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Abstract 
 
 

β-LACTAMASES IN FRANCISELLA NOVICIDA 

Kayleen Higgins, MS 
 
George Mason University, 2022  
 
Thesis Director Dr. Monique van Hoek 
 
 
 

The bacterium Francisella tularensis is a versatile bacterium. It is able to infect 

multiple hosts through multiple transmission routes, including the bite of an arthropod, 

ingestion, inhalation, and contact through the eyes, causing tularemia. In the 1950s, it was 

developed as a biowarfare agent as it can cause infection with a low dosage of bacterial 

cells within the host. F. tularensis is resistant to penicillins and there is a possibility that 

it will acquire resistance to the current antibiotics used to treat tularemia. While studying 

the bacterium’s resistance to penicillin, researchers have discovered that F. tularensis 

produces β-lactamases to hydrolyze the drug before it can destroy the bacterial cell wall. 

F. tularensis has two β-lactamase genes in its genome: FTT_0681c (bla1) and 

FTT_0611c (bla2). However, F. tularensis is a biosafety level 3 (BSL-3) organism, so it 

requires special resources and training of the researchers to study this bacterium. 

Francisella novicida U112 has homologous genes to F. tularensis Schu S4 (FTN_1002 

and FTT_0681c (bla1), FTN_1072 and FTT_0611c (bla2), and FTN_1227 and 



 
 

 

FTT_0783), so it could be used as a model for the BSL-3 organism. Understanding more 

about the β-lactamase enzyme produced by F. novicida will allow for a greater 

understanding of the molecular mechanisms of F. tularensis’ antibiotic resistance and 

whether it can express carbapenemase activity. Increasing knowledge of this bacterium 

allows researchers to prepare for alternative treatment options if F. tularensis becomes 

resistant to the current antibiotic treatments.
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Chapter 1: Introduction 
 
 
 
1.1 Background on Francisella tularensis 

 

One of the most infectious organisms in the world is the bacterium Francisella 

tularensis. This organism is the cause of tularemia, also known as “rabbit fever”. It can 

infect a wide range of hosts, such as amphibians, birds, and mammals [1], with rabbits 

being the preferred host. F. tularensis mostly travels between hosts through the bite of a 

mosquito or tick into the blood stream, causing the host to develop ulcers at the site of 

transmission. Other modes of transmission are through ingestion, inhalation, eyes, etc. 

Inhalation is the most dangerous mode of transmission, as it can cause a mortality rate of 

30-60% with 50 or less organisms if left untreated [2,3].  

After an incubation time of 3 to 6 days, a human will experience flu-like symptoms, 

pneumoniae, delirium or shock if F. tularensis was inhaled [4]. This bacterium is 

phagocytized through host immune cells (such as macrophages, dendritic cells, and 

neutrophils) to travel to lymphoid tissues, and then to host organs (especially the lungs, 

spleen, or liver) [4,5]. Proliferation within the lungs can cause respiratory tularemia 

regardless of initial mode of transmission, and proliferation in systemic organs can cause 

host cell damage, increased secretion of cytokines, and death by “cytokine storm” [3,5]. 

Host immune response to F. tularensis is slow and weak, and changes depending on the 
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mode of transmission [5,6]. Luckily, F. tularensis has not been reported to have a person-

to-person mode of transmission. 

 

1.11   Francisella tularensis as a biowarfare agent 

 

Francisella tularensis was discovered in 1911 in Tulare County, California and 

studied extensively by Edward Francis, after both of which the organism was named. The 

subspecies tularensis, novicida, philomiragia, mediastica and holarctica were discovered 

and classified later [4]. F. tularensis was produced as a biowarfare agent by the Russian 

and American offensive biological weapons programs in the 1950s. Francisella tularensis 

does not have an FDA approved vaccine and is a Biosafety level 3 (BSL-3) organism, so 

it requires specialized containment facilities to study this organism. The anthrax attacks 

into 2001 renewed interest in Francisella tularensis as a biological weapon. Research 

continues to be conducted to understand F. tularensis and develop new vaccines and 

therapeutics in case it is used in a biological weapons attack [7]. 

Francisella novicida is classified as a BSL-2 organism as it rarely causes disease in 

humans and is only associated with water and soil, so it is used as a substitute to study 

Francisella tularensis as it has homologous genes with the fully human virulent strain [1].  
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1.12   Francisella tularensis and antibiotics 

 

Since its discovery, several antibiotics have been shown to combat the effects of 

tularemia infection. Aminoglycosides were the first treatment discovered to be effective 

against F. tularensis in the 1940s, which are effective in killing the bacteria by inhibiting 

protein synthesis [8,9]. However, both the streptomycin and gentamicin aminoglycosides 

can cause side effects with prolonged administration, and streptomycin is an intramuscular 

injection, which can be painful [10,11]. The next type of antibiotic found to be able to treat 

tularemia were the the bacteriostatic tetracyclines which inhibit the synthesis of proteins 

