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Abstract 

Investigating Gentamicin Mechanism of Action with Fluorescence Microscopy: Relationships 
between Colony Growth, Antibiotic Accumulation, and Membrane Permeability 

 
By Jillian Rankin 

Aminoglycosides constitute a powerful, broad-spectrum class of antibiotics. While 
aminoglycosides are known to exert their antimicrobial activity through ribosome targeting, the 
precise mechanism of action through which they produce cell death remains undefined. In 
particular, there is no clear scientific consensus regarding the role of membrane damage in 
initiating growth arrest. In this study, we probed aminoglycoside mechanism of action by using 
fluorescence microscopy to evaluate the interrelationships between membrane damage, growth 
arrest, and antibiotic accumulation in Escherichia coli microcolonies. A fluorophore-conjugated 
aminoglycoside, gentamicin-Texas Red (GTTR), was used to assess antibiotic accumulation, 
while SYTOX Green, a nucleic acid stain impermeant to living cells, was used to assess membrane 
permeability. To further clarify the role of membrane integrity in influencing growth inhibition, 
treatment groups with variable degrees of induced membrane permeability were compared. 
Specifically, given that magnesium availability is known to influence outer membrane stability for 
Gram-negative organisms, colonies cultured in magnesium-supplemented conditions were 
compared against those cultured in relatively low magnesium conditions. Furthermore, outcomes 
for colonies treated with colistin, an antibiotic known to induce membrane damage, were compared 
against those of magnesium-supplemented colonies. We found that, in the context of gentamicin 
treatment, both low magnesium growth conditions and treatment with colistin induced greater 
degrees of membrane permeability throughout the experimental timeline, as well as increased rates 
and extents of gentamicin accumulation, relative to the magnesium-supplemented group. 
However, we found that these outcomes were not reliable predictors of growth rate or the onset of 
growth inhibition. Furthermore, our analysis of the temporal relationships between changes in 
membrane permeability, accumulation, and growth inhibition suggests that the onset of significant 
losses in membrane integrity are not required to initiate growth arrest. Additional study is required 
to further clarify the role of membrane damage in gentamicin-induced growth arrest and to 
ultimately delineate the precise mechanism of action of aminoglycoside antibiotics. 
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CHAPTER I 
 
 

BACKGROUND 
 
 
Introduction to Aminoglycosides 

Aminoglycosides are a powerful, broad spectrum class of antibiotics. The first 

aminoglycoside to be used in clinical practice, streptomycin, was discovered in 1944 after isolation 

from Streptomyces griseus (Schatz et. al., 1944; Serio et. al., 2018). A number of additional 

aminoglycosides were subsequently isolated or synthesized, including neomycin, kanamycin, 

gentamicin, netilmicin, tobramycin, and amikacin (Krause et. al., 2016). Amongst those commonly 

employed in clinical practice, members of the aminoglycoside class have been critically important 

to the treatment of serious infections in neonatal and pediatric settings, as well as for tuberculosis, 

respiratory infections associated with cystic fibrosis, and in various surgical settings (Germovsek, 

2017). Furthermore, there is evidence that they may serve as useful alternatives in certain cases of 

multi-drug resistant urinary tract infection (Bader et. al., 2017). 

 

Ribosome-Targeting by Aminoglycosides 

The primary mechanism of action associated with aminoglycoside antibiotic activity is the 

disruption of protein synthesis through ribosome-targeting (Krause et. al., 2016). A critical 
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functional unit of both prokaryotic and eukaryotic life, the ribosome is responsible for the 

translation of mRNA into proteins, which then go on to influence nearly every aspect of cellular 

structure and function. Given the global influence of protein synthesis on cellular processes, the 

ability of aminoglycosides to target ribosomal activity makes their mechanism of action and 

associated disruption to cellular function an ongoing focus of scientific inquiry.  

Structural commonalities of members of the aminoglycoside class include multi-ring 

carbon backbones with amino and hydroxyl group moieties. The fact that both amino and hydroxyl 

groups are protonated at biological pH is important to aminoglycoside antibiotic activity (Kotra 

et. al., 2000). This is especially true for the process of ribosome-targeting, as aminoglycoside 

affinity for rRNA can be primarily attributed to electrostatic attraction between the polycationic 

antibiotic and negatively charged phosphate backbone of nucleic acid (Fourmy et. al., 1996). It is 

now widely accepted that the specific site of aminoglycoside binding is at the A site on 16S rRNA 

of the 30S ribosomal subunit (Krause et. al., 2016). This is considered to be the source of the 

disruption of protein synthesis and production of mistranslated proteins observed in susceptible 

bacteria under treatment with aminoglycosides.  

 

Proposed Mechanisms of Aminoglycoside Bactericidal Activity 

Surprisingly, despite the extensive research conducted on aminoglycoside mechanism of 

action, there is still a conspicuous lack of scientific consensus regarding the precise processes 

through which aminoglycosides exert their antimicrobial activity. While membrane damage is a 

well-documented occurrence in the course of treatment with aminoglycosides (Anand et. al., 

1960), there is controversy regarding the source of membrane damage and the existence of a causal 

relationship between membrane damage and cell death. Early explanations implicating the role of 
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aminoglycoside-induced membrane damage included the proposition that incorporation of 

mistranslated proteins in the cell membrane was the causal agent of cell death (Davis et. al., 1986). 

This could be explained as a positive feedback loop: mistranslated proteins produce channels in 

the membrane, antibiotic uptake and subsequent production of mistranslated proteins is 

accelerated, and an eventual irreversible loss of membrane integrity triggers cell death (Davis, 

1987). Similar observations related to the relationship between phases of antibiotic uptake and 

changes in membrane permeability have been used as evidence to suggest that the ultimate cause 

of cell death is the irreversible saturation of ribosomes (Vakulenko and Mobashery, 2003). An 

additional explanation is that antibiotic accumulation leads to a gradual loss of membrane potential 

(ΔΨ), which ultimately causes cell death as the cell can no longer maintain homeostatic 

equilibrium with its environment (Bryan and Kwan, 1983). More recent studies have suggested 

that protein mistranslation and trafficking across the cell membrane results in activation of a stress 

response system that kills the cell through the production of hydroxyl radicals (Kohanski et. al., 

2008). At present, a complete explanation of aminoglycoside mechanism of action is still lacking 

in the literature. It is clear that further study on this topic is warranted. 

 

Implications 

Investigation into these matters is not trivial. Despite the broad range of potential 

therapeutic applications of aminoglycoside antibiotics, the extent of their current clinical use is 

limited. While the killing efficacy of certain classes of antibiotics, such as beta-lactams and 

macrolides, is based on the amount of time that the bacterial target is exposed to the antibiotic, 

that of aminoglycosides is said to be concentration-dependent (Quintiliani, 2001). By definition, 

a consequence of this is that optimal antibacterial activity is seen at relatively high antibiotic 
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concentrations, requiring doses large enough to clinically produce these concentrations in the 

serum. However, this becomes problematic when considering the observed nephro- and 

ototoxicity of aminoglycoside antibiotics.  In the context of gentamicin specifically, even early 

studies on clinical efficacy and safety indicated risk for dose-dependent ototoxicity (Wersäll et. 

al., 1969), as well as for the exacerbation of existing impairments in renal function (Gary et. al., 

1976), now also known to be influenced by dose (Awodele et. al., 2015). Despite recent 

improvements to dosing regimens (Freeman et. al., 1997; Turnidge, 2003; Mui, 2012), these 

potentially severe outcomes have resulted in decreased utilization of aminoglycoside antibiotics 

in favor of those that are better-tolerated or with reduced potential for injurious side effects 

(Blam and Hammer, 1997). It is certainly possible that the toxicities associated with treatment 

could be mitigated by alterations to drug dosing, prescription of aminoglycosides in conjunction 

with synergistic antimicrobial agents, or other improvements in clinical application. The 

development of such advances would almost undoubtedly be hastened by an improved 

understanding of mechanism of action.  
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CHAPTER II 
 
 

EXPERIMENTAL APPROACH 
 
 
Motivation 

Given the lack of clear understanding of aminoglycoside mechanism of action, further 

investigation into the sequence of relevant biological events surrounding growth inhibition is 

warranted. In this study, we examine the relationship between cell growth and growth inhibition, 

antibiotic accumulation, and membrane permeability changes in Escherichia coli microcolonies 

during treatment with an aminoglycoside antibiotic, gentamicin, to assess whether a causal link 

between membrane damage and subsequent growth arrest can be supported. We further perturb 

and probe this system by inducing changes to membrane permeability in order to provide 

additional insight into the relationship between these events.  

