9.04) 8 0 8  8  0 
ARU782 NDM PMB 0.25  + AZT 64 Indifference Indifference 6.20 (9.02) 8 0 8  8  2 
ARU783 OXA-48 PMB 0.25  + AZT 0.5 Indifference Indifference 6.29 (8.34) 2 0 8  2 0 
ARU785 OXA-48 PMB 0.25  + AZT 64 Indifference Indifference 6.15 (9.04) 8 0 8  8  3 
ARU786 OXA-48 PMB 0.25  + AZT 0.125 Indifference Synergy 6.21 (8.20) 0 -8 8  8  0 
ARU787 OXA-48 PMB 0.25  + AZT 2 Antagonism Antagonism 6.26 (9.01) 8 8 0 8 0 
ARU788 OXA-48 PMB 0.25  + AZT 64 Indifference Indifference 6.28 (9.04) 8 0 8  8  0 
ARU790 NDM & OXA-48 PMB + AZT N/A N/A - - - - - - 
ARU791 NDM & OXA-48 PMB 0.25  + AZT 64 Indifference Indifference 6.20 (9.03) 8 0  8  8  0 
N/A – not applicable 
aValue from highest concentration in combination where synergy or antagonism occurred or where there was still growth on the dot test 
bDifference in log10 CFU/mL between the combination and most potent antibiotic at the same concentration 
cClassification according to SESA/BCA cutoff values, no growth observed on the dot test at the lowest AZT concentration, hence the N/A classification. 
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Table 5 C: oCelloScope and dot test results at 24h of E. coli exposed to polymyxin B + minocycline combinations. 
   Classification  Dot test (log10 CFU/mL) 
Strain Carbapenemase 

gene 
Concentration 
(mg/L)a 

SESA/BCA Dot test SESA(BCA)a PMB&MINa Δb PMB 
 

MIN 
 

4xMIC PMB 
PMB&MINa 

ARU770c NDM PMB 0.50 + MIN 0.5 Antagonism Antagonism 6.14 (9.01) 8 8 0 8  2 
ARU771c NDM PMB 0.25 + MIN 16 Synergy Synergy 5.08 (6.27) 0 -7 8 7  0 
ARU772c NDM PMB 0.25 + MIN 4 Synergy Synergy 5.23 (5.88) 0 -7 8 7  0 
ARU773c NDM PMB 0.25 + MIN 4 Indifference Indifference 6.29 (8.96) 8 0 8 8  0 
ARU774 NDM PMB 0.25 + MIN 0.5 Indifference Indifference 6.23 (8.98) 8 0 8 8  2 
ARU775 NDM PMB 0.25 + MIN 0.5 Indifference Indifference 6.22 (8.97) 7 0 8 7 2 
ARU776 NDM PMB 0.25 + MIN 0.5 Indifference Indifference 6.21 (8.98) 7 0 7 7 0 
ARU777 NDM PMB 0.25 + MIN 4 Synergy Synergy 5.64 (6.76) 3 -4 7 8 0 
ARU778 NDM PMB 0.25 + MIN 4 Synergy Synergy 5.00 (6.02) 0 -7 8 7 0 
ARU779 NDM PMB 0.25 + MIN 0.5 Antagonism Antagonism 6.29 (8.97) 8 8 0 8 0 