[9,12]. However, F. tularensis is able to become resistant against these antibiotics and this 

can cause a relapse of tularemia in the patient if the antibiotic is used for less than 14 days 

[13]. The most recent class of antibiotic found to be useful are the bactericidal 

fluoroquinolones, which were very effective intracellularly by inhibiting nucleic acid 

synthesis via DNA Gyrase inhibition. All of these antibiotics are still used in treatment 

today with the aminoglycosides used for severe cases, and quinolones and tetracyclines 

used for mild to moderate cases [14]. Table 1 below shows the effectiveness of these 

antibiotics listed as Minimum Inhibitory Concentration (MIC) results from previously 

published research. The low numbers indicate that the Francisella family is not resistant 

to these antibiotics. Treatments using penicillins do not work against F. tularensis, as it is 

naturally resistant against penicillin [9].
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Table 1. Minimum Inhibitory Concentration (MICs) in the Francisella family. The MIC indicates the lowest concentration 
of antibiotic (ug/ml) is needed to inhibit bacterial growth. The lower numbers indicate that only a small amount of each drug is 
needed to prevent Francisella from growing. The Francisella family does not have resistance to these antibiotics. Information 
obtained from [14-17]. 

 
 
 

 

 

 

 

 

 

 

Recently, Francisella strains have been tested for their susceptibility to various carbapenem antibiotics, especially 

imipenem and meropenem. Table 2 below summarizes all the reports testing carbapenem resistance in different Francisella 

strains and samples. The data shows that Francisella has mixed resistance to carbapenem antibiotics, as there is a wide range in 

the MIC values.

Antibiotics MIC data (µg/ml) 

 
F. 

tularensis 

F. 
holarctica 
(multiple 
strains) 

F. 
holarctica 

LVS 

F. 
hispaniensis 

F. 
mediasiatica 

F. 
novicida 

F. 
philomiragia 

Gentamycin 
≤0.25-
0.25 

<0.03-16 0.06 ≤0.25 ≤0.25 ≤0.25 ≤0.25 

Streptomycin ≤2 ≤2-4  ≤2 ≤2 ≤2 ≤2 

Levofloxacin 
0.031-
0.125 

0.016-
0.125 

0.016 ≤0.031 
≤ 0.031-

0.063 
0.063 

≤0.031-
0.063 

Tetracycline 
≤ 0.125-

0.5 
0.125-8  2 0.25-2 1-2 1-4 
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Table 2. Minimum Inhibitory Concentrations (MICs) against the Francisella family with monobactam and carbapenem 
antibiotics. The wide range in numbers indicates that there are inconclusive results of the antibiotics on the various Francisella 
strains. Information obtained from [9, 14-23] 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.2   Beta-lactams 

 

Penicillin-binding proteins (PBP)s are enzymes that help create the cell wall of a bacterium for its survival [24,25]. The 

first beta-lactam antibiotic penicillin prevents the PBP from properly forming the cell wall of the bacterium, resulting in an 

unstable cell wall and bacterial death. The beta-lactam structure is a ring that consists of three carbons and a nitrogen double-

Antibiotics MIC data µg/ml 

 F. tularensis 
F. holarctica 

(multiple strains) 
F. holarctica 

LVS 

F. holarctica 
biovar 

japonica 

F. philomiragia 
 

Aztreonam 0.5 to >256 4-32 0.063 0.75 to >256 4 to 32 

Imipenem 0.047 to >64 16 to >128 0.25  ≤0.25 to 2 

Meropenem 0.094 to >64 1 to >128 0.031- >32  ≤0.25 

Ertapenem ≤0.06 to >64 2-16 ≤0.008  ≤0.25 to 1 

Doripenem   0.031  ≤0.25 to 1 

Faropenem 0.12 to 16     
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bonded to an oxygen, as shown in red in Figure 1 below [9,26]. Carbapenems are a 

category of beta-lactam antibiotics that are considered broad-spectrum antibiotics that can 

kill both gram-positive and gram-negative bacteria [27]. 

 

 

Figure 1. The four categories of beta-lactam antibiotics (Figure obtained from 26). The 
beta-lactam ring is shown in red. Penicillin is the first beta-lactam antibiotic discovered 
and the other three (cephalosporin, carbapenem, and monobactam) are specific types of 
beta-lactam antibiotics. 
 