 

Use of Gentamicin 

Gentamicin is a particularly important aminoglycoside that has been the focus of extensive 

scholarly inquiry. Chemically, what is known as gentamicin is actually a mixture of five 

structurally similar (but distinct) isomers derived from Micromonospora species (Weinstein et. al., 

1963). The extent to which these isomers are distinct is limited only to those differences between 
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three R-group constituents located at a single side chain, which extends from one of gentamicin’s 

three central ring structures (Seidl and Nerad, 1988). The R-group constituents of different 

gentamicin isomers are summarized below (Figure 1). 

 

 

Figure 1. General structure of gentamicin C components.1 Gentamicin is a mixture of five 

similar, but chemically distinct, isomers. 

 

Given that the variable R-group constituents are either hydrogen or methyl groups, 

gentamicin isomers have shown predictably minimal differences in chemical or biological 

behavior when studied individually (Weinstein et. al., 1967).  

Amongst aminoglycosides, gentamicin is fascinating in terms of its broad activity against 

both Gram-negative and Gram-positive organisms (Weinstein et. al., 1963). Since its discovery, 

gentamicin has been approved by the FDA for use in treating infections by Klebsiella pneumoniae, 

 
1From “Exclusive Production of Gentamicin C1a from Micromonospora purpurea by Metabolic Engineering,” by 
Wei et. al., 2019, Antibiotics, 8(4), 267. https://www.mdpi.com/2079-6382/8/4/267/htm . © 2019 by the authors 
(Wei et. al.). Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms 
and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
The image displayed above was resized but not modified further. 
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Escherichia coli, Citrobacter spp., Enterobacteriaceae spp., Pseudomonas spp., Staphylococcus 

spp., and Serratia marcescens (Chen et. al., 2014). Given this wide range of applications, it is 

unsurprising that gentamicin is the most commonly used aminoglycoside antibiotic (Gonzalez and 

Spencer, 1998). While it is most effective against aerobic Gram-negative bacteria, the activity of 

gentamicin against certain Gram-positive species has been shown to be enhanced through 

concomitant use with other antibiotics (Gonzalez and Spencer, 1998). Notably, gentamicin 

synergy has been observed with clindamycin, vancomycin, and beta-lactams such as penicillin 

(Watanakunakorn and Bakie, 1973; Soriano and Greenwood, 1979; Brook and Walker, 1985).  

Despite extensive study, the problem of elucidating a clear aminoglycoside mechanism of 

action is certainly reflected in the literature regarding gentamicin activity. Considering the need 

for these studies in conjunction with gentamicin’s wide availability, known synergistic 

interactions, broad clinical applicability, and extensive prior study and documentation in the 

literature, gentamicin is a favorable choice of antibiotic for use in this study.  

 

Use of Fluorescence Microscopy 

The use of fluorescence microscopy is an attractive approach for the purposes of this study. 

While a traditional optical microscope allows visualization of microscopic systems through 

magnification alone, our use of fluorescence microscopy increases the scope of investigation by 

taking advantage of biochemical properties of fluorescent dyes. Specific wavelengths of light are 

used to excite electrons in dye molecules, resulting in subsequent electron relaxation and 

associated fluorescent emissions. For use as probes in microbiology, these dyes must be designed 

for specificity to some aspect of biological structure or function. Fortunately, there are many 

available dyes for use in a wide range of biological applications. Of particular interest to this study 
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are dyes used to gauge antibiotic accumulation and membrane permeability. The first of these 

requirements is satisfied with the use of a fluorophore-conjugated gentamicin probe, gentamicin-

conjugated Texas Red (GTTR). While the Texas Red component of this probe allows for the 

visualization of gentamicin uptake and spatial distribution, the antimicrobial effect of gentamicin 

is not compromised. By observing bacterial colonies over the time course of treatment with 

gentamicin in the presence of GTTR, we are able to garner useful information regarding the 

relationship between gentamicin uptake, accumulation, and activity. We are also able to probe the 

changes in membrane permeability that occur over this timescale by utilizing a second fluorescent 

dye, SYTOX Green. Impermeable to healthy cells, SYTOX Green will fluoresce upon binding to 

intracellular nucleic acids after a loss of membrane integrity (Thakur et. al., 2017). By observing 

SYTOX Green uptake in bacterial colonies over time, it is possible to assess changes in 

permeabilization that take place during the course of gentamicin treatment. This is particularly 

important given the aims of this study. By determining the timeline of events related to growth 

inhibition, gentamicin uptake and accumulation, and changes to membrane integrity, we are able 

to assess whether a distinct temporal relationship can be found between these events. Furthermore, 

this would provide evidence for or against the existence of a causal link between the loss of 

membrane integrity and inhibition of growth. 

 

Membrane Permeability Treatments 

The relationships between growth inhibition, gentamicin accumulation, and membrane 

permeability can be more clearly elucidated through the use of treatment groups known to 

influence membrane permeability.  
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While the cell envelope of Gram-negative bacterial cells consists of an outer membrane, 

peptidoglycan cell wall, and inner membrane, the outer membrane is the primary protective barrier 

(Hancock, 1984). The presence of lipopolysaccharides is characteristic of the outer membrane and 

is important in describing membrane structure and integrity (Wilkinson, 1996). In particular, the 

electrostatic interactions between lipopolysaccharides and divalent cations are a significant source 

of membrane stability (Nikaido, 2003; Smart et. al., 2017). The finding that reduced magnesium 

availability is associated with increased outer membrane permeability offers further support for 

this conclusion (Hancock, 1984).  

Another substance with known effects on membrane permeability is colistin, an antibiotic 

which exerts its bactericidal activity by directly inducing a loss of cell membrane integrity. The 

polycationic charges associated with colistin’s numerous amino groups allow for binding to 

phosphate groups on Lipid A, a component of outer membrane lipopolysaccharides. The result is 

a displacement of membrane-associated divalent cations, allowing for interaction between 

colistin’s acyl group and hydrophobic outer membrane lipids. Colistin can then pass through the 

outer membrane and, through a similar process, the inner membrane of Gram-negative cells. The 

result is a loss of membrane integrity that induces cell death (Andrade, 2020).  

Both magnesium and colistin are expected to influence the behavior and efficacy of 

aminoglycosides. In the case of magnesium, this effect is related to the early stages of 

aminoglycoside activity at the outer membrane. The first phase of aminoglycoside uptake is 

believed to be the adsorption of the antibiotic to membrane lipopolysaccharides and phospholipids 

through electrostatic interaction, resulting in the displacement of membrane-bound divalent 

cations (Taber et. al., 1987). Given that this phase is a prerequisite to antibiotic uptake, increased 

membrane permeability, both in general and to aminoglycosides, could reasonably be expected in 
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low-magnesium conditions. Similar results could be expected for aminoglycoside-treated cells 

also under the influence of colistin treatment. Given the reciprocal relationship between cell 

membrane integrity and aminoglycoside activity and the known induction of membrane damage 

by colistin, it is unsurprising that colistin displays synergistic bactericidal activity with 

aminoglycosides, including gentamicin (Bozkurt-Güzel and Gerçeker, 2012; Lenhard et. al., 2016; 

Zhou et. al., 2017).  

For these reasons, this study was carried out using three treatment groups: magnesium-

supplemented, low magnesium, and colistin-treated. Further discussion of conditions for each 

treatment group is provided in the Methods section. The observed between-treatment variability 

in membrane integrity allowed for improved clarity in our assessment of the relationships between 

cell growth inhibition, antibiotic accumulation, and membrane integrity. 
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CHAPTER III 
 
 

METHODS 
 
 
 

Experimental Procedure 
 
Antibiotic and Dye Stock Solutions 

Sterile water was used to prepare stock solutions of 50 mg/mL gentamicin, 50 mg/mL 

colistin, and 25 mM Hoechst dye. These solutions were further diluted for use in experiments. A 

stock solution of 0.5 mM SYTOX Green in DMSO was prepared. Using the procedure described 

by Sandoval et. al. (1998), a solution of Texas Red-conjugated gentamicin, known as gentamicin-

Texas Red (GTTR), was synthesized at a theoretical concentration of 0.25 mg/mL. The ratio of 

gentamicin:GTTR present in the solution was approximately 33:1. An experiment was performed 

to compare growth inhibition of NCM3722 by gentamicin against that of GTTR. Luria-Bertani, 

Miller (LB) broth supplemented with 10 mM glucose and 1 mM MgSO4 (LB-GlcMg) was used as 

the culture medium for this experiment. Results indicated that 60 ng/mL of the non-purified 

gentamicin and GTTR mixture was equivalent in bactericidal activity to approximately 2 to 3 

μg/mL of gentamicin alone. 
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Production of Agarose Pads 

Agarose pads were produced for use in microscope experiments. Four microscope slides 

were used to create a mold, allowing for the production of agarose pads of approximately 1 mm in 

thickness. A 4 mL sample of LB-GlcMg broth with 1.5% agarose was melted in a 20 mL vial using 

a microwave. After allowing the mixture to cool, 3 mL of this solution was placed in a pre-warmed 

15 mL tube. GTTR solution was added such that a final concentration of 60 ng/mL GTTR was 

obtained. SYTOX Green fluorescent dye was added to obtain a final concentration of 1 μM. 