ARU780 NDM PMB 0.25 + MIN 4 Synergy Synergy 5.38 (6.99) 0 -7 8 7 0 
ARU781 NDM PMB 0.25 + MIN 4 Synergy Synergy 5.81 (6.03) 0 -7 8 7 0 
ARU782 NDM PMB 0.25 + MIN 0.5 Indifference Indifference 6.21 (8.97) 9 0 9 9  2 
ARU783 OXA-48 PMB 0.25 + MIN 0.5 Indifference Indifference 6.26 (8.98) 8 0 9 8  2 
ARU785 OXA-48 PMB 0.25 + MIN 0.5 Indifference Indifference 6.24 (8.98) 8 0 8 8 2 
ARU786 OXA-48 PMB 0.25 + MIN 4 Synergy Synergy 4.93 (6.36) 0 -7 8 7 0 
ARU787c OXA-48 PMB 0.25 + MIN 0.5 Indifference Indifference 6.23 (8.96) 9 1 9 8 2 
ARU788c OXA-48 PMB 0.25 + MIN 4 Indifference Indifference 6.27 (8.85) 7 0 8 7 2 
ARU790c NDM & OXA-48 PMB 0.25 + MIN 4 Synergy Synergy 4.10 (8.67) 0 -7 8 7 0 
ARU791c NDM & OXA-48 PMB 0.25 + MIN 16 Synergy Synergy 4.97 (6.68) 0 -7 7 7 0 
aValue from highest concentration in combination where synergy or antagonism occurred or where there was still growth on the dot test 
bDifference in log10 CFU/mL between the combination and most potent antibiotic at the same concentration 
cControl out of range for MIN 
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Table 5 D: oCelloScope and dot test results at 24h of E. coli exposed to polymyxin B + rifampicin combinations.  
   Classification  Dot test (log10 CFU/mL) 
Strain Carbapenemase 

gene 
Concentration 
(mg/L)a 

SESA/BCA Dot test SESA(BCA)a PMB&RIFa Δb PMB 
 

RIF 
 

4xMIC 
PMB 
PMB&RIFa 

ARU770 NDM PMB 0.25 + RIF 8 Synergy Synergy 5.13 (4.81) 0 -8 8 8  0 
ARU771 NDM PMB 0.25 + RIF 32 Synergy Synergy 5.53 (5.78) 0 -8 8 8  0 
ARU772 NDM PMB 0.25 + RIF 8 Indifference Indifference 6.20 (9.00) 8 0 8  8  0 
ARU773 NDM PMB 0.25 + RIF 8 Synergy Synergy 4.91 (5.72) 0 -7 9  7  0 

ARU774 NDM PMB 0.25 + RIF 8 Indifference Indifference 5.29 (4.69) 4 0 8  4  0 
ARU775 NDM PMB 0.25 + RIF 8 Indifference Indifference 6.30 (8.81) 7 -1 8  8  0 
ARU776 NDM PMB 0.25 + RIF 8 Synergy Synergy 5.41 (5.94) 0 -4 7  4  0 
ARU777 NDM PMB 0.25 + RIF 8 Synergy Synergy 5.41 (6.03) 0 -7 8  7  0 
ARU778 NDM PMB 0.25 + RIF 8 Indifference Indifference 6.27 (8.38) 7 0 8  7  0 
ARU779 NDM PMB 0.25 + RIF 8 Indifference Indifference 6.26 (8.95) 4 0 4  4  0 
ARU780 NDM PMB 0.25 + RIF 8 Indifference Indifference 6.34 (8.88) 7 -1 8  8  0 
ARU781 NDM PMB 0.25 + RIF 8 Indifference Indifference 6.31 (8.79) 7 0 8  7  0 
ARU782 NDM PMB 0.25 + RIF 8 Indifference Indifference 6.29 (8.92) 7 0 8  7  0 
ARU783 OXA-48 PMB 0.25 + RIF 8 Synergy Synergy 5.24 (5.08) 0 -8 9  8  0 
ARU785 OXA-48 PMB 0.25 + RIF 1 Antagonism Antagonism 6.26 (8.99) 7 7 0 7 0 

ARU786 OXA-48 PMB 0.25 + RIF 1 Antagonism Antagonism 6.23 (8.96) 7 7 0 7 0 

ARU787 OXA-48 PMB 0.25 + RIF 1 Antagonism Antagonism 6.09 (8.98) 8 8 0 8 0 
ARU788 OXA-48 PMB 0.25 + RIF 32 Antagonism Antagonism 5.45 (9.05) 8 8 8 0  0 
ARU790 NDM & OXA-48 PMB 0.25 + RIF 8 Synergy Synergy 4.29 (5.50) 0 -4 8  4  0 
ARU791 NDM & OXA-48 PMB 0.25 + RIF 8 Indifference Indifference 6.24 (8.96) 7 0 7  7  0 
aValue from highest concentration in combination where synergy or antagonism occurred or where there was still growth on the dot test 
bDifference in log10 CFU/mL between the combination and most potent antibiotic at the same concentration 
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3.3 Susceptibility of surviving resistant cells 