 
 

 
1.3   Beta-lactamases 

 

Bacterial resistance to penicillins and other beta-lactams (such as carbapenems) is 

caused by the production of beta-lactamase enzymes (and carbapenemase enzymes).  Beta-

lactamases are enzymes produced by bacteria to become resistant against both 

environmental and clinical beta-lactams [28]. Beta-lactamases are classified using 

Ambler’s molecular classifying system, in which they are divided into four categories 

based on their amino acid sequence (Class A, B, C, and D) and the antibiotics that they are 

resistant against [29]. Class A, C, and D have a serine group at the active site that, when 

activated, hydrolyzes the beta-lactam antibiotics [30]. Class B beta-lactamases, also called 
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metallo-beta-lactamases (MBLs), use zinc to inactivate the beta-lactam antibiotics instead 

of a serine group as the other classes of beta-lactamases [3]. According to the Ambler 

classification, Class A has S-X-X-K at position 70, S-D-N at position 130, and K-T-G at 

position 234 in the genome sequence [31,32]. Class C contains S-X-S-K at position 64, Y-

S-N at position 150, and K-T-G at position 314; Class D contains S-X-X-K at position 70, 

Y-G-N at position 144, and K-T-G at position 214 [31]. Carbapenemases have two cysteine 

residues at position 69 (which is before the serine active site at position 70) and position 

238 (which is after the K-T-G motif) that form a disulfide bridge [21, 32]. Another 

classification of beta-lactamases are extended-spectrum beta-lactamases (ESBLs). These 

enzymes hydrolyze and cause resistance to third generation cephalosporin antibiotics [33].  

 

 

1.31   Beta-lactamases in the Francisella family 

 

Beta-lactamases are encoded by the bla gene. In Francisella tularensis, there are 

two genes with the annotation of bla on the chromosome: FTT_0681c (bla1) and 

FTT_0611c (bla2) [9]. F. tularensis, F. philomiragia, F. holarctica, and F. novicida have 

homologous genes and site of replication in the chromosome indicating a common ancestor 

for all the species [34]. As such, beta-lactamases have been found in other subspecies of 

Francisella tularensis: class A beta-lactamase with weak carbapenemase activity in 

Francisella holarctica FTU-1 and a class A carbapenemase in Francisella philomiragia 

FPH-1, which are 77% identical to each other [21,22]. Previous research has also identified 
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beta-lactamases in F. novicida (strains Fx1, Fx2, and U112), but has not yet confirmed the 

classification of beta-lactamase produced [35-38].  

 

 

1.32   Beta-lactamases in Francisella novicida 

 

Three genes (FTN_1002, FTN_1072, and FTN_1227) have been suggested for the 

location of beta-lactamase production in Francisella novicida. FTN_1002 has 90% protein 

sequence identity homology with the F. tularensis gene FTT_0681c (bla1), as shown in 

Figure 2, FTN_1072 has 90% protein sequence identity homology with FTT_0611c (bla2) 

as shown in Figure 3, and FTN_1227 has 90% protein sequence identity homology with 

FTT_0783 (annotated as having functions similar to a metallo-beta-lactamase) as shown in 

Figure 4 [39]. Sequence information was obtained online [39]. In Figure 3, FTN_1072 

and FTT_0611c (bla2) both have S-V-F-K at position 61 and K-T-G at position 226, 

showing that the classification of the β-lactamase produced is Class A. FTN_ 1072 and 

FTT_0611c both have cysteine residues at positions 60 and 230, which is a characteristic 

of all carbapenemases. However, FTT_0611c has S-D-N at position 122, while FTN_1072 

has S-D-S at position 122. This discrepancy in the amino acid sequence might cause a 

change in the effect of the two β-lactamases. In summary, FTN_1002 (bla1) and FTN_1227 

do not have the motifs of Class A, C, or D β-lactamase, so it is unlikely that Francisella 

novicida produces a β-lactamase of those classifications with either of those genes. 

However, it is likely that FTN_1072 (bla2) could be a Class A carbapenemase. 



 
 

9 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Sequence comparison between FTN_1002 and FTT_0681c (bla1). 
Highlighted marks are differences in the sequences. FN: F. novicida U112, FT: F. 
tularensis Schu S4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Sequence comparison between FTN_1072 and FTT_0611c (bla2). 
Highlighted marks are differences in the sequences. FN: F. novicida U112, FT: F. 
tularensis Schu S4. 
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Figure 4. Sequence comparison between FTN_1227 and FTT_0783c (MBL-like gene). 
Highlighted marks are differences in the sequences. FN: F. novicida U112, FT: F. 
tularensis Schu S4. 

 
 
 

Previous research has shown that the F. tularensis Schu S4 strain and its 

homologues produce beta-lactamases. One study found two β-lactamase genes in F. 

holarctica live-vaccine strain (LVS) that were 99% identical to F. tularensis genes. The 

FTT_0681c (bla1) was homologous to bla1LVS and FTT_0611c (bla2) was homologous to 

bla2LVS [21]. The results of this study showed that bla1LVS was a nonfunctional β-lactamase 

and bla2LVS was only effective against penicillin-class antibiotics. Therefore, it is likely 

that F. novicida will produce similar results. The F. novicida bla1 homologue (FTN_1002) 

might produce a nonfunctional β-lactamase and the bla2 homologue (FTN_1072) might 

produce a β-lactamase that is only effective against penicillin-class antibiotics.  
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1.4    Problem Statement (Hypothesis) 

 

Francisella tularensis is a dangerous organism in the way that it can infect the host 

through multiple routes and with very few bacteria via aerosol. There are already 

antibiotics that are successful as treatment, but there is no FDA approved vaccine [23,40]. 