Hoechst dye was added to obtain a final concentration of 1 μM. For only the agarose pads produced 

for use with colistin-treated cells, colistin was also added to the medium for a final colistin 

concentration of 100 ng/mL. After the addition of the antibiotic(s) and dye solutions, the medium 

mixture was briefly vortexed and then poured into the mold to form an agarose pad. After 

solidification of the medium, the resultant agarose pad was sliced to produce the appropriate size 

to fit a glass coverslip for use in microscope experiments. 

 

Bacterial Strains and Growth Conditions 

All experiments were performed using Escherichia coli NCM3722 strain. A single, isolated 

bacterial colony cultured on an LB agar plate was used to inoculate 2 mL LB-GlcMg broth in a 16 

x 125 mm borosilicate glass culture tube. After inoculation, the tube was placed in a water bath at 

37 °C with continuous shaking at 250 rpm. Cells were incubated overnight for 16-20 hours. For 

the magnesium-supplemented treatment group, cells were subcultured in 5 mL of pre-warmed LB-

GlcMg broth in a 20 x 150 mm borosilicate glass culture tube. Media was inoculated at an initial 

optical density at 600 nm (OD600) of approximately 0.001 and subsequently incubated using a 

water bath at 37 °C with continuous shaking at 250 rpm. For the low magnesium treatment group, 
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cells were subcultured by obtaining 5 mL of pre-warmed LB broth supplemented with 10 mM 

glucose (LB-Glc) in a 20 x 150 mm borosilicate glass culture tube. Media was inoculated for an 

initial OD600 of approximately 0.001 and subsequently incubated using a water bath at 37 °C with 

continuous shaking at 250 rpm. For the colistin-treated treatment group, cells were subcultured in 

5 mL of pre-warmed LB-GlcMg broth in a 20 x 150 mm borosilicate glass culture tube. Media 

was inoculated for an initial OD600 of approximately 0.001 and subsequently incubated using a 

water bath at 37 °C with continuous shaking at 250 rpm. For all growth conditions, the optical 

density of the liquid culture was measured every 20 to 30 minutes using a Genesys 20 

spectrophotometer. For the magnesium-supplemented and low magnesium treatment groups, once 

optical density measurements reached approximately 0.05, 2 μL of cell culture was obtained and 

placed on a glass coverslip. For the colistin treatment group, once the optical density measurement 

reached approximately 0.05, colistin was added to the culture to a final concentration of 100 

ng/mL. The culture was incubated for an additional 30 minutes in a 37 °C water bath with 

continuous shaking at 250 rpm. After this incubation period, 2 μL of cell culture was obtained and 

placed on a glass coverslip. 

 

Imaging Procedure 

The following imaging procedure was performed for all treatment groups. Agarose pads 

containing GTTR, SYTOX Green, and Hoechst dye (produced according to the methods described 

above) were placed onto the glass coverslip containing the added cell culture. Pads were gently 

flattened using a spatula with a bent tip. A second glass coverslip was gently placed atop the 

agarose pad; this was considered the start time (Time = 0 minutes) for image collection. The 

coverslip and sample were placed onto the microscope with an automated XY stage, enclosed in a 
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37°C incubator to ensure constant temperature conditions. An oil-immersion phase-contrast 60x 

objective lens was used to obtain phase contrast and fluorescence images, which were taken at 5-

minute intervals. Microscope settings were for exposure times of 100 ms for phase contrast, 200 

ms for Texas Red, 100 ms for GFPi102, and 100 ms for DAPI3.  

An example of an image obtained using this procedure is given below (Figure 2). Note that 

this image represents one frame, a single time point in the image series, of the combined output 

from all channels.  

 

 

Figure 2. Example of a composite image produced using fluorescence microscopy. Composite 

images combining all channel outputs were the “raw” product produced using the imaging 

procedure. 

 
2 GFPi10 is a fluorescence microscope setting used for imaging Green Fluorescent Protein (GFP) at 10% laser 
power. Wild-type GFP has two absorption bands at 395 and 475 nm and one emission peak at 508 nm (Follenius-
Wund et. al., 2003). In this experiment, the GFPi10 setting was used to image SYTOX Green, which displays 
excitation by 450 to 490 nm light and an emission peak at 523 nm (Thermo Fisher Scientific).  
3 DAPI is a fluorescent dye known for its affinity for binding deoxyribonucleic acid (Kapuscinski, 1995). It has an 
absorption band centered around 360 nm and an emission peak at around 460 nm (Kolozsvari et. al., 2014). Here, the 
term “DAPI” refers to a microscope set-up using a blue-ultraviolet filter. In this experiment, the DAPI setting was 
used to image Hoechst dye, which displays excitation by ultraviolet light and emission between 460 to 490 nm 
(Thermo Fisher Scientific). 
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The composite image could be separated by channel (Figure 3). The four channels 

measured phase contrast (Figure 3A), Texas Red fluorescence (Figure 3B), SYTOX Green 

fluorescence (Figure 3C), and Hoechst dye fluorescence (Figure 3D).  

 

 

 

Figure 3. Example of individual channel images obtained with fluorescence microscopy. 

Combined, these channels form the composite image. (A) The phase contrast channel allows for 

visualization of the bacterial cells. (B) The Texas Red fluorescence channels is used to track 

gentamicin accumulation. (C) The SYTOX Green fluorescence channel is used to track changes 

in membrane permeability. (D) The Hoechst dye fluorescence channel is used to show the 

distribution of nucleic acids but was not used in this analysis. 

  

The phase contrast channel allows the identification of the area occupied by. The area then 

can be used to track growth over time. The Texas Red channel allows for observation of the spatial 

and temporal progression of gentamicin accumulation. The SYTOX Green channel allows changes 

A B 

C D 
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to membrane permeability to be assessed. The Hoescht dye channel allows for the visualization of 

the distribution of nucleic acids, but was not used for the purposes of this study. 

 

Image Analysis 

Data Collection 

Fiji, an open-source distribution of ImageJ software for scientific image analysis 

(Schindelin et. al., 2012), was used to collect data from fluorescence microscopy images. Before 

analysis of each set of images, image properties were set such that pixel size appropriately reflected 

the true dimensions of the samples, where pixel width and pixel length were equivalent to 0.1083 

μm. Image properties were also set such that the time interval between frames was 5 minutes. 

Channels were split so that colony area selection could be performed using the phase contrast 

channel; this allowed for selection of colony area in each image frame regardless of any influence 

of fluorescence. To aid in the selection of colony area, the image threshold was adjusted in image 

settings. An example of colony area selection using a threshold-adjusted image is depicted below 

(Figure 4). Images A, B, and C show the area selections at three different time points in the series. 

Note that later time points were subject to relatively increased proportions of non-cell regions 

falling within the selected area, seen here as red regions located within the bounds of the selection 

outlined in yellow. To minimize this influence and ensure the most accurate selection of colony 

area, threshold adjustments were made throughout this process as needed. 
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Figure 4. Colony area selection with threshold-adjusted phase contrast images. The phase 

contrast channel was used to collect measurements of colony area. Selected colony area is shown 

outlined in yellow. For all colonies, this process was performed for each frame in the image series; 

here, images A, B, and C depict the colony area selection for the same colony at different time 

points. Threshold was manually adjusted as needed to aid in the process of area selection. 

 

Using this process, the entire colony area was selected and measured for each image frame. 

