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Abstract 

 Bacterial resistance to antibiotics has claimed hundreds of thousands of lives by 

greatly complicating the treatment of infectious disease. Though resistance often evolves 

under antibiotic stress via simple mutation, bacteria can develop resistance via 

horizontal transmission of antibiotic resistance genes. Many fear that any bacterial 

species can easily develop resistance to any antibiotic by this mechanism, but this study 

challenges this notion by examining the limits imposed on horizontal gene transfer by 

epistasis. We examined 32 alleles of the β-lactamase enzyme TEM-1 in Escherichia coli 

strain DH5αand sought to evaluate whether the same alleles confer similar levels of 

resistance when introduced into the bacterial species Acetobacter xylinum, Rhizobium 

meliloti, and Rhodobacter sphaeroides. A negative result would suggest that horizontal 

gene transfer is not as significant a source of resistance as previously thought. Though a 

definitive answer to this question could not be obtained in this study, much work was 

done to improve the accuracy of the Minimum Inhibitory Concentration assay in 

quantifying microbial antibiotic resistance in the context of molecular evolution.  

Introduction 

Antibiotic resistance: an overview 

Though the widespread use of antibiotics has significantly improved infectious 

disease therapy over the past 60 years, the emergence of bacterial antibiotic resistance 

threatens to dramatically reverse that trend (Levy and Marshall, 2004). Antibiotic 

resistance is the process by which bacterial species adapt to clinically employed 

antibiotics, rendering them ineffective in curing infection. Antibiotic resistance has 

become prevalent across the globe, from rural areas in Haiti with minimal access to 
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health care to advanced medical centers in the most industrialized nations in the world 

(Klevens, 2007).  In the United States, it has been estimated that antibiotic-resistant 

infections are responsible for $20 billion per year in excess health care costs and 8 

million additional hospital days per year (Roberts et al. 2009). 

Particularly problematic is the development of multidrug-resistant bacteria. 

400,000 cases of multidrug-resistant bacteria were reported in Europe in 2007, 

accounting for 25,000 deaths (Bush et al., 2011). Multidrug-resistant tuberculosis 

(MDR-TB) is characterized by resistance to the two major anti-tuberculosis drugs, 

isoniazid and rifampicin. Prolonged and expensive chemotherapy using more toxic 

drugs is needed to treat MDR-TB. Resistance to these second-line drugs results in 

extensively drug-resistant tuberculosis (XDR-TB), which is virtually untreatable (Zager 

and McNerny, 2008).  Methicillin-resistant Staphylococcus aureus (MRSA), which can 

be resistant to up to 20 different antimicrobial drugs (Firth and Skurray, 1998), was the 

first of the resistant problematic bacteria to challenge the successful management of 

infections in hospitals (Walsh, 2003). MRSA infections now account for more US deaths 

per year than AIDS. In 2005, MRSA was responsible for 94,000 life-threatening 

infections and 18,650 deaths in the U.S. (Klevens et al., 2007), while AIDS was 

responsible for approximately 16,000 deaths (Centers for Disease Control and 

Prevention, 2005). 

Horizontal gene transfer 

Bacteria develop resistance to antibiotics in two ways. The first is by genetic 

mutation. Short generation times, combined with strong selective antibiotic pressure, 

facilitate the evolution of antibiotic resistance (Walsh, 2003). However, a single 
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bacterium is unlikely to develop multidrug resistance by multiple rare mutations 

conferring antibiotic resistance. Instead, multidrug resistance is more likely to develop 

via acquisition of antibiotic resistance genes from its neighbors. A bacterium can acquire 

new genetic material in a process known as horizontal gene transfer. In horizontal gene 

transfer (also known as horizontal transmission), genes are shared from cell to cell, 

most commonly between species or genera (Hastings et al., 2004). However, horizontal 

gene transfer has been observed at every one of the major taxonomic ranks, even 

between bacteria and archaea (Koonin et al., 2001). As essentially asexual organisms, 

genes are transferred horizontally between bacteria by three processes: conjugation, 

phage-mediated transduction, and transformation (Maiden, 1998). Types of gene 

transfer systems include bacterial conjugative plasmids, transposable elements, and 

integron systems. Interestingly, plasmids were first identified within the context of 

antibiotic resistance. In 1959, the Japanese microbiologists Tomoichiro Akiba and 

Kunitaro Ochiai discovered that the Shigella bacteria they were studying were able to 

transfer resistance from one bacterium to another due to the presence of these 

resistance genes on a plasmid. The plasmid is a separate molecule of DNA, which had 

the capability to replicate independently of the bacterial chromosomal DNA and could 

transfer a copy of itself from one species to another (Amyes, 2001).  

Horizontal transmission of antibiotic resistance has been repeatedly observed in 

nature. Multiple plasmids are frequently present in clinical isolates of staphylococci 

(Firth and Skurray, 1998). Trimethoprim resistance in multidrug-resistant Salmonella 

enterica Typhimurium DT104 strains may be encoded by a mobilizable plasmid, which 

also encodes resistance to sulfonamides (Cloeckaert and Schwarz, 2001). In Neisseria 

meningitidis, there is evidence of sulfonamide resistance arising by introduction of 



	   6 

complete chromosomal resistance genes from a different species and mosaic alleles that 

contain sequence stretches from resistant alleles (Maiden, 1998). In 1994, Klebsiella 

pneumonia and K. oxytoca isolates resistant to gentamicin and cotrimoxazole were 

found in patients with nosocomial infections. Many of these isolates were found to be 

carrying integrons with inserted regions of foreign DNA encoding antibiotic resistance 

genes (Jones et al., 1997).  

In North America, various isolates of MRSA have now acquired resistance genes 

to all major groups of antibiotics and are often only controllable with vancomycin, which 

is often considered the most powerful antibiotic of last resort (Walsh, 2003). However, 

vancomycin resistance genes have been identified on large and easily transferrable 

plasmids in Enterococcus faecalis and E. faecium (Palmer et al., 2010). From 2002-

2006, 10 transfers of vancomycin resistance from enterococci to MRSA have been 

documented in the United States (Sievert et al., 2008). 

There is increasing fear that resistance to all known antibiotics will become 

widespread due to horizontal gene transfer, bringing the world back to a pre-antibiotic 

era in which no curative therapies are effective in treating cases of infectious disease.  

Numerous references have been made to what one group refers to as a “single global 

gene pool into which most, if not all, bacteria can dip for genes necessary for survival” 

(Bennett, 2008; Medeiros, 1997; Schlüter et al., 2007; Kurland et al., 2003). Though the 

threat is real, various barriers to gene transfer between bacteria have been identified 

that reduce (but do not prevent) gene acquisition  (Thomas and Nielsen, 2005).  
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Epistasis 

Specifically, a phenomenon known as epistasis directly challenges the concept of 

the universally accessible gene pool. Epistasis occurs when the phenotypic effect of a 

genetic change depends on the genotypic background into which the change is being 

introduced. Epistasis has important consequences for the development of both single 

and multiple antibiotic resistance, and can act on many different levels. Two antibiotic 

resistance genes might interact such that they both individually improve resistance 

against their respective antibiotics, but when both genes are present in a bacterial 

species, the resistance advantage against one or both antibiotics may be compromised, 

inhibiting the spread of multidrug resistance (Hegreness et al., 2008). Alternatively, two 

resistance genes might instead interact synergistically, increasing the degree of 

resistance against one or both antibiotics, which would facilitate the spread of multiple 

antibiotic resistance (Trindade et al., 2009). 