Finding out if a carbapenemase is produced will increase knowledge of what antibiotics 

could be effective against F. tularensis should it become resistant to the current antibiotics 

used for treatment. Since F. novicida is used as a model for studying F. tularensis, if F. 

novicida produces a carbapenemase, researchers will have the knowledge that carbapenem 

antibiotics are not to be used as treatment for tularemia. Classifying the β-lactamase 

produced by the bacterium will allow for better understanding of what antibiotics could be 

effective against F. tularensis.  
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Chapter 2: Materials/ Methods 
 
 
 

2.1    Bacteria and Media 

 

 F. novicida U112 was obtained from ATCC. The three mutants of FTN_1002, two 

mutants of FTN_1072, and two mutants of FTN_1227 were obtained from the mutant 

library from ATCC with information obtained online [41]. Mutants were plated on tryptic 

soy agar with 0.1% cysteine (TSA-C; L-Cysteine hydrochloride monohydrate 99%; LOT 

number: T14D018) from the mutant library and grew overnight at 37°C. A few colonies 

were taken from the plate using a 10µl loop and suspended in 5ml of tryptic soy broth 

(TSB; Ref number: 211825; LOT number: 0287614) containing 0.1% cysteine and grew 

overnight in a shaking incubator at 37°C. Stocks were made by taking 0.5ml of the broth 

and adding 0.5ml of 40% glycerol into microcentrifuge tubes. The stocks were frozen at -

80°C.  

 Plates for antibiotic susceptibility were made from Mueller-Hinton Agar (MHA; 

Ref number: 211438; LOT number: 2046738) containing 0.1% cysteine. Each plate 

contained 25ml of agar for a depth of 4mm. Ertapenem (Ref number: CT1761B; LOT 

number: 3164399), Meropenem (Ref number: CT0774B; LOT number: 3235577), 

Imipenem (Ref number: CT0455B; LOT number: 1865520), and Aztreonam (Ref number: 

CT0264B; LOT number: 1846386) antibiotic discs were obtained from Oxoid Ltd. 
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Doripenem (Ref number: 67348; LOT number: 64393912) antibiotic discs were obtained 

from Bio-Rad Laboratories.  

 Cation-adjusted Mueller-Hinton Broth (CAMHB; Ref number: 212322; LOT 

number: 1242967) was used for the minimum inhibitory concentration (MIC) tests. BBL 

IsoVitaleX Enrichment (Ref number: 211876; LOT number: 9035837) was added to the 

CAMHB and pH adjusted to 7.1 ± 0.1. Penicillin G Na Salt (CAS Number: 69-57-8) was 

obtained from MP Biomedicals, Aztreonam (J62887; LOT number S06C032) was obtained 

from Thermo Scientific, Meropenem Trihydrate (CAS number: 119478-56-7; LOT 

number: YCY8L-BF), Biapenem (HY-13573) was obtained from MedChemExpress, and 

Doripenem hydrate (Z482777) was obtained from Selleck Chem. Multiple imipenem 

antibiotics were used: imipenem monohydrate (744312) obtained from Fischer and 

imipenem monohydrate (I0160) obtained from Sigma. 

 

 

2.2    Minimum Inhibitory Concentration (MIC) Test 

 

 The minimum inhibitory concentration (MIC) test is used to determine the 

concentration of antibiotic needed to kill or inhibit the growth of a bacterium. The CLSI 

standard protocol for testing Francisella is as follows [23]: 50µl of cation-adjusted 

Mueller-Hinton broth (CAMHB) containing 2% IsoVitalex (pH adjusted to 7.1 ± 0.1) was 

added to each well of a 96-well plate, and the antibiotic was serially diluted 2-fold in the 

broth. The bacterial inoculum was prepared by adding bacterial stock to TSB-C and grown 
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overnight at 37°C. The inoculum was then diluted to have a concentration of 1 x 106 

CFU/ml, and 50µl was added to each well for a final inoculum of approximately 5 × 104 

CFU/well (5 × 105 CFU/ml). The 96-well plate was incubated overnight at 37°C and read 

at 600nm at about 21 hours. Depending on the growth of the bacterium, it can be classified 

as sensitive (S), intermediate (I), or resistant (R) to each antibiotic [42]. Gentamicin was 

used as a positive control, as F. tularensis is susceptible to aminoglycoside antibiotics 

[23,40].  

 

 

2.3    Antibiotic susceptibility testing 

 

 Each bacterium was plated on Chocolate Agar and left to grow overnight at 37°C. 