These colony area selections were saved as an ROI file, which could then be overlaid on each of 

the other channels to obtain measurements related to Texas Red, SYTOX Green, and Hoechst dye 

fluorescence. For each channel, the frame number, colony area, and mean fluorescence intensity 

values were collected and saved. Given that the colony area followed the same frame-to-frame 

sequence regardless of channel, the area values were the same for all channel data for a given 

colony. For each channel, the mean value represented the average fluorescence intensity for all 

pixels within the selected area. After collection of image data for one colony was complete, the 

image file, ROI file, and ImageJ software were closed before proceeding with data collection for 

the next colony. While Hoechst dye fluorescence values were collected, they were not analyzed 

for this study. 

A B C 
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For each colony, the area, Texas Red fluorescence, and SYTOX Green fluorescence values 

were plotted against time. An example these plotted measurements for a single colony is given 

below (Figure 5). 

 

 

Figure 5. Example of colony area, Texas Red fluorescence, and SYTOX Green fluorescence 

trajectories for a single colony. Colony area is plotted on a logarithmic scale so that the 

exponential and stationary growth phases can be clearly observed. The SYTOX Green and Texas 

Red trajectories show how permeability and gentamicin accumulation change over time. 

Colony area was plotted on a logarithmic scale so that the exponential and stationary phases 

were clearly visible. The exponential phase characteristically shows a linear growth trajectory 

when plotted on a logarithmic scale, as seen in the early time points of colony area data here. The 
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stationary phase is marked by the cessation of colony growth, as seen in the asymptotic portion of 

the area curve during the later time points. SYTOX Green and Texas Red fluorescence trajectories 

show how permeability and gentamicin accumulation change over time.  

 Between colonies, there was notable heterogeneity between measurement trajectories, 

particularly in terms of the SYTOX Green and Texas Red fluorescence curves. To quantitatively 

compare colonies despite these differences, a number of measurements, which could be broadly 

applied, were devised. 

 

Measurement of Colony Growth Parameters 

The parameters related to colony growth that were collected were time of growth phase 

transition (Tt), time of stationary phase onset (Ts), exponential phase growth rate constant, and 

doubling time.  

Tt was determined to be the time point closest to the intersection of the horizontal line 

tangent to the point at the onset of growth arrest and the linear line through the area points 

corresponding to the exponential growth phase, linear when viewed on a log scale (Figure 6). As 

the intersection of these two trajectories (the exponential phase and the stationary phase), this time 

point represents an approximation for the average onset of growth inhibition across all cells in the 

colony.  
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Figure 6. Time of growth phase transition, Tt . The time of growth phase transition was 

considered to be the time point at which the trajectories for exponential phase growth (diagonal, 

dashed, light blue line) and stationary phase growth (horizontal, dashed, light blue line) intersect. 

This time point, displayed here in dark blue, represents an average onset of growth arrest for the 

single cells in the colony. 

 

Ts, the time of stationary phase onset, was determined to be the first time point at which 

colony area reached an approximately constant value (Figure 7). This is representative of the time 

at which all cells in the colony have become growth arrested. Additional information regarding the 

relationships between Tt, Ts and single-cell growth arrest is presented in Appendix A. 

 Mean Texas Red fluorescence and mean SYTOX Green fluorescence values at the time 

Ts were also collected using the raw data for mean fluorescence. 
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Figure 7. Time of onset of the stationary phase, Ts. Ts is the first time point at which the colony 

area reaches an approximately constant value, indicating that all cells in the colony have become 

growth arrested. Here, the stationary phase trajectory is displayed as a dashed, light blue line. Area 

at the time Ts is displayed as a dark blue point. 

 

The exponential phase growth rate constant was found by performing a linear regression 

over the log2( ) area and time values during the exponential growth phase (Figure 8). The end 

point of the exponential growth phase was considered to be the last data point before 

logarithmic-scale area values diverged from a linear trajectory. 
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Figure 8. Determining time points for use in calculation of the growth rate constant. To find 

the growth rate constant, a linear regression was performed over the log2( ) area values 

corresponding to the exponential growth trajectory, shown here as a dashed, light blue line. For 

this example, the first four points would be used in the calculation for growth rate constant, as the 

fifth point significantly diverges from the exponential growth phase trajectory. 

 

The log2( ) area values were taken for use in calculating the exponential phase rate constant 

based on the following model for bacterial growth in the exponential phase: 

 

𝑁(𝑡) = 𝑒 𝑁(0) = 2 𝑁(0) 

 

where 𝑇 =
( )

 is the doubling time characteristic of the bacterial population and growth 

conditions (Allen and Waclaw, 2019). This follows from the biological principle that bacteria 

reproduce through the process of binary fission. Doubling time, or the time between events of 
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cellular division (time for the bacterial population size to double) was found by taking the inverse 

of the exponential phase growth rate constant (Todar, 2020). 

 

Measurement of SYTOX Green and Gentamicin-Texas Red Uptake Parameters 

The measured parameters related to SYTOX Green uptake were initial SYTOX Green 

uptake rate, rapid uptake phase SYTOX uptake rate, time of SYTOX Green rapid uptake phase 

onset, and maximum SYTOX Green fluorescence. Each of these parameters was measured for 

each colony in each treatment group.  

The maximum SYTOX Green fluorescence was found by selecting the maximum mean 

SYTOX Green fluorescence value observed during the course of imaging (Figure 9). 

 

  

Figure 9. Maximum SYTOX Green fluorescence. The maximum SYTOX Green fluorescence 

(black, circled) is the highest measured value of SYTOX Green fluorescence observed over the 

course of imaging. 
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The time of SYTOX Green rapid uptake phase onset was determined to be the last time 

point before a large spike in SYTOX Green fluorescence occurred (Figure 10). 

 

 

Figure 10. Time of SYTOX Green rapid uptake phase onset. The time of SYTOX Green rapid 

uptake phase onset (black, circled) was determined to be the first time point before the rate of 

SYTOX Green uptake showed a significant “spike.”  

  

 While this point may appear to lie on the initial uptake phase trajectory, it is obvious that 

the uptake rate change occurred sometime after that time point but before the next. Therefore, 

given the discrete nature of the data time points, we assume this time point to be a reasonable and 

consistent approximation of the time of rapid uptake phase onset.  

The initial SYTOX Green uptake rate was found by performing a linear regression over 

mean SYTOX Green fluorescence and time data for time points occurring before the change in 
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uptake rate. The data points selected for this calculation were found by visually analyzing the 

SYTOX Green trajectory (Figure 11). 

 

 

Figure 11. Selection of points for the calculation of SYTOX Green initial uptake phase. The 

time points used for the calculation of SYTOX Green initial uptake rate were those following an 

approximately linear trajectory during the early stage of SYTOX Green uptake, before a large 

“spike” in SYTOX Green fluorescence occurred. This trajectory is shown here as a black, dashed 

line (left). A linear regression was then used to determine the slope of this line, which was the 

initial uptake rate.  To choose the cut-off for inclusion of points in this phase, it was helpful to 

view early time points on a reduced, or “zoomed-in,” scale (right).  

 

The rapid uptake phase SYTOX Green uptake rate was found by performing a linear 

regression over mean SYTOX Green fluorescence and time data for time points following an 

approximately linear trajectory just after the time of rapid uptake phase onset (Figure 12). 
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Figure 12. Selection of points for the calculation of SYTOX Green rapid uptake phase. The 

time points used for the calculation of rapid uptake phase SYTOX Green uptake rate were those 

following an approximately linear trajectory (black, dashed line) just after the onset of the “spike” 

in SYTOX Green fluorescence values. A linear regression was then used to determine the slope of 

this line, which was the rapid uptake phase uptake rate.  