Epistasis can also act on the interspecies level. A gene might confer resistance to 

a particular antibiotic in one genome, but fail to increase resistance when present in 

another. Pearson et al. (2012) recently investigated the consistency of beneficial fitness 

effects of mutations across diverse genetic backgrounds. After identifying two mutations 

that increased the fitness of the ssDNA bacteriophage ID11 in E. coli, the authors 

investigated whether these mutations retained their beneficial effects across eight 

natural phage isolates, with each differing from ID11 by 0.3-3.7% of their nucleotide 

sites throughout the genome. Patterns of epistasis could not be predicted by the degree 

of phylogenetic relatedness to the original genotype (Pearson et al., 2012). This finding 

demonstrates the challenge of developing expectations about whether mutations will 

retain their effects across divergent genomes, let alone entirely different species.   
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Finally, epistasis can influence the way bacteria respond and adapt to antibiotic 

pressure when multiple point mutations are required to develop resistance. For 

example, plasmid-encoded TEM-1 β-lactamase confers resistance by hydrolytically 

inactivating β-lactam antibiotics, and is, by far, the most common antibiotic resistance 

gene. Its prevalence is likely due to its high binding affinity to the most widely used 

antibiotic in the world, ampicillin, and its sibling compound amoxicillin (Amyes, 2011). 

Weinreich et al. (2006) studied five point mutations in TEM-1 β-lactamase. These 

mutations jointly increase bacterial resistance by a factor of ~100,000 to cefotaxime, a 

third-generation cephalosporin β-lactam. Of these five mutations, 4 are missense 

(A42G, E104K, M182T, and G238S) and 1 is a 5’ noncoding mutation (g4205a). 

Therefore, there are 5! = 120 mutational trajectories linking the wild-type β-lactamase 

to its high-resistance allele. Sign epistasis, the phenomenon by which a mutation is 

beneficial on some genetic backgrounds but deleterious on others, was found to be 

prevalent (Weinreich et al., 2005). After constructing 32 plasmids encoding the 32 

combinations of these five mutations, 108 of the 120 trajectories were found to be 

selectively inaccessible in Escherichia coli strain DH5α when challenged with 

cefotaxime, due to the fact that natural selection only favors the sequential fixation of 

beneficial mutations. (Weinreich et al., 2006). 

Such sign epistasis was suspected to be due to extensive biophysical pleiotropy 

within the β-lactamase enzyme. Pleiotropy is the phenomenon by which a single gene 

affects multiple phenotypic elements (Cheverud, 1996). In TEM-1 β-lactamase, for 

example, the mutation M182T improves cefotaxime resistance on an allele with the 

G238S mutation, but not on the wild-type, because the two mutations work together to 

improve cefotaxime hydrolysis while preserving thermodynamic stability (Weinreich et 
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al., 2006). In this case, we observe epistasis between individual point mutations in the 

adaptive evolution of the TEM-1 β-lactamase gene. 

The following experiments will examine whether epistasis exists between β-

lactamase alleles and the chromosomes of various bacterial species. In this study, I will 

introduce the 32 previously constructed alleles of TEM-1 β-lactamase into a broad host 

range vector. These plasmid constructs will then be used to transform a phylogenetically 

diverse collection of bacterial species. The experiments of Weinreich et al. (2006) will be 

repeated in these species in order to evaluate the resistance conferred by each allele in 

each species. These five mutations exhibit a variety of pleiotropic effects, which may 

extend to interactions with the bacterial machinery present in other species.  If the same 

alleles fail to produce the same relative levels of resistance in these species, this would 

challenge the widely held belief that the gene pool is universally accessible to all species 

and that horizontal gene transfer is not a significant source of antibiotic resistance. 

Alternatively, a positive result would improve our ability to predict molecular 

mechanisms of adaptation in different species by using data from other species. 

By evaluating the resistance conferred by each allele in each species, we will be 

able to determine which evolutionary trajectories are accessible in each species, as was 

performed in E. coli in Weinreich et al. (2006). If the trajectories are different, this 

would indicate that epistatic interactions between alleles of TEM-1 β-lactamase are not 

preserved across bacterial species. 
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Methods 

Plasmid construction 

 Weinreich et al. (2006) introduced the 32 combinations of the five point 

mutations leading to the high-resistance TEM-1 β-lactamase allele into the ampicillin 

resistance gene (ApR) of the cloning vector pBR322 (New England Biolabs, Beverly, MA) 

via site-directed mutagenesis using the Qiagen QuikChange kit (Stratagene, La Jolla, 

CA).  pBR322 is pictured in Figure 1. The 32 pBR322 alleles are abbreviated pBR0-

pBR31; numerical assignments are outlined in Appendix A. These plasmids were then 

chemically transformed into competent E. coli strain DH5α cells. The TEM genes of the 

resulting plasmids were sequenced to confirm the presence of the desired mutations and 

the absence of any other mutations (Weinreich et al., 2006). 

  In order to evaluate the resistance of these alleles in different species, we 

introduced the 32 combinations of mutations into the broad-host-range cloning vector 

pBBR1MCS-4 (Kovach et al., 1995). pBBR1MCS-4, pictured in Figure 2, contains an ApR 

gene identical in sequence to the ApR gene in pBR322, apart from two mutations: V84I 

and A184V. My first goal was to excise the portion of the pBR322 ApR gene spanning the 

five point mutations described (Weinreich et al., 2006) and then clone that portion into 

the pBBR1MCS-4 ApR gene. The two mutations distinguishing the ApR genes in pBR322 

and pBBR1MCS-4 would be “overwritten” in the process. 

Restriction site AhdI, located 78 nucleotides before the stop codon of the ApR 

gene (nucleotide position 3361 in pBR322 and position 4575 in pBBR1MCS-4), is 

located downstream of all five mutations in both plasmids.  AhdI is also downstream of 

the two mutations differentiating the wild-type pBR322 and pBBR1MCS-4 sequences.  
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Restriction site BamHI is located upstream of all five mutations leading to the 

high-resistance allele, as well as the two mutations differentiating wild-type pBR322 

and pBBR1MCS-4. In pBR322, BamHI interrupts a tetracycline resistance gene (TcR), 

but is upstream of the two promoters of ApR, which are located 35 and 244 nucleotides 

before the start codon of ApR. In fact, the second promoter overlaps the promoter 

transcribing TcR in the opposite direction (Brosius et al., 1982). In pBBR1MCS-4, 

BamHI is located upstream of the five mutations leading to the high-resistance allele, as 

well as the two mutations differentiating the wild-type pBR322 and pBBR1MCS-4.  

pBR322 plasmids were extracted from E. coli strain DH5α using a QIAPrep Spin 

Miniprep Kit (Qiagen, Venlo, Netherlands). pBBR1MCS-4, graciously obtained from 

Helen Segal in the Jacqueline K. Barton lab at the California Institute of Technology 

(Pasadena, CA), was provided in 10mM Tris-Cl, pH 8.5. pBBR1MCS-4 was transformed 

into Invitrogen MAX Efficiency DH5α Competent Cells (Life Technologies, Grand 

Island, NY). Restriction enzymes BamHI and AhdI (New England Biolabs, Beverly, MA) 

were used to restrict the 32 pBR322 plasmids and the lone pBBR1MCS-4 plasmid. The 

1370-bp pBR322 insert and 3626-bp pBBR1MCS-4 vector were isolated via gel 

electropohoresis on a 0.8% agarose gel and then eluted using QIAquick Gel Extraction 

kit (Qiagen, Venlo, Netherlands).  T4 DNA Ligase (Invitrogen, Carlsbad, CA) was used to 

ligate each pBR322 insert into the pBBR1MCS-4 vector to produce 32 pBBR1MCS-4 

constructs, named pBBR0-pBBR31 as in pBR322. Sequencing of the TEM alleles of the 

resulting plasmids was performed at the University of Rhode Island Genomics and 

Sequencing Center (Kingston, RI) to confirm the presence of the desired mutations and 

the absence of any other mutations. 
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Figure 1: (a. adapted from the Wikimedia Commons file "Image: PBR322.svg" 
http://upload.wikimedia.org/wikipedia/commons/5/5b/PBR322.svg, b. adapted from 
New England Biolabs, Inc.)  
(a) The plasmid map of pBR322 (GenBank accession No. J01749).  
(b) A close-up of the plasmid map with unique restriction sites labeled in bold. This 
image has been modified from its original form by annotating the restriction sites used 
in the present study, BamHI (375) and AhdI (3361).  