Colonies were taken from each plate and put into a TSB-C solution until the McFarland 

read 0.5. A lawn was streaked on Mueller Hinton Agar plates containing 0.1% Cysteine 

(MHA+C) using the Kirby-Bauer method, and each antibiotic disc was placed on each 

plate. After incubating at 37°C for 24 hours, the zones of inhibition were recorded in 

millimeters.  
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2.4    Modified Hodge Test (MHT) 

 

The Modified Hodge Test is an experiment that tests for the presence of 

carbapenemases [43]. For this method, the indicator organism E. coli ATCC 25922 was 

plated on MHA+C as a lawn at a reading of 0.5 McFarland. The next step was to put an 

imipenem, meropenem, or ertapenem antibiotic disc in the center of the plate. The last step 

was to streak one line of controls (K. pneumoniae ATCC BAA-1705 carbapenemase 

positive and K. pneumoniae ATCC BAA-1706 carbapenemase negative) with the 

bacterium of interest (F. novicida strain U112) from the center where the antibiotic disc is 

to the edge of the plate. A cotton-tipped indicator was dipped into a solution reading of 1.5 

McFarland to create the streak. The plate was incubated for 24 hours, and the zone of 

inhibition was examined. If the organism of interest produces a carbapenemase, then the 

zone of inhibition will not be completely round and will have a “clover-leaf” shape (as 

shown in 1 and 3 in Figure 5 below) as the indicator organism has been allowed to grow 

[44]. If the organism of interest does not produce a carbapenemase, then the zone of 

inhibition will be round as normal (as shown in 2 in Figure 5 below) as the indicator 

organism has been inhibited [44].] 
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Figure 5. Sample of Modified Hodge Test. (Figure obtained from 44). 1 indicates the 
positive control, 2 indicates the negative control, and 3 indicates the bacterial strain tested 
(with positive results). 

 
 
 
2.5    CarbaNP Test 

 

The CarbaNP tests for the presence of a beta-lactamase through a pH indicator. When 

a beta-lactamase hydrolyzes the beta-lactam ring of a beta-lactam antibiotic, the pH value 

decreases. The CarbaNP test has two solutions: Solution A (aqueous phenol red 0.05% + 

SO4Zn 10mM + 0.1% (v/v) of Triton X-100), adjusted to a pH value of 7.8 and Solution B 

(Solution A + 6 mg/ml imipenem) [45]. Nine microcentrifuge tubes contained 100µl of 

Solution A and nine microcentrifuge tubes contained 100µl of Solution B. The bacterium 

of interest (and controls) was plated on Chocolate Agar and grow overnight at 37°C. A 1µl 

loopful of the bacteria was added to each microcentrifuge tube and vortexed. The tubes 

were incubated at 37°C for 2 hours and were checked periodically for any color change. If 

F. novicida produces a beta-lactamase, the phenol red indicator in the Solution B will 
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change from red to yellow due to the decreased pH value. If F. novicida does not produce 

a beta-lactamase, the phenol red indicator in Solution B will remain red [46].   

 

 

2.6    Clavulanic Acid Method 

 

 The clavulanic acid method tests for the presence of ESBLs within an organism. 

ESBLs are able to hydrolyze third-generation cephalosporins (such as cefotaxime and 

ceftazidime) and aztreonam, yet are inhibited by clavulanic acid [47]. For this method, the 

organism of interest (in this case F. novicida) was plated onto MHA+C with the Kirby-

Bauer method at a 0.5 McFarland reading to achieve a lawn of the bacterium of interest. 

Antibiotic discs were placed on the plates 3-5 minutes after the lawn has been plated. On 

one plate, the antibiotic discs were cefotaxime and cefotaxime with clavulanic acid; a 

second plate had ceftazidime and ceftazidime with clavulanic acid. If F. novicida grows in 

the presence of the third-generation cephalosporins, but is inhibited by their clavulanic acid 

counterparts, then F. novicida produces an ESBL. If there is an increase in the zone of 

inhibition diameter of ≥5 mm when the clavulanic acid is used in addition to the antibiotic 

disc over only using the antibiotic disc, then the organism of interest produces an ESBL 

[48]. 
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2.7    Modified carbapenem inactivation method (mCIM) + EDTA 

 

 The modified carbapenem inactivation method (mCIM) is a more accurate method 

than the MHT for identifying for the presence of carbapenemases, but it still cannot 

determine the type of carbapenemase that is present [49]. However, when EDTA (or 

dipicolinic acid) is added to the test, the EDTA can block metallo-beta-lactamase (MBL) 

activity by preventing the carbapenemase from binding to zinc. For this test, 1µl loopful of 

the bacterium of interest and controls were put into 2ml solutions of TSB-C and TSB-C + 