 

The measured parameters related to gentamicin accumulation were initial GTTR 

accumulation rate, rapid uptake phase GTTR accumulation rate, time of GTTR rapid uptake phase 

onset, and maximum Texas Red fluorescence. Each of these parameters was calculated using the 

same procedure as was used for the corresponding SYTOX Green parameters. 
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Statistical Analysis 

After all parameter measurements were collected for each colony in each treatment group, 

statistical analysis for comparisons between groups was performed using the Mann-Whitney U 

test. While a T-test is generally used to compare means of two sets of data, it relies on the 

assumptions that (1) the underlying population data is normally distributed or the sample size is 

sufficiently large (generally, N > 30) and sample data is normally distributed, and (2) the data from 

the two groups being compared show approximately equivalent variance. In this case, we could 

not assume that the first condition was met given that the underlying population distributions for 

the measured parameters were unknown, and sample sizes were too small to determine whether 

the sample data distributions were normal. We also could not assume that the second condition 

was met given that the variance of a given measurement was generally not consistent across 

treatment groups. For these reasons, we employed the Mann-Whitney U test, which is a non-

parametric statistical test that does not rely on the above assumptions. It is used to assess whether 

two sets of data have the same underlying distribution; this is the null hypothesis of the test, H0. A 

statistically significant result indicates that the two sets of data are not likely to have the same 

underlying distribution; this is the alternative hypothesis of the test, Ha. This test was used to assess 

whether there were statistically significant differences between the magnesium-supplemented and 

other two treatment groups, in terms of each parameter that was measured using the procedure 

described above.  
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Accounting for Colony Heterogeneity 

Gentamicin-Texas Red and SYTOX Green Uptake Trajectories 

While most of the colonies exhibited uptake trajectories where a linear approximation was 

the most appropriate choice, there were a small number of cases in which uptake kinetics may have 

been better modeled by a logarithmic or sigmoidal approximation. In these cases, a linear 

approximation was performed using the most appropriate data points in order to facilitate the best 

possible comparison between colonies. For example, in a case where GTTR accumulation during 

the rapid uptake phase appeared to follow a logarithmic trajectory, a linear regression was 

performed over the initial, approximately linear portion of this curve. Whenever an appropriate 

linear approximation could not be made, the colony was excluded from the comparison for that 

particular measurement.  

There were also a small number of colonies for which time of rapid uptake phase onset 

could not be appropriately assessed. In most cases, this was due to the lack of an observable or 

otherwise clear rate change for either GTTR accumulation or SYTOX Green uptake. In such cases, 

these colonies were excluded from comparison for the particular measurement in question.  

Scientifically, the exclusion of any data is not ideal as it introduces inherent bias to the 

results. Unfortunately, given the significant variation between colony trajectories, it was very 

difficult to construct parameters that could be consistently applied to every colony studied. While 

the parameters used here were selected and defined so that they could be applied as broadly as 

possible, future studies should consider whether there are better options that can be used more 

consistently in order to minimize the exclusion of any individual colony’s parameter 

measurements during data analysis.  
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Fluctuations in Stationary Phase Colony Area 

In some cases, the colony area showed a pattern-less fluctuation in value during the 

stationary phase. Ideally, we would expect that colony area would be constant or, in some cases, 

showing a steady decrease during this time. However, some fluctuation was unavoidable due to 

the discrete nature of pixelated image composition and the propensity of the software to 

occasionally select a small number of non-colony pixels, or alternatively fail to select the best 

approximation of true colony area. Adjustments in threshold (which had no bearing on collected 

data values) were made whenever the accuracy of data selection could benefit from such changes. 

 

Cell Heterogeneity 

 The process of conducting image analysis made clear the important influence of individual 

cell growth, uptake, and accumulation trajectories to the heterogeneity observed at the colony 

level. While analysis of individual cell trajectories was not a focus of this study, one colony of the 

magnesium-supplemented group was analyzed at the individual cell level to provide insight into 

interpretation of colony-level data. A discussion of this analysis is presented in Appendix A.  

 

 

 

 

 

 

  



30 
 

 
 
 
 
 
 
 
 
 
 
 

CHAPTER IV 
 
 

RESULTS 
 
 

General Findings 

In general, there was notable heterogeneity observed in the measured parameters, both 

within and between treatment groups. While all colony area trajectories displayed the characteristic 

exponential and stationary growth phases, the GTTR and SYTOX Green trajectories varied greatly 

between colonies. In general, these uptake curves could mostly be modeled under an 

approximation of linear uptake kinetics.  

There was no clear timeline of measured events observed consistently between colonies. 

The times of growth phase transition and onset of stationary phase did not predictably occur either 

before or after the onset of GTTR rapid uptake phase or SYTOX Green rapid uptake phase. This 

is discussed in detail later in this chapter. 

It is worth noting that, on gross observation, the trajectories of GTTR accumulation and 

SYTOX Green uptake for colistin-treated colonies appeared to be much more homogenous than 

were those of the other two treatment groups. The onset of the SYTOX Green rapid uptake phase 

occurred for all 16 colonies of the colistin-treated group, whereas this was only clearly observed 

in 11 of the 16 magnesium-supplemented colonies. The trajectory itself appeared to follow the 
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same shape for all colistin-treated colonies, with a rapid, approximately linear phase of SYTOX 

Green uptake that peaked and then subsequently decreased later in the timeline. This was not the 

case for the magnesium-supplemented group, where the rapid uptake phase appeared to vary 

between being highly linear, approximately exponential, approximately logarithmic, or 

approximately sigmoidal. While all 10 of the low magnesium colonies showed observable SYTOX 

Green and GTTR rapid uptake phases, the trajectories varied in appearance in a way similar to 

those of the magnesium-supplemented group. Colistin-induced homogeneity in these trajectories 

may be an interesting topic of future study. 

 

Measures of Membrane Permeability 

To determine whether there were differences in membrane permeability by treatment 

group, initial SYTOX Green uptake rate, SYTOX Green uptake rate during the rapid uptake phase, 

maximum mean SYTOX Green fluorescence, and time of onset of the rapid uptake phase were 

assessed for each colony in each treatment group. As expected, there were clear differences in 

membrane permeability observed between treatment groups throughout the course of gentamicin 

treatment.  

For a given parameter, variation within and between treatment groups is displayed through 

the use of box and whisker plots. Here, we first display variation observed in SYTOX Green uptake 

rates.  After this rate was measured for all colonies based on their SYTOX Green trajectories, these 

values were combined by treatment group. The distribution of these values for the magnesium-

supplemented group is shown on the left, low-magnesium in the middle, and colistin-treated on 

the right. The “X” on each box indicates the mean value for that distribution; for example, the “X” 

on the magnesium-supplemented box shows what the average initial SYTOX Green uptake rate 
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was for colonies in that group. Similarly, the black horizontal line across the box indicates the 

median value. The horizontal edges of the box indicate the spread of the middle 50% of the data, 

where the lower horizontal line represents the data point at the 25th percentile and the upper 

horizontal line represents the data point at the 75th percentile. The edges of the “whiskers” 

represent the minimum and maximum values falling within 1.5 times the interquartile range (IQR) 

of the median. The IQR is equal to the difference between the 75th percentile value and the 25th 

percentile value in the distribution. Outliers, represented here as dots beyond the whisker line, are 

values that are either less than the median minus 1.5 times the IQR, or greater than the median plus 

1.5 times the IQR. Whether there were significant differences between group distributions was 

assessed using the Mann-Whitney U test. This was performed for a comparison of the magnesium-

supplemented and low magnesium treatment groups, as well as for a comparison of the 

magnesium-supplemented and colistin-treated groups. In the figures below, a “*” symbol is used 

to indicate that a significant difference between group distributions was found at the 𝛼 = 0.05 

level. If there was not a significant difference, “n.s.” is used to denote this result.  

Given these conventions, we first display the results for the initial and rapid uptake phase SYTOX 

Green uptake rates (Figure 13 and Figure 14, respectively).   
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Figure 13. Initial SYTOX Green uptake rate. Differences in membrane integrity by group are 

apparent even in the early stages of gentamicin treatment. 

 

 

Figure 14. SYTOX Green uptake rate during the rapid uptake phase. Changes in membrane 

permeability are induced by low magnesium conditions or colistin treatment. 

 

* 
* 

* 
* 
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As we see, both the low magnesium and colistin-treated groups showed increased SYTOX 

Green uptake rates during both the initial and rapid uptake phase time periods, relative to those 

observed for the magnesium-supplemented group. This suggests that membrane permeability is 

increased for these treatment groups throughout the experimental timeline.  

Evidence for differences in membrane permeability between treatment groups was also 

observed in the results for maximum mean SYTOX Green fluorescence, with the same trend 

observed as in the two measures of SYTOX Green uptake rate (Figure 15).  

 

 

Figure 15. Maximum mean SYTOX Green fluorescence observed over the course of 

gentamicin treatment. The extent of membrane permeability varies by treatment group, greater 

degrees of membrane permeability noted in both the low magnesium and colistin-treated groups 

relative to that seen in the magnesium-supplemented group.  

 

* 
* 



35 
 

Finally, earlier onsets of membrane damage, as indicated by lower values for the time of 

onset of the SYTOX Green rapid uptake phase, were observed in both the low magnesium and 

colistin-treated groups relative to the magnesium-supplemented group (Figure 16).  