 

Figure 2 (adapted from Kovach et al., 1995): The plasmid map of pBBR1MCS-4 
(GenBank accession No. U25060). This image has been modified from its original form 
by annotating the restriction sites used in the present study, BamHI (3251) and AhdI 
(4575, relative location estimated in figure). 
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Choice of bacterial species 

 Broad-host-range vector plasmid pBBR1MCS-4 has been tested and found to 

replicate in the following gram-negative species: Acetobacter xylinum, Alcaligenes 

eutrophus, Bartonella bacilliformis, Bordetella spp., Brucella spp., Caulobacter 

crescentus, Escherichia coli, Paracoccous denitrificans, Pseudomonas fluorescens, P. 

putida, Rhizobium meliloti, R. leguminosarum bv. viciae, Rhodobacter sphaeroides, 

Salmonella typhimurium, Vibrio cholera, and Xanthomonas campestris (Kovach et al., 

1995). In this study, three bacterial species were chosen for experimentation: 

Acetobacter xylinum (ATCC 10245), Rhizobium meliloti (ATCC 51124), and 

Rhodobacter sphaeroides (ATCC 55304). These species, obtained from the American 

Type Culture Collection (Manassas, VA), were chosen because they met the following 

criteria: (1) compatibility with pBBR1MCS-4, (2) susceptibility to ampicillin, (3) 

biosafety level 1, and (4) ability to be transformed, preferably via electroporation for 

increased efficiency. Proof of ampicillin susceptibility, biosafety level, growth 

conditions, and protocols for preparation of electrocompetent cells and transformation 

by electroporation are outlined in Table 1 for various bacterial species. Bacterial species 

not of biosafety level 1 are also included so that they may be considered for future 

experimentation. Of the eligible bacteria identified in Table 1, Xanthomonas campestris 

and Pseudomonas syringae were not used at this stage because they are plant 

pathogens, which may have endangered the neighboring plant lab in our building after 

becoming antibiotic-resistant. The eligibility of the other species listed above and in 

Kovach et al. (1995) but not in Table 1 remains to be investigated. Additional species 

also found to be compatible with pBBR1MCS-4 may be considered for future work. 
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Species ATCC 
No. 

Biosafety 
level 

Proof of 
pBBR1MCS-4 
compatibility  

Proof of 
ampicillin 
susceptibility 

Optimal growth 
conditions 

Optimal growth 
media 

Transformation 
protocol 

Acetobacter 
xylinum 10245 1 Kovach et al., 

1995 
Valla et al., 
1986 

26°C & 0.1% 
Celluclasta 

ATCC medium 1: 
Mannitol agar Hall et al., 1992 

Rhizobium 
meliloti 51124 1 Kovach et al., 

1995 
Ratcliff and 
Denison, 2011 26°C 

ATCC medium 111: 
Rhizobium X 
medium 

Antoine and 
Locht, 1992 

Rhodobacter 
sphaeroides 55304 1 Kovach et al., 

1995 
Baumann et al., 
1989 

26°C, 
anaerobicb, 
tungsten lightc 

ATCC medium 550: 
R 8 A H medium Koch et al., 1998 

Xanthomonas 
campestris 35937 1 Kovach et al., 

1995 
Shenge et al., 
2007 28°C 

ATCC medium 
1475: Glucose yeast 
chalk agar 

White and 
Gonzalez, 1995 

Pseudomonas 
syringae 19322 1 Kovach et al., 

1995 
Hwang et al., 
2005 26°C 

ATCC medium 3: 
nutrient agar or 
nutrient broth 

Bassett and 
Janisiewicz, 2003 

Brucella ovis 25840 2 Elzer et al., 
1995 

Hall and 
Manion, 1970 5% CO2, 37°C 

ATCC medium 260: 
Trypticase soy agar 
with defibrinated 
sheep blood 

Elzer et al., 1995 & 
Lai et al., 1990 

 

Table 1: Database of relevant information regarding identified bacterial species that (1) 
pBBR1MCS-4 has been found to replicate in and (2) are susceptible to ampicillin. β-
lactamase activity in Acetobacter xylinum, Rhizobium meliloti, and Rhodobacter 
sphaeroides was evaluated in this study for practicality, as these species are biosafety 
level 1. Optimal growth conditions and growth media were obtained from 
documentation made available by the American Type Culture Collection (atcc.org).  
aFor preparation of A. xylinum cells that were not attached to the cellulose product, cellulase (0.1% 
Celluclast; Sigma-Aldrich, St. Louis, MO) was added to the culture medium 24 to 48 h before harvesting 
to digest the cellulose and give a uniform cell suspension (Saxena and Brown, 1995). 
bAll aerobic overnight cultures were grown in 13x100mm disposable glass culture tubes (Fisher Scientific, 
Pittsburgh, PA), and anaerobic cultures were grown in Fisherbrand screwtop disposable plastic centrifuge 
tubes (Fisher Scientific, Pittsburgh, PA). Agar plates and Corning Incorporated 96-well plates were sealed 
with Parafilm (Pechiney Plastic Packaging, Menasha, WI).  
cA Bayco 150W Incandescent 8.5” clamp light (Bayco Products, Inc., Wylie, TX) was installed into an 
incubator to expose these R. sphaeroides cultures and plates to tungsten light. Bacterial cultures and 
plates requiring the same incubation temperature but not tungsten light were covered with foil or placed 
on shelves above the lamp to shield them from the light.  
 
 The 32 pBBR1MCS-4 constructs were chemically transformed into Invitrogen 

MAX Efficiency DH5α Competent Cells (Life Technologies, Grand Island, NY) in order 

to evaluate resistance of the TEM-1 β-lactamase alleles on that plasmid in E. coli strain 

DH5α. All other transformations can be carried out via electroporation using an 
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Eppendorf Eporator (Eppendorf, Hamburg, Germany) following the transformation 

protocols outlined in Table 1. 

 A. xylinum, R. meliloti, and R. sphaeroides are all members of the same class, 

Alphaproteobacteria, but belong to different  orders (Rhodospirillales, Rhizobiales, and 

Rhodobacteraceae, respectively). These species are each more closely related to one 

another than they are to E. coli, which also is in class Alphaproteobacteria (Williams et 

al., 2007). Of the species outlined in Table 1 that were not included in this study, P. 

syringae may be of particular interest, as it belongs to a different class, Gamma 

Proteobacteria (van der Lelie et al., 2009), whereas B. ovis belongs to the same order as 

R. meliloti (Williams et al., 2007). 

 

Evaluating resistance 

 The resistance conferred by each allele against ampicillin was measured using a 

Minimum Inhibitory Concentration (MIC) assay. Essentially, the MIC is the lowest 

concentration of an antibiotic that will inhibit the visible growth of a bacterial culture 

after overnight incubation. The MIC is found by exposing a cell culture to various 

antibiotic concentration. The antibiotic ampicillin was chosen rather than cefotaxime 

because it is far more widely used (Amyes, 2001), and more research has been 

completed regarding the wild-type susceptibility of various bacterial species to 

ampicillin. A consequence of this decision, which will be discussed in the results section 

of this document, is that the allele conferring the highest resistance against ampicillin is 

not the allele that confers the highest resistance against cefotaxime (pBR31, the allele 

with all five mutations). 
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 Specifically, the broth microdilution method was used to measure MIC (Murray 

et al., 2003). According to the protocol, 1ml overnights of each mutant are grown in 