0.5 M EDTA. Meropenem antibiotic discs were added to the solutions and incubated at 

37°C for 4 hours. Before incubation was complete, a 0.5 McF of the E. coli ATCC 25922 

indicator organism was plated as a lawn on MHA + C plates. The meropenem antibiotic 

discs were placed on the plates and incubated at 37°C for 24 hours. If the mCIM has a zone 

size of ≥19mm, then the test is negative for carbapenemase. If the zone is 6-15mm, then 

the test is considered positive for carbapenemase. If the mCIM + EDTA is ≥5mm than the 

mCIM, then the test is positive for metallo-carbapenemase production. If the mCIM + 

EDTA is <4 mm than the mCIM, then the test is negative for metallo-carbapenemase 

production. 
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Chapter 3: Results 
 
 
 
3.1    Previous data 

 

A previous student in the van Hoek lab, Cody Weisenen, has demonstrated that the 

MIC of F. novicida against the following antibiotics is as shown in Supplementary Table 

A in Appendix A. This Table shows that the wild-type F. novicida strain is resistant to all 

of the mono-bactam and carbapenem antibiotics used. The FTN_1072 mutants (which are 

homologous to FTT_0611c (bla2)), were shown to be regain susceptibility to the 

Biapenem, Doripenem and Meropenem carbapenem antibiotics used for the MIC test.  This 

data suggests that the enzyme encoded by this gene contributes to its resistance. However, 

these FTN_1072 bla2 mutants continued to be highly resistant to Imipenem and 

Aztreonam, so FTN_1072 did not contribute to that effect.  Finally, some increased 

sensitivity of F. novicida to Biapenem, Doripenem and Meropenem carbapenem antibiotics 

was found to result from mutants in the other two genes FTN_1002 (bla1) and FTN_1227 

(MBL), but did not bring the mutants into the “sensitive” range. 
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3.2    F. novicida and MIC test 

 

While verifying this previous data, F. novicida showed no resistance to the 

carbapenem antibiotics. The MIC test determines the concentration of antibiotic needed 

(ug/ml) to inhibit the growth of the bacterium of interest. Table 3 below shows that F. 

novicida had resistance to penicillin, intermediate resistance to Aztreonam, and was 

sensitive to the carbapenem antibiotics. The FTN_1002 and FTN_1227 mutants showed 

similar results to the wild type strain. This means that these mutants do not encode the gene 

for carbapenem resistance. The FTN_1072 mutant showed less resistance to penicillin and 

aztreonam antibiotics, but has the same result as the wild type for the carbapenem 

antibiotics. This means that this mutant might encode the gene for beta-lactam and mono-

bactam resistance, but not for carbapenem resistance. 
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Table 3. Minimum Inhibitory Concentrations (MICs) of F. novicida U112, mutants, and controls with different 
antibiotics. The antibiotic concentrations are in µg/ml. 

 
 

Bacterium Antibiotic 
Gene locus Fn mutant tested Penicillin Aztreonam Imipenem Meropenem Biapenem Doripenem 
F. novicida 

U112 
 >256 32 2 1 1 1 

FTN_1002 
blaA (bla1) 
FTT_0681c 
homologue 

tnfn1_pw060419p02q192 
tnfn1_pw060328p04q109 
tnfn1_pw060328p04q112 

>256 
>256 
>256 

16 
16 
32 

1 
1 
1 

0.5 
0.5 
2 

1 
1 
4 

1 
2 
2 

FTN_1072 
bla2 

FTT_0611c 
homologue 

tnfn1_pw060323p06q181 
tnfn1_pw060418p01q102 

8 
64 

4 
8 

0.25 
1 

1 
0.5 

1 
1 

0.5 
0.5 

FTN_1227 
MBL 

FTT_0783 
homologue 

tnfn1_pw060329p01q182 
tnfn1_pw060420p02q133 

>256 
>256 

32 
32 

1 
1 

2 
2 

4 
2 

2 
2 

E. coli ATCC 
25922 

 128 0.5 0.5 0.25 1 0.25 

K. pneumoniae 
BAA-1705 

 >256 >256 256 256 256 128 

K. pneumoniae 
BAA-1706 

 >256 2 32 32 64 32 
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3.3   F. novicida and Kirby Bauer 

 

To verify the results of the MIC assays, Kirby-Bauer antibiotic susceptibility tests 

were performed on F. novicida U112 and the FTN mutants, as shown in Table 4 below. 

The principle of this assay is that antibiotics in the disc will spread throughout the agar, 

inhibiting growth of the bacterium that is plated on top of the agar. The smaller zone 

diameter means that the bacterium has more resistance to the antibiotic disc, while a larger 

zone diameter means that the bacterium has less resistance (is susceptible) to the antibiotic 

disc. F. novicida has a smaller zone for aztreonam and a larger zone for the carbapenem 

antibiotics. This means that F. novicida has resistance to aztreonam but is susceptible to 

carbapenem antibiotics. The FTN mutants show the same results as F. novicida for the 

carbapenem antibiotics, with varying results for aztreonam. FTN_1072 shows the largest 

zone for the aztreonam antibiotic. This means that this mutant has the least resistance 

towards aztreonam. 
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Table 4. Antibiotic susceptibility test of F. novicida, mutants, and controls. The zones of inhibition were measured in 
millimeters (mm). 