 

 

Figure 16. Time of SYTOX Green rapid uptake phase onset. The magnesium-supplemented 

group showed a later loss of membrane integrity relative to that observed in either the low 

magnesium or colistin-treated groups.  

 

Ultimately, these results were consistent with our expectations that low magnesium 

conditions, or treatment with colistin, would result in greater extents of membrane destabilization 

throughout the experimental timeline of gentamicin treatment. To summarize, increased 

membrane permeability was observed during both the initial stage of SYTOX Green uptake as 

well as after the onset of the rapid uptake phase. The degree of membrane destabilization was also 

reflected in the maximum mean SYTOX Green fluorescence values. Finally, membrane 

permeabilization occurred not only to greater extents, but over an earlier timescale, as evidenced 

* 
* 
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by earlier onsets of SYTOX Green rapid uptake phase in the low magnesium and colistin-treated 

groups. These results are summarized quantitatively in Table 1 (Appendix B).  

 

Measures of Gentamicin Accumulation 

To assess how differences in membrane permeability influenced the trajectory and extent 

of gentamicin uptake and accumulation, the initial GTTR accumulation rate, GTTR accumulation 

rate during the rapid uptake phase, and maximum mean Texas Red fluorescence were measured 

for each colony.  

The initial GTTR accumulation rate was lower for the magnesium-supplemented treatment 

group than it was for either the low magnesium or colistin-treated group (Figure 17). A similar 

result was observed in the GTTR accumulation rate during the rapid uptake phase (Figure 18).  

 

 

Figure 17. Initial GTTR accumulation rate. Initial GTTR accumulation rate varies with 

induction of changes to membrane permeability, including decreased magnesium availability and 

treatment with colistin.   

* 
* 
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Figure 18. GTTR accumulation rate during the rapid uptake phase. The GTTR accumulation 

rate remained lowest in the magnesium-supplemented group even after onset of the rapid uptake 

phase.  

 

The extent of accumulation, as measured by maximum mean Texas Red fluorescence, was 

consistent with the findings related to GTTR accumulation rates. The highest maximum mean 

fluorescence was observed in the colistin-treated group, while the lowest maximum mean 

fluorescence was observed in the magnesium-supplemented group (Figure 19).  

 

* 
* 
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Figure 19. Maximum mean Texas Red fluorescence observed over the course of gentamicin 

treatment. Maximum Texas Red fluorescence values were lower for the magnesium-

supplemented group than for either the low magnesium or colistin-treated group, indicating a 

greater extent of gentamicin accumulation in the latter two groups. This is consistent with what 

might be expected based on treatment-wise differences in membrane permeability.  

 

Finally, to determine how differences in membrane stability influenced the timeline of 

gentamicin accumulation, the onset of the GTTR rapid uptake phase was measured. As expected, 

the onset of the GTTR rapid uptake phase occurred earlier in the colistin treatment group than it 

did for the magnesium-supplemented treatment group (Figure 20). Notably, there was not a 

significant difference in the onset of the GTTR rapid uptake phase observed between the 

magnesium-supplemented and low magnesium treatment groups. 

 

* 
* 
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Figure 20. Time of GTTR rapid uptake phase onset. Onset of GTTR rapid uptake phase is 

hastened by colistin treatment.  

 

In general, the GTTR accumulation results are consistent with what might be expected 

based on membrane permeability results. Given that the colistin-treated and low magnesium 

groups displayed increased membrane permeability relative to the magnesium-supplemented 

group across all SYTOX Green measures, increased permeability to gentamicin is expected. 

Indeed, GTTR accumulation rates were higher in the low magnesium and colistin-treated groups 

at both the early and later (during the GTTR rapid uptake phase) times. Furthermore, the extent of 

GTTR uptake was enhanced by colistin or low magnesium treatment, as evidenced by greater 

maximum mean Texas Red fluorescence values. Finally, the onset of the GTTR rapid uptake phase 

was hastened in the colistin treatment group, consistent with the earlier onset of the SYTOX Green 

rapid uptake phase. Altogether, increased membrane permeability appears to be associated with 

increased rates and extents of gentamicin uptake, as well as a shortened time scale over which this 

* 
n.s. 
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occurs. All GTTR accumulation results discussed here are summarized quantitatively in Table 2 

(Appendix B). 

Additional evidence for this relationship lies in correlations between uptake rates and 

maximum fluorescence values of Texas Red and SYTOX Green. The rapid uptake phase 

accumulation rates of GTTR were positively correlated with the rapid uptake phase uptake rates 

of SYTOX Green. The strength of the correlation varied from moderate to high based on the 

treatment group, with the highest correlation observed in the magnesium-supplemented group 

(Figure 21).   

 

 

Figure 21. Correlation between rapid uptake phase rates of GTTR accumulation and 

SYTOX Green uptake. Positive correlations between rapid uptake phase uptake rates were 

observed in all treatment groups.  
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The same was true for correlations between maximum mean Texas Red fluorescence and 

maximum mean SYTOX Green fluorescence, although in this case, the low magnesium group 

showed the strongest correlation (Figure 22).  

 

 

Figure 22. Correlation between maximum mean Texas Red and SYTOX Green fluorescence. 

Positive correlations between maximum fluorescence values were observed in all treatment 

groups. 

 

Taken together, these findings further support the observation that increased membrane 

permeability is associated with increased rates and extents of gentamicin accumulation.  
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Measures of Growth and Growth Inhibition 

Measurement of the exponential-phase growth rate constant and doubling time allowed for 

an assessment of colony growth, while determination of the time of transition from the exponential 

growth phase to the stationary phase (Tt) and time of onset of stationary phase (Ts) allowed for an 

assessment of the timeline of growth inhibition. There were not meaningful differences between 

treatment groups in either the exponential growth rate constant (Figure 23) or the doubling time 

(Figure 24).  

 

 

Figure 23. Growth rate constant during the exponential phase. The growth rate constant, a 

measure of colony growth during the exponential growth phase, did not vary by treatment. 

 

n.s. 

n.s. 
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Figure 24.  Colony area doubling time. The doubling time, an approximation of the time required 

for the population size to double, did not vary by treatment.  

 

Tt was used as an approximation for the time at which a colony transitioned from the 

exponential growth phase to the stationary phase, while Ts was the time after which colony growth 

ceased completely for all cells in the colony. While there appears to be similar trends in Tt (Figure 

25) and Ts (Figure 26) on gross observation, statistical analysis shows that there were variations 

in trends between these two measures. While there were no significant differences in Tt between 

the magnesium-supplemented and other treatment groups, this was not the case for Ts, for which 

a statistically significant difference between the magnesium-supplemented and colistin-treated 

group was found.  

 

n.s. 

n.s. 
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Figure 25. Time of transition from the exponential growth phase to the stationary phase. 

There is no significant difference in Tt between treatment groups. 

 

 

Figure 26. Time of onset of the stationary phase. Ts does not vary significantly between 

magnesium treatment groups but is significantly lower for the colistin-treated group that for the 

magnesium-supplemented group.  

n.s. 

n.s. 

* 

n.s. 
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All growth and growth inhibition-related results discussed here are summarized in Table 3 

(Appendix B). 

 

Relationships between Permeability, Accumulation, and Early Growth 

 The lack of significant differences in growth rate between treatment groups is particularly 

interesting in the context of the significant differences in gentamicin accumulation or membrane 

permeability observed during early experimental time points. To further explore this observation, 

we plotted exponential phase growth rate constant against initial SYTOX Green uptake rate, by 

colony, for each treatment group (Figures 27, 28, and 29). Note that each point in these plots 

represents a single colony within the treatment group. 

 

 

Figure 27. Colony-level correlation between SYTOX Green initial uptake rate and 

exponential-phase growth rate constant, magnesium-supplemented colonies. For magnesium-

supplemented colonies, there is not a meaningful correlation between initial SYTOX Green uptake 

rate and exponential-phase growth rate constant (R2 = 8E-05). 
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Figure 28. Colony-level correlation between SYTOX Green initial uptake rate and 

exponential-phase growth rate constant, low magnesium-condition colonies. For colonies 

cultured under relatively low magnesium conditions, there is minimal correlation between initial 

SYTOX Green uptake rate and exponential-phase growth rate constant (R2 = 0.1226). 

 

 

Figure 29. Colony-level correlation between SYTOX Green initial uptake rate and 

exponential-phase growth rate constant, colistin-treated colonies. For colonies treated with 

both gentamicin and colistin, there is minimal correlation between initial SYTOX Green uptake 

rate and exponential-phase growth rate constant (R2 = 0.0452). 
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 Similar results were observed for the correlations between initial GTTR accumulation rate 

and exponential growth rate constant (Figures 30, 31, and 32).  