13x100mm Fisherbrand disposable culture tubes (Fisher Scientific, Pittsburgh, PA) and 

then diluted to 1 x 106 CFU (colony forming units)/ml in Mueller-Hinton (MH) Broth 

(BD, Franklin Lakes, NJ). An antibiotic stock is then made by dissolving solid, powdered 

antibiotic into MH broth to the desired volume and concentration appropriate for the 

given experiment. This antibiotic stock is then serially diluted two-fold in order to 

obtain a range of antibiotic concentrations. The wells of a 96 Well Cell Culture Plate 

(Corning Incorporated 3598, Corning Incorporated, Corning, NY) are filled with 

(typically) 150µl antibiotic and 150µl inoculum, diluting the inoculum to a final 

concentration of 5 x 105 CFU/ml, as well as diluting the antibiotic stocks two-fold. Some 

wells are also dedicated to drug-free growth controls to verify the viability of the 

bacterial culture. After inoculation, each plate is covered with its lid, sealed in a plastic 

bag, and then incubated in air at 35°C for 16-20h. Growth is best determined by 

comparison with that in the growth control well and generally is indicated by turbidity 

throughout the well or by buttons, single or multiple, in the well bottom.  Also, a critical 

element of quality control is the testing of the susceptibility of reference bacterial strains 

(NCCLS, 2004). Dilutions should encompass at least two concentration increments 

above and below the previously established MIC for these reference strains (Murray et 

al., 2003). 

A significant departure from this protocol is the fact that the final inoculum 

concentration of 5 x 105 CFU/ml was not used in the MIC assays in this study. Instead, it 

was discovered that a high inoculum concentration can inappropriately inflate MIC 

values. We extensively studied the relationship between inoculum concentration and 
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measured MIC across bacterial species, the details of which are outlined in Appendix B. 

For E. coli strain DH5α, overnights were grown at 37°C in Luria-Bertani (LB) Broth 

(BD, Franklin Lakes, NJ) + 50 µg/ml ampicillin with shaking under aerobic conditions. 

Ampicillin was used as a precaution to select for bacteria carrying β-lactamase alleles 

and exclude contaminants. Every TEM allele studied here confers resistance exceeding 

50 µg/ml of ampicillin in E. coli strain DH5α (Results, Table 3). 

 In order to most precisely determine the resistance conferred by the 32 alleles of 

TEM β-lactamase within a particular species, two stages of MIC assays were conducted. 

First, every allele was exposed to the same range of antibiotic concentrations (two-fold 

dilutions starting from 7,500 µg/ml ampicillin for pBBR1MCS-4 derived alleles) on a 

96-well plate, with each column containing a different allele and each row containing a 

different antibiotic concentration. This was completed by growing 1ml overnights of 

each allele, and then taking the 10-6 dilution. 20µl of each overnight dilution was used to 

inoculate 150µl of each ampicillin dilution to the final ampicillin concentrations 

outlined in Figure 3.   

Figure 3: First-stage MIC 
assays conducted on E. coli 
strain DH5α carrying 
pBBR0-11. Every allele is 
tested against the same 
range of ampicillin 
concentrations. This is a 
stylized illustration of the 
first of three 96-well plates 
required to perform one 
replicate of the full assay 
of the 32 alleles, along 
with the growth control 
and control species (S. 
aureus, E. faecalis, and E. 
coli.) Assays were usually 
conducted in triplicate. 
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 This first-stage assay places the 32 alleles into very general groups, in order to 

determine whether (e.g., from Figure 3) alleles pBBR0, 2, 4, 6, and 10 actually all have 

the same MIC values (an unlikely outcome). MICs are by design truly ranges, not actual 

values; a measured MIC of 938 from an experiment such as the one in Figure 3 indicates 

that the MIC can be anywhere between 938 and 1875 µg/ml.  Such general groupings 

also considerably reduce our statistical power when making comparisons between how 

different species rank the alleles (see Results section of this document).  Therefore, in 

this second pass, each group of alleles was exposed to narrower, more precise ranges of 

antibiotic concentrations (see Table 2).  

Alleles (pBBR) Range of antibiotic concentrations  
(µg/ml; 100 µg/ml increments)a 

16,18,22 2,000-2,600 
8,20,24,26,28,30 1,700-2,300 
0,2,4,6,10,12,14,19,23,25,27,29,31 1,200-1,800 
1,3,5,7,9,11,13,15,17,21 600-1,200 
 
Table 2: Specific ranges of antibiotic concentrations used to evaluate the resistance 
conferred by TEM β-lactamase alleles on pBBR1MCS-4 in E. coli strain DH5α, after 
preliminary grouping as performed in Figure 3. There is some overlap between groups 
to accommodate noise in results from the first stage of MIC assays. Since serial dilutions 
were not possible to produce uniformly spaced antibiotic concentrations, aliquots from a 
single, large ampicillin stock of 2,950 µg/ml were diluted to produce the many different 
antibiotic concentrations in this (more complicated) assay. 
 
 

 Statistical analysis 

The evolutionary trajectories available to a mutating gene depend directly on the 

relative MIC values of the possible alleles. A mutation must increase resistance on its 

current allelic background in order to be considered beneficial and contribute to an 

evolutionarily favorable pathway (Weinreich et al., 2006). Consequently, how the alleles 
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of a gene are ranked in terms of MIC values defines the epistatic relationships between 

alleles. If the 32 alleles of TEM β-lactamase are ranked similarly according to MIC 

values across bacterial species, then the epistatic relationships between the alleles must 

be the preserved in both species. 

The Friedman test is a non-parametric two-way analysis of variance based on 

ranks that can be used to answer, for example, the following question: n wines are rated 

by k different judges. Are the judges’ ratings consistent with each other (Friedman, 

1940)? In this study, our 4 bacterial species (three experimental species plus E. coli) are 

the k judges, and the 32 alleles are the n wines. We test the null hypothesis that allele 

rankings are consistent across bacterial species. Because the Friedman test can be used 

to analyze three or more repeated measurements of ordinal data, it is used rather than 

the more familiar Wilcoxon matched-pairs signed-ranks test, which only analyzes the 

difference between two correlated ordinal-level measurements (Sheldon et al., 1996). 

This is particularly useful when comparing allelic rankings between more than two 

bacterial species, as we intend to do in this study. The computational formula for the 

Friedman test is 

 

where k is the number of ranked observations (species), n is the number of subjects 

(alleles), and Rj is the sum of the ranked scores for that particular value of k (Friedman, 

1937). The test statistic χ2t is distributed according to the χ² distribution with k-1 

degrees of freedom.  The null hypothesis can be rejected when the test statistic is larger 

than the critical value of the chosen alpha level. The package snp2_1 in STATA was used 
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to perform this calculation (Goldstein, 2005), though other statistical programs may be 

used as well. As the p-value generated by the Friedman test approaches zero, the 

probability that the rankings are consistent across observations increases. 

Results 

  The 32 TEM β-lactamase alleles were successfully cloned from pBR322 into 

pBBR1MCS-4 and then chemically transformed into E. coli strain DH5α. The results of 

the MIC assays against ampicillin conducted on these alleles, as well as assays 

conducted on the original alleles in pBR322, can be found in Table 3 below.  