 

 
 
 
 
The antibiotic susceptibility tests have an inverse relationship to the MIC test. The higher the MIC number, the smaller the zone 

of inhibition. The lower the MIC number, the larger the zone of inhibition.

Bacterium Antibiotic Discs 
Gene locus Fn Mutant tested Aztreonam Imipenem Meropenem Doripenem Ertapenem 

F. novicida U112  12.8 ± 1.6 30.1 ± 1.4 25.1 ± 2.2 28.1 ± 0.9 25.3 ± 1 

FTN_1002 (bla1) 
FTT_0681c 
homologue 

tnfn1_pw060419p02q192 11.9 ± 0.5 30.6 ± 1.4 21.9 ± 0.8 29.6 ± 0.7 23.8 ± 0.9 
tnfn1_pw060328p04q109 13.8 ± 0.8 31.8 ± 1 24 ± 1.1 32 ± 0.8 23.5 ± 1.3 
tnfn1_pw060328p04q112 15 ± 0.7 31.4 ± 1.4 24.1 ± 1.1 31 ± 0.5 24.5 ± 0.6 

FTN_1072 (bla2) 
FTT_0611c 
homologue 

tnfn1_pw060323p06q181 19.4 ± 0.5 33.7 ± 1.1 20.6 ± 1.2 30.2 ± 1.2 24.3 ± 1 

tnfn1_pw060418p01q102 20.3 ± 0.5 30.1 ± 1.6 22.5 ± 0.6 26.8 ± 1 22.8 ± 0.6 
FTN_1227 
FTT_0783 
homologue 

tnfn1_pw060329p01q182 14.7 ± 0.4 32.4 ± 1 26.2 ± 1 32.1 ± 0.9 23.4 ± 0.8 

tnfn1_pw060420p02q133 14.2 ± 0.5 32 ± 0.7 25.2 ± 0.6 31.2 ± 0.9 24.3 ± 0.6 

KP BAA-1705 
Carbapenemase 

Positive 
 No Zone 13.2 ± 0.8 8.8 ± 0.3 16.2 ± 0.9 10.2 ± 0.8 

KP BAA-1706 
Carbapenemase 

Negative 
 20.9 ± 0.5 18.1 ± 1.3 13.8 ± 0.6 21.1 ± 0.4 12.7 ± 0.4 
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3.4    F. novicida and the Modified Hodge Test 

 

 The Modified Hodge Test (MHT) was conducted to verify the data from the MIC 

and susceptibility tests as a visual representation of the results. Figure 6 below shows two 

sets of plates (Chocolate Agar and MHA+C) with F. novicida U112 as the experimental 

streak. The figure shows that the positive and negative controls are functioning properly in 

changing the shape of the zone of inhibition (positive control creates the “clover leaf” 

shape; negative control has no change over the shape). The F. novicida streak does not 

show a change in the shape of the zone of inhibition for any of the carbapenem antibiotics 

used for the test (imipenem, meropenem, and ertapenem). This means that F. novicida does 

not rescue the E. coli indicator organism by hydrolyzing the carbapenem antibiotics 

through the production of carbapenemase.  
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Figure 6. Results from MHT. Experiments A, C, and E were performed on MHA+C. B, 
D, and F were performed on Chocolate Agar to enhance F. novicida growth. A/B: IMP: 
Imipenem, C/D: MEM: Meropenem, E/F: ETP: Ertapenem.  

N: F. novicida streak, +: KP BAA-1705 carbapenemase positive streak, -: KP BAA-1706 
carbapenemase negative streak. 
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3.5    F. novicida and the CarbaNP test 

 

The CarbaNP test was another test performed with visual results in the form of a 

color change. Hydrolysis of the imipenem antibiotic resulted in a color change from red to 

yellow. Figure 7 below shows the results of the CarbaNP test. Solutions A and B were 

incubated for 2 hours as a quality control and had a slight color change in Solution B to a 

red-orange color. The positive control resulted in an obvious color change from red to 

yellow, while the negative control and F. novicida did not result in any color change. These 

results show that there was no hydrolysis of imipenem in either the negative control or F. 

novicida, as there was no color change from red to yellow. This means that F. novicida 

does not produce a carbapenemase to hydrolyze imipenem. 
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Figure 7. Results from the CarbaNP Test. Sol A: Solution A; Sol B: Solution B (contains 
imipenem). A: Solutions without bacteria. B: KP BAA-1705 carbapenemase positive 
control. C: KP BAA-1706 carbapenemase negative control. D: F. novicida. 