 

 

Figure 30. Colony-level correlation between GTTR initial accumulation rate and 

exponential-phase growth rate constant, magnesium-supplemented colonies. For magnesium-

supplemented colonies, there is only a minimal correlation between GTTR initial accumulation 

rate and exponential-phase growth rate constant (R2 = 0.1722). 
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Figure 31. Colony-level correlation between GTTR initial accumulation rate and 

exponential-phase growth rate constant, low magnesium-condition colonies. For colonies 

cultured under relatively low magnesium conditions, there is only a weak correlation between 

GTTR initial accumulation rate and exponential-phase growth rate constant (R2 = 0.3157). 

 

 

Figure 32. Colony-level correlation between GTTR initial accumulation rate and 

exponential-phase growth rate constant, colistin-treated colonies. For colonies treated with 

both gentamicin and colistin, there is minimal correlation between GTTR initial accumulation rate 

and exponential-phase growth rate constant (R2 = 0.021). 
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To summarize, minimal to weak correlations were observed between exponential-phase 

growth rate constant and either SYTOX Green initial uptake rate or GTTR initial accumulation 

rate. This was true across all treatment groups. While our earlier results indicated that significant 

differences to membrane permeability and gentamicin accumulation noted early in experimental 

observation were not reflected in growth rate during this time, it was unclear whether this same 

result would be true when considering individual colonies. We see here that this is indeed the case: 

colony-level variability in permeability or accumulation does not explain well the variability in 

initial growth rate. To understand whether these results are meaningful in the context of gentamicin 

mechanism of action, it is necessary to consider relationships between permeability, accumulation, 

and growth inhibition. 

 

Relationships between Permeability, Accumulation, and Growth Inhibition 

To assess the temporal relationships between events related to growth arrest, rapid changes 

in antibiotic accumulation, and the rapid onset of membrane permeabilization, the time from Tt 

and Ts to the onset of the SYTOX Green rapid uptake phase and the time from Tt and Ts to the 

onset the GTTR rapid uptake phase were measured.  

The time from growth phase transition to the time of the SYTOX Green rapid uptake phase 

was found using the following calculation: 

 

𝑇𝑖𝑚𝑒 𝑜𝑓 𝑆𝑌𝑇𝑂𝑋 𝐺𝑟𝑒𝑒𝑛 𝑟𝑎𝑝𝑖𝑑 𝑢𝑝𝑡𝑎𝑘𝑒 𝑝ℎ𝑎𝑠𝑒 𝑜𝑛𝑠𝑒𝑡 − 𝑇  

 

Positive values indicate that large losses in membrane integrity occurred after the time of growth 

phase transition, whereas negative values indicate the opposite order of events. A similar 
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calculation was performed to assess how the onset of the stationary phase was temporally related 

to large losses in membrane permeability: 

 

𝑇𝑖𝑚𝑒 𝑜𝑓 𝑆𝑌𝑇𝑂𝑋 𝐺𝑟𝑒𝑒𝑛 𝑟𝑎𝑝𝑖𝑑 𝑢𝑝𝑡𝑎𝑘𝑒 𝑝ℎ𝑎𝑠𝑒 𝑜𝑛𝑠𝑒𝑡 − 𝑇  

 

Both of these calculations were performed for each colony in each treatment group. The results 

are shown below (Figure 33 and Figure 34, respectively).  

 

Figure 33. Time from growth phase transition to onset of SYTOX Green rapid uptake phase. 

The time from the Tt to the onset of the SYTOX Green rapid uptake phase was always positive, 

indicating that, on average, cells experienced growth arrest before large losses in membrane 

integrity occurred. 

 

 

 

* 

* 
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Figure 34. Time from the onset of stationary phase to onset of SYTOX Green rapid uptake 

phase. Given that there are both positive and negative values for this calculation observed in each 

treatment group, there is no consistent temporal relationship between the onset of the SYTOX 

Green rapid uptake phase and Ts. Within each treatment group, some colonies became completely 

growth-arrested before large losses in membrane integrity occurred, while large losses in 

membrane integrity preceded growth arrest of the last cell for other colonies. 

 

 Analogous calculations were performed to determine how the timeline of growth arrest 

related to the timeline of changes in antibiotic accumulation. The first calculation was performed 

to determine the time from Tt to the onset of the GTTR rapid uptake phase. 

 

𝑇𝑖𝑚𝑒 𝑜𝑓 𝐺𝑇𝑇𝑅 𝑟𝑎𝑝𝑖𝑑 𝑢𝑝𝑡𝑎𝑘𝑒 𝑝ℎ𝑎𝑠𝑒 𝑜𝑛𝑠𝑒𝑡 − 𝑇  

 

The second calculation was performed to determine the time from Ts to the onset of the 

GTTR rapid uptake phase. 

* 

* 
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𝑇𝑖𝑚𝑒 𝑜𝑓 𝐺𝑇𝑇𝑅 𝑟𝑎𝑝𝑖𝑑 𝑢𝑝𝑡𝑎𝑘𝑒 𝑝ℎ𝑎𝑠𝑒 𝑜𝑛𝑠𝑒𝑡 − 𝑇  

 

For each calculation, positive values indicate that the measure of growth arrest (either Tt 

or Ts) occurred before large influxes of antibiotic occurred, as indicated by the onset of the GTTR 

rapid uptake phase. Negative values indicate that this increase in accumulation rate occurred prior 

to the measure of growth arrest. The results of these calculations are displayed below (Figure 35 

and Figure 36, respectively). 

 

 

Figure 35. Time from growth phase transition to onset of the GTTR rapid uptake phase. 

The presence of both positive and negative values in all treatment groups indicates that there is 

no consistent temporal relationship between the time of growth phase transition and the time at 

which gentamicin accumulation rates rapidly increase. 

n.s. 

n.s. 
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Figure 36. Time from the onset of stationary phase to onset of GTTR rapid uptake phase. 

All colonies show both positive and negative values within their distributions for this time 

difference. Given this, there is no clear temporal relationship observed between the onset of the 

stationary phase and large increases in gentamicin accumulation rate. 

 

 To summarize, there were no clear temporal relationships found between the onset of the 

GTTR rapid accumulation phase and either measure of growth arrest, or between the onset of the 

SYTOX Green rapid accumulation phase and the onset of the stationary phase. These results 

suggest that large losses in membrane integrity, or large influxes of antibiotic, are not required to 

initiate growth arrest. While a consistent temporal trend was observed when comparing Tt and the 

onset of the SYTOX Green uptake phase, the relationship was that growth phase transition always 

occurred prior to large losses in membrane integrity. This indicates that, on average, cells became 

growth arrested prior to significant changes in membrane integrity. Like the other results presented 

in this section, this suggests that membrane permeabilization is not a prerequisite to the initiation 

n.s. 

n.s. 
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of growth arrest. The results reported in this section are summarized quantitatively in Table 4 

(Appendix B.) 

 

To determine whether there were trends in the extents of GTTR accumulation or membrane 

permeabilization at the onset of the stationary phase, the mean Texas Red fluorescence and mean 

SYTOX Green fluorescence values at Ts were collected. Given that the onset of the stationary 

phase is indicative of the first time at which all cells in the colony are growth-arrested, we are 

interested in determining whether there is a threshold amount of antibiotic accumulation or 

membrane permeability required to halt all cell growth.  

Our results show that there were clear differences in mean Texas Red fluorescence values 

at Ts observed between treatment groups (Figure 37), indicating that there is not a threshold amount 

of gentamicin accumulation required to initiate growth arrest of all cells regardless of treatment. 

 

 

Figure 37. Mean Texas Red fluorescence at the time of stationary phase onset. There are 

significant differences in GTTR accumulation at the time of colony growth arrest. 

* 

* 
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Differences in SYTOX Green fluorescence values at Ts were also observed (Figure 38). 

Similar to the measures of Texas Red fluorescence at Ts, these results indicate that there is not a 

threshold amount of membrane damage required to initiate growth arrest of all cells regardless of 

treatment. 

 

 

Figure 38. Mean SYTOX Green fluorescence at the time of stationary phase onset. The extent 

of membrane damage at Ts varies significantly by treatment.  