The susceptibility test of surviving resistant cells (i.e. BMD on growth spot) was done by 
random sampling on some of the spots that could grow on 4xMIC PMB plates. In most cases 
no resistant subpopulation could be detected, the MIC remained within an acceptable range of 
0.5mg/L, a difference of one dilution step is considered to be normal variation (Table 6). The 
strains without any changed MIC value could only grow on 2 mg/L PMB when undiluted 
sample was plated. ARU602 and ARU790 showed signs of a resistant subpopulation or 
mutation with a PMB MIC higher than 2mg/L. These strains had in common that they could 
also grow in spots where samples were diluted at least 10 times. For all samples that showed 
growth on the 4xMIC PMB plates when diluted, see appendix 1.  

Table 6: Summary of all BMD tests from growth spots on 4x MIC PMB plates. Comparison between 
initial MIC and the MIC of samples growing on 4x MIC PMB plates. 
Strain Species MIC  

mg/L 
Initial MIC 
mg/L 

ARU602a K. pneumoniae >2 0.5 
ARU771 E. coli 0.25 0.5 
ARU774 E. coli 0.25 0.5 

ARU776 E. coli 0.25 0.5 
ARU780 E. coli 0.25 0.5 
ARU781 E. coli 0.25 0.5 
ARU783 E. coli 0.5 0.5 
ARU785 E. coli 0.5 0.5 
ARU786 E. coli 0.25 0.5 
ARU787 E. coli 0.5 0.5 
ARU788 E. coli 1 0.5 
ARU790a E. coli >2 0.5 
aThese samples were picked from 4x MIC PMB plates with ≥10x dilution 
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3.4 Carry-over test 

No inhibition zone was observed on the plates where the bacteria were spread using glass 
beads, i.e. no visible carry-over effect was present on these plates even though signs of carry-
over effects (i.e. inhibition zones) were observed on the 4xMIC dot. This method 
corresponded well with the dot test in terms of bacterial growth (Table 7). One exception was 
noted for the plate with sample from PMB 0 + AZT 0.125mg/L on 4x MIC PMB plates where 
no bacterial growth was detected on plates spread with glass beads, but bacterial growth was 
detected with the dot test (Table 7). 

Table 7: Results of the carry-over effect test. Bacterial growth in CFU/mL for both glass bead plating 
and dot test is represented together with the antibiotic concentrations used. 
 ARU786 MH-II plates ARU786 4x MIC PMB MH-II plates 
Concentration  
mg/L 

Glass bead plating 
CFU/mL 

Dot test 
CFU/mL 

Glass bead plating 
CFU/mL 

Dot test 
CFU/mL 

PMB 0.00 + MER 0 >1×103 >1×103 1×102 1×102 
PMB 0.25 + MER 0 0 0 0 0 
PMB 0.00 + MER 2 0 0 0 0 
PMB 0.25 + MER 2 0 0 0 0 
PMB 0.00 + AZT 0 >1×103 >1×103 1×102 1×102 
PMB 0.25 + AZT 0 0 0 0 0 
PMB 0.50 + AZT 0 >1×103 >1×103 >1×103 >1×103 
PMB 0.00 + AZT 0.125 >1×103 >1×103 0 1×102 
PMB 0.25 + AZT 0.125 0 0 0 0 
PMB 0.50 + AZT 0.125 0 0 0 0 
PMB 0.00 + AZT 0.5 0 0 0 0 
PMB 0.25 + AZT 0.5 0 0 0 0 
PMB 0.50 + AZT 0.5 0 0 0 0 
PMB 0.00 + MIN 0 >1×103 >1×103 1×102 1×102 
PMB 0.25 + MIN 0 0 0 0 0 
PMB 0.50 + MIN 0 0 0 0 0 
PMB 0.00 + MIN 0.5 >1×103 >1×103 1×102 1×102 
PMB 0.25 + MIN 0.5 >1×103 >1×103 1×102 1×102 
PMB 0.50 + MIN 0.5 0 0 0 0 
PMB 0.00 + MIN 4 >1×103 >1×103 0 0 
PMB 0.25 + MIN 4 0 0 0 0 
PMB 0.50 + MIN 4 0 0 0 0 
PMB 0.00 + RIF 0 >1×103 >1×103 1×102 1×102 
PMB 0.25 + RIF 0 >1×103 >1×103 1×102 1×102 
PMB 0.50 + RIF 0 0 0 0 0 
PMB 0.00 + RIF 1 >1×103 >1×103 1×102 1×102 
PMB 0.25 + RIF 1 0 0 0 0 
PMB 0.50 + RIF 1 0 0 0 0 
PMB 0.00 + RIF 8 0 0 0 0 
PMB 0.25 + RIF 8 0 0 0 0 
PMB 0.50 + RIF 8 0 0 0 0 
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3.5 Resistance loss 