 
 
 
3.6    F. novicida and the clavulanic acid method 

 

The clavulanic acid method tests for the presence of an extended-spectrum beta-

lactamase (ESBL). The zones of inhibition of cefotaxime and ceftazidime were measured 

with and without clavulanic acid. The results of this test are shown in Table 5 below. There 

was less than 5mm difference in the zones of inhibition between cefotaxime and 

cefotaxime/clavulanic acid and ceftazidime and ceftazidime/clavulanic acid, so F. novicida 

does not produce an ESBL. 



 
 

28 
 

Table 5. Zones of Inhibition measured to determine ESBL production. The zones are 
measure in millimeters (mm). 

 

 
  
 
 
3.7    F. novicida and the carbapenem inactivation method 

 

The modified carbapenem inactivation method (mCIM) tests for the presence of a 

metallo-beta-lactamase (MBL). The zones of inhibition of the controls and F. novicida 

were examined as shown in Table 6 below. K. pneumoniae BAA-1705 showed that it was 

positive for carbapenemase production, as the zones of inhibition were between 6 and 

15mm. There was less than 5mm between the mCIM and the mCIM with EDTA, so the 

positive control did not produce a MBL. K. pneumoniae BAA-1706 showed that it was 

negative for carbapenemase production, as the zones of inhibition were greater than 19mm. 

There was less than 5mm between the mCIM and the mCIM with EDTA, so the negative 

control did not produce a MBL. F. novicida showed that it was negative for carbapenemase 

production, as the zones of inhibition were about 19mm. There was less than 5mm between 

the mCIM and the mCIM with EDTA, so F. novicida did not produce a MBL. 

Antibiotic disc Zone of Inhibition 

Cefotaxime 18 ± 5 

Cefotaxime/ Clavulanic Acid 18.6 ± 3.5 

Ceftazidime 26.9 ± 1.9 

Ceftazidime/ Clavulanic Acid 26.7 ± 1.9 
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Table 6. Results of the mCIM test. The zones of inhibition were measured in millimeters. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 mCIM mCIM + EDTA Difference 

K. pneumoniae 
BAA-1705 (+) 

8.4 ± 0.5 8.83 ± 0.6 0.43 

K. pneumoniae 
BAA-1706 (-) 

19.6 ± 0.6 20.5 ± 0.6 0.9 

F. novicida U112 18.6 ± 0.4 19.4 ± 1.2 0.8 
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Chapter 4: Discussion 

 

The results of the MIC, Kirby-Bauer antibiotic susceptibility tests, MHT, and 

CarbaNP tests all show that F. novicida does not produce a functional Class A 

carbapenemase. This might be due to the FTN_1072 gene having S-D-S at position 122 in 

its amino acid sequence instead of S-D-N, which is included in all Class A carbapenemases.  

However, the MIC and Kirby-Bauer assays show that the gene FTN_1072 produces 

a beta-lactamase that targets penicillin and aztreonam antibiotics. FTN_1072 might also be 

involved in a decrease in susceptibility for meropenem, as shown in the Kirby-Bauer 

assays. 

 Previous research has shown that the F. holarctica LVS homologues to F. 

tularensis Schu S4 do not have any ESBL activity [21]. Therefore, the F. novicida U112 

strain not producing an ESBL was within expectations. 

 Previous research has showed that there are no metallo-β-lactamase genes that have 

been discovered in Francisella tularensis, even though FTT_0783c has been annotated as 

a MBL-like gene [9,39]. The F. novicida gene FTN_1227 is homologous with FTT_0783c, 

so it was expected to not produce a MBL. 
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Appendix A 
 
 
Supplementary Table A. Minimum Inhibitory Concentrations (MICs) of F. novicida U112 and mutants with different 
antibiotics. This data was previously collected in the van Hoek lab. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bacterium Antibiotic 
Gene/ Locus Fn mutant tested Aztreonam Imipenem Biapenem Doripenem Meropenem 

F. novicida U112  >256 >256 >256 >256 16 

FTN_1002 blaA 
(bla1) 

FTT_0681c 
homologue 

tnfn1_pw060419p02q192 
tnfn1_pw060328p04q109 
tnfn1_pw060328p04q112 

>256 
>256 
>256 

>256 
>256 
N/A 

256 
32 
32 

32 
64 
256 

128 
64 
256 

FTN_1072 ESBL 
(bla2) 

FTT_0611c 
homologue 

tnfn1_pw060323p06q181 
tnfn1_pw060418p01q102 

>256 
>256 

>256 
128 

8 
≤1 

8 
≤1 

2 
≤1 

FTN_1227 MBL 
FTT_0783 
homologue 

tnfn1_pw060329p01q182 
tnfn1_pw060420p02q133 

>256 
>256 

>256 
>256 

128 
32 

128 
32 

256 
16 
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