TEM β-lactamase alleles in pBBR1MCS-4 
 

Allele 1 2 3 4 5 6 7 8 9 Median 
0 1700 1700 1700 1600 1700 1600 1500 1700 1500 1700 
1 600 - 700 800 800 800 600 600 600 1 
2 1600 1600 1600 1700 1600 1600 1700 1800 1700 1600 
3 1100 1100 900 900 900 900 700 700 800 900 
4 1400 1700 1500 1400 1800 1400 1400 1500 1400 1400 
5 700 800 500 800 800 800 700 600 600 700 
6 1500 1500 1500 1500 1500 1400 1500 1500 1500 1500 
7 1100 1100 900 900 900 900 800 700 800 900 
8 >1700 >1700 >1700 1900 1700 1800 1700 - 1700 1700 
9 1100 1100 900 900 900 900 800 700 800 900 
10 1500 1500 1500 1400 1500 1400 1500 1500 1500 1500 
11 900 900 900 900 900 900 800 800 800 900 
12 1400 1400 1400 1300 1400 1300 1300 1300 1400 1400 
13 900 900 900 900 900 900 700 700 700 900 
14 1300 1300 1300 >1800 >1800 >1800 1400 1400 1400 1400 
15 900 900 900 800 900 800 800 700 800 800 
16 2200 2300 2300 2300 2200 2200 2200 2200 2200 2200 
17 700 900 700 800 900 800 700 600 600 700 
18 2200 2300 2300 2300 2300 2200 2200 2200 2200 2200 
19 1300 1300 1300 1200 1200 1200 1200 1200 1200 1200 
20 2000 2000 - 2000 1900 - 2000 2000 2100 2000 
21 800 800 900 1100 1100 900 600 600 600 800 
22 2300 2300 2300 2300 2200 2200 2200 2200 2200 2200 
23 1300 1300 1300 1200 1400 1200 1200 1200 1200 1200 
24 >2000 >2000 >2000 - 2200 2100 2100 2200 2200 2100 
25 1300 1300 1300 1200 1400 1200 1200 1200 1200 1200 
26 1900 1900 1900 1900 1900 1900 2000 2000 2000 1900 
27 1300 1300 1300 1400 1700 1400 1200 1200 1200 1300 
28 1900 1900 1900 1900 1900 1900 1800 1900 1900 1900 
29 1300 1300 1300 1600 1700 1700 1200 1200 1200 1300 
30 1900 1900 1900 1800 1900 1800 2100 2000 2100 1900 
31 1500 1500 1500 1200 - - 1200 1300 1300 1300 

 

TEM β-lactamase alleles in pBR322 
 

Allele 1 2 3 Median 
0 >4000 >4000 >4000 1700 
1 1600 >2200 1800 650 
2 >4000 >4000 >4000 1600 
3 >2200 >2200 >2200 900 
4 4000 3800 3800 1400 
5 1600 1600 1600 700 
6 >4000 3800 3800 1500 
7 >2200 >2200 >2200 900 
8 4200 4400 4400 1700 
9 >2200 >2200 >2200 900 
10 >4000 3800 3800 1500 
11 >2200 >2200 >2200 900 
12 4000 3800 4000 1400 
13 >2200 >2200 >2200 900 
14 3600 3800 3400 1400 
15 >2200 >2200 >2200 800 
16 6000 6200 6000 2200 
17 1800 1800 1800 700 
18 >6200 >6200 >6200 2200 
19 3200 3200 3000 1200 
20 5200 5400 5200 2000 
21 1600 1800 1800 800 
22 5800 5800 5800 2200 
23 3200 3200 3000 1200 
24 >5400 >5400 >5400 2100 
25 3400 3400 3200 1200 
26 >5400 >5400 >5400 1900 
27 3200 3400 3400 1300 
28 4800 5200 5000 1900 
29 3200 3200 3200 1300 
30 4800 5200 5000 1900 
31 3800 3800 3600 1300 

 

 
Table 3: MIC values (µg/ml) for TEM β-lactamase alleles on pBBR1MCS-4 and 
pBR322 in E. coli strain DH5α. Nine replicate assays were conducted for pBBR1MCS-4, 
with three performed each day. Three replicate assays were conducted for pBR322, all 
on a single day. - indicates missing/uninterpretable data. Median MIC calculations do 
not include missing data, but substitutes right-censored data with the lower bounds. 
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 It was found that epistatic relationships between TEM β-lactamase alleles were 

preserved across plasmid backgrounds. The Friedman test was conducted to compare 

allelic rankings of the TEM β-lactamase alleles in pBR322 and pBBR1MCS-4 in E. coli 

strain DH5α. Preliminary median MIC values for alleles in pBR322 are shown in Figure 

4. Epistatic relationships between alleles are indeed preserved across plasmid 

backgrounds in E. coli strain DH5α (p=0.0011), despite differing copy number 

(Sambrook et al., 1989; Zwirglmaier et al., 2004) and lower average MIC (t-test; 

p<0.0001). 

 
pBR alleles Median MIC (µg/ml) 

18 6200 
16 6000 
22 5800 

24,26 5400 
20 5200 

28,30 5000 
8 4400 

0,2,12 4000 
4,6,10,31 3800 

14 3600 
25,27 3400 

19,23,29 3200 
3,7,9,11,13,15 2200 

1,17,21 1800 
5 1600 

 

 
pBBR alleles Median MIC (µg/ml) 

16,18,22 2200 
24 2100 
20 2000 

26,28,30 1900 
0,8 1700 
2 1600 

6,10 1500 
4,12,14 1400 

27,29,31 1300 
19,23,25 1200 

3,7,9,11,13 900 
15,21 800 
5,17 700 

1 650 
 

 
Table 4: Alleles were grouped and ranked based on median MIC from data in Figure 1.  
 

A. xylinum, R. meliloti, and R. sphaeroides were successfully obtained and 

cultured, but could not be successfully transformed. Several attempts were made to 

complete the electroporation protocol for R. sphaeroides listed in Koch et al. (1998), but 

with no success. This may be due to the fact that the protocol was originally optimized 

for the electroporation of Rhodobacter capsulatus, not R. sphaeroides, though the 

authors apparently found the protocol successful in R. sphaeroides (Koch et al., 1998).   
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Discussion 

Unfortunately, the central question of this study remains unanswered: it is still 

not known whether epistatic relationships are conserved across bacterial species. This is 

because we were unable to successfully introduce the TEM β-lactamase alleles into novel 

species. However, a number of very significant steps have been taken in this study that 

have brought us much closer to this goal. First, the complete library of the 32 TEM β-

lactamase alleles was successfully constructed in a broad-host-range plasmid, which is 

no small feat. A catalog of eligible species to investigate was created, with references 

outlining growth conditions and transformation protocols. Most significantly, the 

results of Appendix B strongly suggest the existence of a population density-derived 

discrepancy between intrinsic and group MIC, which has ramifications for all of 

antibiotic resistance evolution.  

That being said, the present study suffers from some limitations. Though 

pBBR1MCS-4 was chosen for its broad host range and versatility, a potential drawback 

is its lack of a selectable marker besides ampicillin resistance. This means that 

transformants can only be selected for with ampicillin. Suppose that some TEM β-

lactamase allele on pBBR1MCS-4 does not confer resistance to ampicillin when 

introduced into some bacterial species. This would make it impossible to select for 

successful transformants. It is uncertain whether this is what happened in Rhodobacter 

sphaeroides. Operating under the null hypothesis that allelic rankings are consistent 

across bacterial species, pBBR16 should also be one of the strongest alleles in R. 

sphaeroides.  It was hoped that pBBR16 would be able to confer adequate resistance to 

R. sphaeroides such that it could survive the selective screen of an LB agar plate infused 

with 50µg/ml ampicillin. But, if that allele was too weak to survive that screen when in 
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R. sphaeroides, we would never be able to recover successful transformants, even if the 

electroporation was carried out successfully.  