ARU 782 was tested for resistance loss. 1×108CFU/mL was observed on MH-II agar plates 
while only 1.9×104CFU/mL was observed on MH-II agar plates with MER 8mg/L (original 
MER MIC was 64mg/L). This gives a percentage of only 0.0019% of the population that had 
MER resistance. 

4 Discussion and conclusion 
Against the 20 carbapenemase-producing E. coli strains, MIN and PMB was the combination 
that most often exhibited a synergistic effect (9 out of 20 strains). This combination has been 
tested positively on Acinetobacter baumannii in previous studies (Liang et al. 2011). RIF also 
had positive synergistic effects (7 out of 20 strains), which is in agreement with previous 
studies where colistin was combined with RIF (Lagerbäck et al. 2016). Since colistin and 
PMB only differ by one amino acid, they are expected to have similar effects. Both RIF and 
MIN are generally not used against Gram-negative bacteria since they have an outer 
membrane and are therefore more naturally resistant against these antibiotics. It seems that 
when used in combination with PMB, these antibiotics can reach intracellular targets (protein 
synthesis for MIN and RNA synthesis for RIF), as the permeability of the membrane is 
increased by PMB and can therefore have a significant effect. No correlation between 
synergistic effects and the MIC values, or β-lactamase genes could be found. However, for 
the MIN and RIF set, synergistic effects were found more often against strains with NDM 
genes (6 for MIN and 5 for RIF), than those with OXA-48 (1 for MIN and 1 for RIF) or for 
NDM+OXA-48 (2 for MIN and 1 for RIF) (Table 5). There were also fewer strains containing 
OXA-48, 5 compared with 13 strains containing NDM, and two containing both OXA-48 and 
NDM. However, more strains need to be tested in order to draw a valid conclusion about 
these correlations. All samples with synergy classification exhibited no growth in the dot test 
(0 log10 CFU/mL), except for ARU777 (PMB 0.25& MIN 4mg/L) where growth occurred on 
the dot test (3 log10 CFU/mL) (Table 5), suggesting that total bacterial inhibition occurs for 
nearly all successful combinations. For RIF, no growth on 4xMIC PMB plates were observed 
for the strains and combination concentration listed in table 5.   

MIN and RIF both had positive synergistic effects against E. coli when combined with PMB. 
More antibiotics with activity and permeability similar to MIN and RIF would therefore be 
worthwhile to test against Enterobacteriaceae, even if they are mainly active against Gram-
positive bacteria. MIN is part of the tetracycline class of antibiotics, and since it had positive 
synergistic effects when combined with PMB, other antibiotics from this class could also be 
tested with PMB combinations.  

MER did not show good synergistic effect in combination with PMB for the strains used in 
this report, only 1 of 20 strains. Previous studies have shown positive synergistic effects on 
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Enterobacteriaceae when MER is combined with colistin and tigecycline, however, those 
studies are based on strains with the KPC carbapenemase gene (Morrill et al. 2015). The 
strains used in this report had a very high MER MIC (range of 16mg/L to over 64mg/L) when 
an NDM gene was present, but a relatively low MER MIC when OXA-48 was present (range 
of 1-2mg/L). A strain with KPC genes normally has a MER MIC in-between, which might 
explain why the combination has been more successful in the previous studies.  

ARU782 showed an unusual low inhibition concentration at <2mg/L MER during screening 
experiments. This suggested that a loss of resistance had occurred since the initial MER MIC 
on BMD was 64mg/L. The resistance loss was later confirmed by the resistance loss 
experiment (described in section 2.9) where only 0.0019% of the population showed signs of 
MER resistance. Possible due to loss of NDM gene. 

Comparing the K. pneumoniae and E. coli, no synergy on K. pneumoniae was found for the 
time-kill concentrations, and only two synergistic effects occurred on E. coli. Overall, AZT 
and PMB combination had poor synergistic effects on both K. pneumoniae and E. coli. 

For K. pneumoniae the correlation between time-kill and BCA graphs had some deviations on 
the strains exposed to AZT, mainly ARU602, where regrowth was registered with the 
oCelloScope, but not in the time-kill experiment and the dot test (Table 3, Figure 2). This is 
likely caused by the filamentation that gives a false increase in BCA value. For the 
experiments with FOS, the results differed more dramatically between the methods where 
regrowth occurred on time-kill, but not on the oCelloScope. This might be due to a higher 
total amount of bacteria in the time-kill experiments, and thus a higher risk of resistance 
development or that a resistant population is already present. ARU602 with FOS at 128mg/L 
had a strange increase and decrease in BCA value (Figure 2). BCA values should not be able 
to decrease, and when manually looking at the time-lapse images of the well, it was clear that 
some form of light obscurance had occurred. The light obscurance was likely caused by 
condensation, which resulted in an overall darker image. For ARU 602 exposed to PMB, in 
the PMB & AZT combination, the sharp increase in BCA value (at ~7h) was due to a wave of 
bacteria coming from outside the image frame which means growth did occur before the 7h 
time-point, but could not be registered by the oCelloScope (Figure 2). 

For E. coli, the dot test and oCelloScope results agreed almost perfectly for E. coli exposed to 
MER, MIN and RIF. Deviation occurred with ARU790 (PMB0.25 & MER16mg/L) and 
ARU788 (PMB0 & RIF 32mg/L) where the SESA cut-off requirement was discarded. For 
AZT however, the oCelloScope results could not be interpreted correctly in all cases using 
these SESA/BCA cut-off values due to filamentation. The cells visible at 24h (e.g. ARU786 
PMB 0.25&AZT 0,125mg/L) are therefore mostly non-viable cells (Figure 3 and Table 5). 
The growth kinetic algorithms cannot distinguish between dead and living cells, additionally 
the BCA algorithm interpreted the filamentation as bacterial growth since it is only 
determining the number of object pixels. Therefore, antibiotics that causes filamentation can 
result in a higher BCA value, even though the bacteria concentration does not increase. All 
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false growth interpretation due to filamentation by AZT had clearly less bacterial density than 
the wells where growth actually occurred according to the dot test (Figure 3).   

However, not all cell morphology changes will be troublesome for the growth kinetics 
algorithms. MER also causes morphology changes, but with sphere formations (Davies et al. 
2008) (Figure 3), and no false growth interpretations were observed. Nonetheless, antibiotics 
that cause dramatic cell morphology changes should be avoided or extensively evaluated for 
alternative cut-off values to indicate growth. A quick way to ensure that the cells are dead is 
to plate them, and from there draw the conclusion if it is a false hit on the growth kinetic 
algorithms, thereby assessing the possibility of using particular cut-off values with a 
particular antibiotic (Ungphakorn et al 2017a). 

To detect possible resistant subpopulations, the 4xMIC PMB plates were analyzed for growth. 
The samples that grew on the 4x MIC PMB plate also grew on the corresponding MH-II 
plate, but not the other way around. There was no clear correlation as to which samples could 
also grow on the 4x MIC PMB plate however, a trend could be noted that most samples with 
a bacterial concentration of 9 log10 CFU/mL also grew on 4xMIC PMB plate (Table 5). The 
susceptibility of resistant cell test, (Table 6) suggested that only the samples (ARU602, 
ARU790) where resistant with an increased PMB MIC (>2mg/L). These strains had in 
common that they both could grow on 4xMIC plates when the sample was diluted. The rest of 
the strains tested, had an unchanged PMB MIC (0.5mg/L), or a value within the acceptable 
range, suggesting that their ability to grow on 4x MIC PMB plate is probably due to inoculum 
effect and not actual PMB resistance. The exact reason for inoculum effects (i.e. when the 
antibiotic efficiency might be affected negatively when the bacterial concentration is too high 
(Udekwu et al. 2009)) are not clear.  