A further limitation is the inherent difficulty in making generalizations based on 

very few observations. Even if A. xylinum, R. meliloti, and R. sphaeroides were all 

successfully transformed and assayed for MIC values, we would only have information 

about the consistency of epistatic relationships across three bacterial species, all 

belonging to the class Alphaproteobacteria. Bacteria belonging to other orders (e.g. P. 

syringae) are good candidates for future experimentation. Also, it is very challenging to 

simulate horizontal transmission as it occurs in the environment, so it is difficult to 

assess the frequency at which horizontal gene transfer of antibiotic resistance might 

actually occur in nature. 

It is very clear what future work should be carried out. Transformations should 

continue to be attempted for all species outlined in Table 1 and beyond. Once a species is 

successfully transformed, the inoculum concentration required to determine the 

intrinsic MIC should be identified using the protocol suggested in Appendix B. Then, 

MIC assays using this inoculum concentration should be conducted across all alleles. 

Finally, the Friedman test can be used to evaluate the consistency of allelic rankings 

across two or more species. In addition, it may be interesting to conduct MIC assays in 

these same species, but expose them to antibiotics besides ampicillin to see if the effect 

is maintained. 

In addition to the one-dimensional metric generated by the Friedman test (a p-

value), it may be useful to qualitatively assess the differences in MIC between different 

species, or determine which evolutionary trajectories are selectively accessible as in 

Weinreich et al. (2006). In the case of ampicillin in E. coli strain DH5α, one of the 
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strongest alleles against ampicillin, allele 16, is acquired by only one mutation on a wild-

type background, g4205a. Since almost every other mutation would be deleterious on 

that background, this may reduce the importance of other, more nuanced epistatic 

interactions in the face of this single, very significant individual mutation.  

However, it is challenging to speculate upon the effects of particular scenarios 

and epistatic interactions. Further work in novel species is necessary before we are able 

to draw any further meaningful conclusions. 
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Appendix A 

Mutational identity of TEM β-lactamase alleles 

Table A1 indicates which mutations are present in each TEM β-lactamase allele. 

MIC values indicate resistance against cefotaxime in Escherichia coli strain DH5α 

carrying pBR322 plasmids mutagenized to include the indicated mutations. 

Allele (pBR#) g4205a A42G E104K M182T G238S Replicate 1 Replicate 2 Replicate 3 
0 - - - - - 0.088 0.088 0.088 
1 - - - - + 1.4 1.4 1.4 
2 - - - + - 0.088 0.063 0.063 
3 - - - + + 32. 32. 32. 
4 - - + - - 0.13 0.088 0.18 
5 - - + - + 3.6 x 102 3.6 x 102 3.6 x 102 
6 - - + + - 0.18 0.13 0.18 
7 - - + + + 3.6 x 102 3.6 x 102 3.6 x 102 
8 - + - - - 0.088 0.088 0.088 
9 - + - - + 23. 23. 23. 
10 - + - + - 1.4 1.4 1.4 
11 - + - + + 3.6 x 102 3.6 x 102 3.6 x 102 
12 - + + - - 1.4 1.4 1.4 
13 - + + - + 2.1 x 103 2.1 x 103 2.1 x 103 
14 - + + + - 1.0 0.71 0.71 
15 - + + + + 2.9 x 103 2.9 x 103 2.9 x 103 
16 + - - - - 0.088 0.088 0.088 
17 + - - - + 1.4 1.4 1.4 
18 + - - + - 0.088 0.088 0.088 
19 + - - + + 3.6 x 102 3.6 x 102 3.6 x 102 
20 + - + - - 0.18 0.18 0.18 
21 + - + - + 3.6 x 102 3.6 x 102 3.6 x 102 
22 + - + + - 0.18 0.18 0.18 
23 + - + + + 2.1 x 103 2.1 x 103 2.1 x 103 
24 + + - - - 0.088 0.088 0.088 
25 + + - - + 3.6 x 102 3.6 x 102 3.6 x 102 
26 + + - + - 0.088 0.088 0.088 
27 + + - + + 3.6 x 102 3.6 x 102 3.6 x 102 
28 + + + - - 1.4 2.8 2.0 
29 + + + - + 1.5 x 103 2.1 x 103 1.5 x 103 
30 + + + + - 1.4 1.4 1.4 
31 + + + + + 4.1 x 103 4.1 x 103 4.1 x 103 
MIC values, given in µg/ml 

 

Table A1 (adapted from Weinreich et al., 2006): Replicate cefotaxime resistance (MIC; 
µg/ml) of TEM β-lactamase alleles in Escherichia coli strain DH5α on pBR322. 
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Appendix B 

Intrinsic vs. Community MIC 

 The clinically accepted Minimum Inhibitory Concentration (MIC) assay protocol 

to evaluate the susceptibility of a microbe to a particular antibiotic uses an inoculum 

concentration of 5 x 105 CFU (colony-forming units)/ml (Murray et al., 2003). This 

standardization is due to the fact that inoculum concentration is positively correlated 

with measured MIC. This observation has been known for decades, but the mechanism 

by which inoculum concentration affects measured MIC has not yet been identified 

(Datta and Kontomichalou, 1965; Block et al., 1973; Corrado et al., 1980). Figure B1 

demonstrates that changes in inoculum concentration can dramatically affect MIC, with 

change in measured MIC varying across bacterial species, acquired resistance (R) factor, 

and choice of antibiotic.  

 

Figure B1 (adapted from Datta and Kontomichalou, 1965): The effect of increasing 
inoculum concentration from 103 to 107 bacteria/ml on measured MIC depends on 
choice of host bacteria, acquired resistance (R) factor, and antibiotic, ranging from no 
change to an approximately 8-fold increase.  
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 A previous study of the effect of inoculum size on MIC in Pseudomonas 

aeruginosa found that the MIC of an aminoglycoside antibiotic, gentamicin, was 

virtually the same at inocula of 5 x 103 and 5 x 105 CFU/ml, whereas the MIC of five β-

lactam antibiotics (cefoperazone, cefotaxime, moxalactam, piperacillin, and N-

formimidoyl thienamycin) increased as the inoculum was increased from 5 x 103 to 5 x 

105 CFU/ml (Corrado et al., 1980).  This suggests that the unique mechanism by which 

β-lactamase enzymes confer resistance in gram-negative bacteria is responsible for this 

phenomenon. β-lactam antibiotics inhibit bacterial cell wall synthesis by blocking 

peptidoglycan transpeptidation (Walsh, 2003). In order to intercept the incoming 

antibiotic attack, a β-lactam-resistant gram-negative bacterium synthesizes and exports 

β-lactamase to the periplasmic space between the inner and outer membrane (Amyes, 

2001). The β-lactamase then hydrolytically inactivates the β-lactam (Walsh, 2003).  

 Consequently, there are two opposing forces: the rate at which the antibiotic 

enters the periplasmic space versus the rate at which the bacterium can hydrolyze the 

drug, which depends on enzyme kinetics, e.g. kcat/km (Nelson and Cox, 2008). As the 

concentration of antibiotic surrounding the bacterium increases, the rate of influx of the 

antibiotic increases as well. For a single bacterium, the MIC represents the minimum 

antibiotic concentration required to completely inhibit growth. This MIC will be referred 

to henceforth as the intrinsic MIC.  

Consider the scenario in which a population of cells is exposed an antibiotic 

concentration exceeding the intrinsic MIC. If there is only one bacterial cell present, it 

will not able to survive. However, when multiple bacteria are present, the antibiotic 

challenge is now spread between many cells. Every cell produces β-lactamase, which 
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cooperatively reduces the overall antibiotic concentration. Some cells will succumb to 

the antibiotic challenge earlier than others and die, while others will endure. But, until 

this happens, they will have had time to produce β-lactamase and hydrolyze some 

potentially non-negligible quantity of β-lactam molecules, reducing the external 

concentration of antibiotic. Further, because dying cells release their contents into their 

environment, β-lactamase will continue to hydrolyze β-lactam molecules until the 

enzyme degrades, which further reduces the external antibiotic concentration. If this 

reduced external antibiotic concentration is below the intrinsic MIC, the remaining cells 

will survive and establish growth, which would result in a measured MIC higher than 

the intrinsic MIC, referred to henceforth as a community MIC. (Community MIC can 

vary within a species depending on inoculum size, while there is only one intrinsic MIC 

for a particular bacterium exposed to a particular antibiotic.) 

 The existence of satellite colonies (Figure B2) provides some evidence for this 

cooperative activity.  When a bacterial colony carrying an antibiotic resistance gene is 

growing on antibiotic-infused agar, small ‘satellite’ colonies have been known to form 

surrounding the original colony. The colony of cells carrying the antibiotic resistance 

gene is believed to be able to reduce the concentration of antibiotic in its vicinity, 

allowing other cells to survive (Adam et al., 2008). In exactly the same way, antibiotic-

resistant bacteria are able to reduce the antibiotic concentration such that other 

bacterial cells can survive higher antibiotic concentrations. 
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Figure B2: Satellite colony growth is observed surrounding the growth of a large, 
ampicillin-resistant colony. Ampicillin-sensitive colonies are able to grow on ampicillin-
infused media because the ampicillin-resistant colony has reduced the concentration of 
antibiotics in its immediate surroundings. 
 

Identifying the intrinsic MIC is crucial to this study because we are examining the 

evolutionary dynamics of β-lactamases rather than the population behavior of bacterial 

colonies. When a mutation appears, the MIC only changes for the individual bacterium 

carrying that gene, and we are interested in understanding the effect of the new intrinsic 

MIC. The effect of individual mutations might be masked by the cooperative activity of a 

high number of cells.  

Below, Figure B3 illustrates the trend we expect to see for the number of viable 

cells as a function of time, according to our understanding of this phenomenon. In the 

two lowest inoculum concentrations (101 and 102 CFU/ml), all cells died before 

producing enough β-lactamase to sufficiently reduce the antibiotic concentration to 
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below the intrinsic MIC. In the cell culture with initial inoculum concentration of 103 

CFU/ml, most cells die, but in the process produce enough β-lactamase to reduce the 

antibiotic concentration to below the intrinsic MIC, enabling exponential growth of the 

surviving cells. Consequently, though the antibiotic concentration exceeds the intrinsic 

MIC, growth is observed, resulting in a higher measured MIC. In the cell culture with 

initial inoculum concentration of 104 CFU/ml, even fewer cells have to die than with 

inoculum concentration 103 CFU/ml, as the entire population of cells is working 

together to synthesize and export β-lactamase to reduce the surrounding antibiotic 

concentration. Consequently, the antibiotic concentration is reduced to sub-intrinsic-

MIC levels much sooner, and exponential growth begins much earlier. Exponential 

growth begins even sooner with initial inoculum concentration 105, as even more cells 

are cooperatively reducing the antibiotic concentration. 
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Figure B3: Curves indicate the logarithm of the number of viable cells as a function of 
time with varying initial inoculum concentrations while holding antibiotic concentration 
constant. These bacterial cells are exposed to a constant antibiotic concentration above 
the intrinsic MIC but when cell concentration is high enough, the population can 
survive. This drug concentration would be judged below the MIC by the traditional assay 
because an inoculum of 5 x 105 cells can survive. However the intrinsic MIC is 
something below this concentration, since smaller inocula do not survive. 
 

 In this hypothetical scenario, in order for the community MIC to match the 

intrinsic MIC, an inoculum concentration of < 102 CFU/ml should be used. Of course, 

the best way to avoid the biasing effect of increasing inoculum concentration is to 

conduct the MIC assay on exactly one cell. However, since the number of cells delivered 

is Poisson-distributed, the lower the intended inoculum concentration, the higher the 

probability of delivering zero cells, which would invalidate the assay. Therefore, the 

optimal inoculum concentration would be low enough to avoid the effect of many cells 

producing β-lactamase and inflating the measured MIC, but high enough to ensure that 

at least 1 cell was always delivered in an assay. 

 

Methods 

 To identify the optimal inoculum concentration for E. coli strain DH5α, the 

following experiment was conducted. 10-1 to 10-8 dilutions were prepared from an 

overnight culture of E. coli strain DH5α carrying pBBR6 (16 hours, 37°C with shaking). 

The particular allele used in this assay was chosen at random. An ampicillin stock 

(300,000 µg/ml) was prepared by diluting solid salt ampicillin (Fisher Scientific, Fair 

Lawn, NJ) in Mueller Hinton broth (BD, Franklin Lakes, NJ).  Serial two-fold dilutions 

were performed to produce stocks from 300,000 µg/ml to ~300 ug/ml. Each well of a 
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96 Well Cell Culture Plate 3598 (Corning Incorporated, Corning, NY) was filled with 

150µl of cell culture and 150µl of ampicillin stock (thereby diluting each component 

two-fold), with each row of the plate corresponding to a different inoculum 

concentration, and each column corresponding to a different drug concentration (see 

Figure B4).  

 Plates were then assayed for growth using an EnVision Multilabel Plate Reader 

(PerkinElmer, Waltham, MA), which was kept inside an incubator at 35°C. The 

EnVision generates growth curves by measuring the optical density of a sample, 

measured at a wavelength at 600 nm (OD600). It was programmed to measure the 

OD600 of each well at 20 minute intervals for 32 hours and 40 minutes (99 time 

points).  

 

Figure B4: Growth curves over time for various inoculum concentrations of E. coli 
strain DH5α carrying pBBR6 exposed to various ampicillin concentrations. OD600 was 
measured every 20 minutes for 32 hours and 40 minutes at 35°C using an EnVision 
Multilabel Plate Reader (PerkinElmer, Waltham, MA). This image is a labeled version of 
the output file generated by the EnVision device. 
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 It is challenging to explicitly observe the model described in Figure B3 in the 

laboratory setting, as one cannot easily differentiate between living and dead cells using 

an optical density assay. However, overlaying the curves of row C in Figure B4, which is 

done in Figure B5, suggests the occurrence of this phenomenon. 

 

Figure B5: The growth curves of Figure B4, row C superimposed upon one another. At 
the highest antibiotic concentrations (37,500, 75,000, and 150,000 µg/ml), growth is 
never observed, but the high concentration of cells seems to contribute to the latent 
growth observed at 4,688, 9,375, and 18,750 µg/ml, which is consistent with the delayed 
growth observed in Figure B3. Growth is immediately observed in antibiotic 
concentrations at or below 2,344 µg/ml because the antibiotic concentration is likely 
below the intrinsic MIC and cells do not need to ‘cooperate’ to reduce the drug 
concentration. The extent to which these growth curves are explained by the model in 
Figure B3 is outlined in the discussion of this appendix. 
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Results 

 Suppose an E. coli overnight culture is grown to 109 CFU/ml. The clinically 

accepted protocol would recommend taking a 10-3 dilution of that overnight culture to 

produce a 1 x 106 CFU/ml culture. If this 10-3 dilution is used and the plate is evaluated 

for growth at 20 hours (1,200 minutes), then the measured MIC would be the 

concentration in column 4 in Figure B4 (18,750 µg/ml). But if the intrinsic MIC is 

desired, then the optimal inoculum concentration should produce only two sets of 

overlapping curves as in Figure B6, in which latent growth is never observed. The 

concentration of cells is low enough such that they cannot produce enough β-lactamase 

collectively to reduce the antibiotic concentration to below the intrinsic MIC, which 

results in agreement between the measured MIC and the intrinsic MIC. 
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Figure B6: The growth curves of Figure B4, row F superimposed upon one another, 
with cell concentration held constant. At the highest antibiotic concentrations (F1-6), 
growth is never observed, since there are not enough cells present to collectively reduce 
the antibiotic concentration to below the intrinsic MIC. Growth is immediately observed 
in F7-12 because the antibiotic concentration is below the intrinsic MIC and cells do not 
need to cooperatively reduce the drug concentration. 
 