No significant carry-over effect was noted from the dot test (Table 7), indicating that the spots 
that lacked growth in the dot test were due to the exposure of the antibiotic during the 
oCelloScope incubation and not due to a possible carry-over effect. No conclusion about 
carry-over effect could be done regarding MER, since bacterial growth only occurred on the 
GC sample. 

All strains had an original PMB MIC of 0.5mg/L according to BMD, yet some strains had 
varying growth in the oCelloScope that shifted between inhibition at 0.25mg/L (lowest PMB 
concentration used in the oCelloScope) and at 0.5mg/L. Where no growth occurred at the 
lowest concentration of PMB, no conclusion about classification could be drawn, unless the 
effect was antagonistic (Table 5). This resulted in several cases of antagonistic effects, but it 
is possible that the shift in PMB inhibition was a case of natural biological variation rather 
than a recurring antagonistic effect, since there was growth in most cases with these strains at 
a PMB concentration of 0.25mg/L. However, more replicates must be done with the lower 
concentration intervals in order to be certain (Table 5).  
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For three oCelloScope runs (i.e. 12 strains in total Table 5A, Table 5C), the quality control 
strain was not in the correct inhibition range according to standard BMD. However, BMD 
have different conditions in comparison with the oCelloScope, like different inocula, shorter 
incubation time and visual readout. Because of the difference in condition, and the fact that 
the oCelloScope has a longer incubation time, the control can also be expected to behave 
differently in some cases. These samples should however, preferably be repeated.  

For all oCelloScope experiments there is also data (SESA/BCA values) collected during the 
time interval from 0-24h, that has not been analyzed in detail in this project. However, for 
future studies, these data can be analyzed to see if it is possible to determine combinatorial 
effects earlier than 24h. This would reduce the incubation time needed for these experiments 
substantially, allowing more strains to be tested in a faster rate. More future studies could be 
done on e.g. genes related to the efflux pumps system, which is an important resistance 
mechanism. An alternative cut-off value that can handle extensive filamentation could also be 
evaluated for AZT.  

In conclusion, the combination PMB and MIN had the most promising synergistic effects 
against the tested carbapenemase-resistant E. coli, producing NDM and OXA-48. PMB and 
RIF were also synergistic in many cases, but also antagonistic for some samples. PMB 
combinations with MER and AZT were not as successful, and the AZT combination showed 
no synergistic effect against carbapenem-resistant K. pneumoniae either. The dot test agreed 
very well with the oCelloScope results, except for AZT, and could be used for a better 
accuracy to verify the oCelloScope data with viability data (CFU/mL). It could also be used 
as a quick way to detect possible mutated subpopulations. Dramatic morphology changes of 
cells is a limitation of the oCelloScope instrument, and antibiotics that have these effects like 
AZT should therefore be avoided, or extensively evaluated before any conclusion are made. 
Overall PMB and MIN is a combination that should be further investigated in future studies. 
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7 Appendix 
Appendix 1: All cases where growth of undiluted samples occurred on the 4xMIC PMB plates (i.e. 
the bacterial spot had a log10 CFU/mL > 2). The growth spot on CFU/mL in both 4xMIC PMB and 
MH-II agar plates are listed. 
   Dot test log10 CFU/mL 
Strain Antibiotic set Concentration  

mg/L 
MH-II agar 4xMIC PMB 

ARU602 AZT PMB 0.25&FOS 0 8 3 
ARU782 MIN PMB 0&MIN 0 9 3 
ARU785 AZT PMB 0.25&AZT 64 8 3 
ARU787 MIN PMB 0&MIN 0 9 3 
ARU790 RIF PMB 0.25&RIF 0 8 7 
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