 Overlaying the curves of rows G and H (overnight dilutions 10-7 and 10-8) would 

generate plots similar to Figure B6. Overnight dilution 10-7 can arguably also be used to 

find the intrinsic MIC, but 10-8 should not be used because the concentration is too low 

to guarantee that at least one CFU is delivered to each well. This is what apparently 

happens in wells H11 and potentially H7 in Figure B4. 

Longitudinal data, though helpful in understanding the nuances of this described 

phenomenon, is not necessary for identifying the optimal inoculum concentration. 

Figure B7 depicts what the plate assayed by the EnVision Multilabel Plate Reader in 

Figure B4 would have looked like following 36 hours of incubation at 35°C, where 

growth is measured as a binary outcome. 
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Figure B7: The expected appearance of the plate in Figure B4 after 36* hours of 
incubation at 35°C. 
*Expected growth at 36 hours was used because of the very delayed growth observed in 
well E6; growth in this well may have been detectable only to the EnVision Multilabel 
Plate Reader at 32 hours, not the human eye. 
 
 The concentration of cells used in Row H is again found to not be ideal, as the 

concentration of cells is too low to guarantee delivery of at least one cell per well to 

conduct a valid assay. Thus, ignoring row H, growth appears to ‘plateau’ at row F, 

indicating that that cell concentration is not high enough to produce enough β-

lactamase to reduce the antibiotic concentration to below the intrinsic MIC. This 

experiment should be repeated for every species of interest in this study, varying the 

length of overnight, dilution range, and antibiotic concentrations until such a plateau is 

observed and an optimal inoculum concentration is identified. 
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Discussion 

  The extent to which the model depicted in Figure B3 explains the growth curves 

produced by the EnVision Multilabel Plate Reader in Figure B4 was then evaluated. 

Several growth curves, varying in inoculum concentration but holding antibiotic 

concentration constant at some value above the intrinsic MIC (Column 6), were 

superimposed upon one another in Figure B8.  

  

Figure B8: The growth curves of Figure B4, column 6 superimposed upon one another, 
with antibiotic concentration held constant at some value above the intrinsic MIC. As 
inoculum concentration decreases, the time until exponential growth increases, until 
inoculum concentration is so low that there are not enough cells present to reduce the 
antibiotic concentration to sub-MIC levels such that growth can begin. 
 

Because OD600 is being measured, we cannot distinguish between the total 

number of cells and the number of viable cells. Additionally, OD600 only begins to 

noticeably increase after reaching some cell concentration threshold. This threshold is 

suspected to be the 10-2 dilution of the overnight, which – if we assume the overnight is 
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109 CFU/ml – is 107 CFU/ml.  This suspicion is due to the fact that the OD of the 10-2 

dilution appears to begin to change nearly instantly. 

Before the OD can begin to change in the presence of antibiotics, two events need 

to occur (as depicted in Figure B3). Bacterial cells need to produce enough β-lactamase 

to reduce the antibiotic concentration to below the intrinsic MIC. A consequence of this 

is the death of some quantity of cells. Then, the surviving cells need to grow to ~107 

CFU/ml, at which point the OD begins to change. As shown in Figure B8, of the cultures 

in which we observe this phenomenon, both events are complete by ~500min, ~1100 

min, and ~1650 min in the 10-3, 10-4, and 10-5 dilutions, respectively.  

If we assume that the doubling time of E. coli is 25 minutes (Roostalu et al., 

2008), we should be able to predict the amount of time it takes for the second event to 

occur, which we can then use to make estimations about the first event. Assuming 

(conservatively) that every single cell has to die in the 10-5 dilution to reduce the 

antibiotic concentration so growth can be re-established, it takes approximately 581 

minutes to go from 1 cell to 107 cells (=25 minutes/doubling × log2107 doublings). This 

leaves 1,650 – 581 = 1,069 minutes for the first event. The exponential death rate 

constant associated with this length of time (going from an assumed 104 cells in the 

initial 10-5 overnight dilution to 1 cell) is -0.0086 (=ln(10-4)/1060).  If this death rate 

constant is preserved across inoculum concentrations, then the model can be said to be 

consistent with the data. 

An equal or lesser quantity of cells should have to die as the inoculum 

concentration increases, as more cells are cooperatively reducing the antibiotic 

concentration. When examining the next highest inoculum concentration, the 10-4 

dilution (105 CFU/ml), we assume that a maximum of 104 cells again have to die. 
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Therefore, the second event would be the amount of time it takes for 105 – 104 = 9 x 104 

cells to grow to 107  cells, which is approximately 170 minutes. This leaves 1,100 – 170 = 

930 minutes for the first event, which should be the amount of time it takes to go from 

105 cells to 9 x 104 cells. However, this length of time produces a death rate constant of -

1.13 x 10-4, which is 76 times smaller than the death rate constant of the first growth 

curve. Applying the same reasoning to the 10-3 dilution produces a death rate constant 

of -2.17 x 10-5, which is 397 times smaller than the death rate constant of the first growth 

curve. Altering the assumed doubling time, OD-concentration threshold, and number of 

cells that must be sacrificed in the 10-5 dilution still result in great inconsistencies 

between death curves. These results suggest that this model does not fully explain the 

phenomenon we are observing, and that some other biological phenomenon is 

occurring.  

It may be interesting to take a large inoculum of cells, expose them to a 

concentration of antibiotic above the intrinsic MIC, grow them overnight and then 

centrifuge the cells down into a pellet. If our proposed mechanism is correct, the 

antibiotic concentration of the remaining supernatant should be below the intrinsic 

MIC. We could then inoculate the supernatant with a small inoculum and look for 

growth after incubation overnight. If this population of cells grows in this solution, this 

suggests that the antibiotic concentration has been reduced to below the intrinsic MIC, 

as predicted in our model.  

Assessing the effect of inoculum size on MIC of antibiotics other than β-lactam 

antibiotics may also help us better evaluate our understanding of this phenomenon. It 

has been mentioned that inoculum size has no effect on resistance to gentamicin, an 

aminoglycoside antibiotic (Corrado et al., 1980). This is perhaps due to the fact that 
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aminoglycoside resistance is conferred not by improving kcat/km, but instead by reducing 

the affinity of the drug to the bacterial 30s ribosomal subunit (Walsh, 2003). Since the 

antibiotic is not hydrolyzed by the enzyme, the antibiotic concentration does not 

decrease as more cells are present, which means that susceptible cells are still exposed 

to the same antibiotic concentration regardless of inoculum size. Other classes of 

antibiotics, such as tetracycline antibiotics, operate similarly to aminoglycoside 

antibiotics, and would also be worth investigating to confirm that the unique β-

lactamase mechanism is responsible. 

As we have seen, antibiotic resistance evolution is driven either by simple 

mutation or the horizontal acquisition of antibiotic resistance gene. What these 

mechanisms have in common is the fact they are acting on the order of a single microbe, 

not a population of density 105 CFU/ml as might be seen in a clinical isolate. This 

density is useful to study in a clinical setting where patients are infected with entire 

colonies of bacteria. However, e starts from one cell acquiring a resistance gene volution	  

from another cell, followed by that resistance spreading to an entire a population of 

cells. The intrinsic MIC assay is needed to determine whether that individual change is 

strong enough to spread throughout the whole population.  These results have the 

potential to influence how MIC assays are conducted in experiments dedicated to 

understanding antibiotic resistance evolution, which will further our understanding of 

how phenotypes of all kinds evolve in nature. 