 

These results are summarized quantitatively in Table 5 (Appendix B). Taken together, 

these findings indicate that there is not a consistent threshold level of membrane damage or 

antibiotic accumulation required to initiate growth arrest of all cells in a given colony. However, 

it is worth noting the influence of the discrete nature of the time points used to determine Ts. Given 

that each time point was separated by five minutes, it is possible that there is not enough precision 

in the measurements of Ts to determine whether fluorescence values at the exact time of growth 

arrest vary meaningfully across colonies. Furthermore, both measures of fluorescence and growth 

* 
* 
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are representative of the entire colony data, so study at the single cell level may produce more 

meaningful results. 
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CHAPTER V 
 
 

DISCUSSION 
 
 
Summary and Implications  

At present, there exists in the literature a number of conflicting hypotheses implicating the 

role of membrane damage in aminoglycoside mechanism of action. In this study, we examined the 

relationship between cell growth and growth inhibition, antibiotic accumulation, and membrane 

permeability changes in Escherichia coli microcolonies during treatment with an aminoglycoside 

antibiotic, gentamicin, to assess whether a causal link between membrane damage and subsequent 

growth arrest could be supported.  

Relative reductions in membrane integrity induced by low magnesium conditions or 

treatment with colistin were observed across multiple measures related to membrane permeability. 

Initial and rapid uptake phase SYTOX Green uptake rates, maximum SYTOX Green fluorescence, 

and onset of the SYTOX Green rapid uptake phase indicated that membrane permeabilization 

occurred earlier and to greater extents in the low magnesium and colistin treatment groups, 

consistent with our expectations that these treatments would result in decreased membrane 

integrity relative to the magnesium-supplemented group. The effects of increased membrane 

permeability on gentamicin accumulation were also consistent with our expectations, with greater 
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initial and rapid uptake phase GTTR accumulation rates, as well as greater maximum Texas Red 

fluorescence, observed in treatment groups showing increased membrane permeability in the 

SYTOX Green studies.  Correlations between Texas Red and SYTOX Green rapid uptake phase 

uptake rates and maximum fluorescence values offer further evidence for this relationship. Taken 

together, these results support the claims that, in the context of gentamicin treatment, (1) increased 

magnesium availability improves membrane stability, (2) treatment with colistin reduces 

membrane stability, and (3) reductions in membrane stability increase gentamicin accumulation.  

 These results are consistent with our expectations based on the existing literature. 

However, what is particularly interesting about these results is that changes in membrane stability 

and gentamicin accumulation do not result in significant changes to a number of growth-related 

parameters. Measurements of the exponential phase growth rate constant, doubling time, and time 

of growth phase transition did not vary significantly between groups. This is notable for two 

reasons. The first is that, despite evidence that there are significant differences in membrane 

permeability and gentamicin accumulation observed between groups during the early time points 

of observation, there were no significant consequences to growth during this period. This was 

reflected in the correlations between initial SYTOX Green and GTTR uptake rates and 

exponential-phase growth rate constant observed when these relationships were examined at the 

colony level. The second is that the onset of growth arrest did not correlate with differences in 

these conditions, with no significant differences between groups observed in the time of growth 

phase transition. While the time of onset of the stationary phase did differ between the magnesium-

supplemented and colistin-treated groups, this difference did not exist between magnesium 

treatments, suggesting that membrane damage alone is not the causal agent of growth inhibition. 

Furthermore, our findings related to the extent of SYTOX Green uptake at the onset of the 
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stationary phase indicate that there is no observable degree of membrane damage required to halt 

colony growth. Ultimately, our results indicate that higher initial rates of gentamicin accumulation 

and membrane permeability fail to reliably predict corresponding reductions in growth rate or time 

to growth arrest. Implications of this finding include the possibility that only small amounts of 

gentamicin may be required to initiate the onset of growth arrest.  

 Support for the claim that membrane damage is not the causal agent of growth inhibition 

is also found in our results related to the timeline of gentamicin activity. For all colonies in all 

treatment groups, the time of growth phase transition occurred before the SYTOX Green rapid 

uptake phase, indicating that large losses in membrane integrity are not required for the initiation 

of growth inhibition. Furthermore, there was no clear temporal relationship between the time of 

onset of the stationary phase and time of onset of the SYTOX Green rapid uptake phase, with these 

events occurring in either sequence depending on colony. The same was true for the onset of the 

GTTR rapid uptake phase, although whether this phase is the result of membrane permeabilization 

or changes in cell physiology is unclear. Regardless, the timeline of membrane damage does not 

correlate well with that of growth arrest.  

 In the context of existing models, findings of this study fail to support the role of membrane 

damage as the primary harbinger of growth inhibition. While membrane damage is certainly 

important in hastening this process, it in itself is likely not the central catalyst for the initiation of 

growth arrest. This would explain why larger initial rates of gentamicin accumulation seen in the 

low magnesium treatment group do not correlate with changes to the growth inhibition timeline 

compared to the that of the magnesium-supplemented group. While lower local magnesium 

concentrations might accelerate the process of gentamicin adsorption to the outer membrane, the 

fact that there is little effect on the integrity of the inner membrane would result in similar timelines 
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of growth inhibition between magnesium treatment groups. This makes sense in the context of 

prior studies of aminoglycoside uptake, which indicate that initial antibiotic accumulation after the 

adsorption phase occurs in a slow, energy-dependent manner after the initial adsorption phase 

(Krause et. al., 2016). Unfortunately, our study is limited insofar as it was not possible to 

distinguish between gentamicin adsorption, entry into the periplasmic space, and ultimate 

accumulation in the cytoplasm, the site of ribosome inactivation. However, this possible 

explanation would be consistent with the colistin-group findings for onset of stationary phase, 

which occurred significantly earlier than did the onset of stationary phase for the magnesium-

supplemented group. Since colistin initiates damage to both the outer membrane and inner 

membrane, the timeline of gentamicin accumulation and subsequent ribosome inactivation is 

accelerated, resulting in an earlier onset of growth arrest. While at present these suggestions are 

limited to speculation, they are consistent with the known concentration dependence of 

aminoglycoside activity (Levison and Levison, 2009). Furthermore, they do not invalidate the 

long-standing observation that the bactericidal action of gentamicin is dependent on its 

accumulation (Heller et. al., 1980).  Nonetheless, further study is critical to understanding the true 

course of events occurring over the timescale of gentamicin activity.  

 

Future Directions 

 Given the results and limitations of this study, there are a number of ways in which 

aminoglycoside mechanism of action might be clarified through future work. First, the 

construction of an accurate timeline of inhibition, accumulation, and changes to membrane 

permeability requires investigation at the single cell level. While this study has been useful in 

describing general relationships between these processes, it is not possible to predict the trends 
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that may emerge with improved resolution as it pertains to individual cell physiology. For example, 

our analysis related to the extents of Texas Red and SYTOX Green fluorescence at the times of 

growth phase transition and onset of the stationary phase are limited insofar as we are considering 

the mean fluorescence values across all pixels for the entire colony. This inherently limits the 

conclusions we are able to draw regarding the precise relationships between accumulation, 

permeability, and growth arrest. Furthermore, analysis at the cellular level would ideally allow for 

a better mathematical characterization of antibiotic accumulation and SYTOX Green uptake 

kinetics. At present, our ability to analyze these trajectories is limited by the confounding effects 

of observing what is essentially an average of many single cells. It was necessary to make 

mathematical assumptions to account for variation between colonies, which may or may not have 

been consistent with the underlying biological processes being observed. While significant 

variation between individual trajectories would almost certainly remain, single cell studies would 

reduce the simplifications necessary to make meaningful comparisons between groups during data 

analysis. Furthermore, trends in the data would better reflect biological reality, and variability 

could be more clearly attributed to physiological differences between individuals. Ideally, this 

would also result in the ability to use mathematical models that prevent the need to exclude any 

data from analysis. 

Increased sensitivity of the accumulation and permeability probes is also likely to improve 

the clarity of these findings. While clear spikes in Texas Red and SYTOX Green were observable, 

there may be more subtle changes in accumulation dynamics and permeability changes that could 

prove to be important in characterizing the sequence of events occurring in cells during 

aminoglycoside treatment. There may also be significant findings related to the spatial distribution 

of antibiotic uptake. At present, it is not possible to distinguish between the processes of adsorption 
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to the outer membrane, passage through the inner and outer membranes, or the location of 

ribosome binding, either in the cytoplasm or at membrane-bound ribosomes. Increased sensitivity 

of fluorescent probes may allow for improved resolution in terms of visualizing these processes in 

the data. 

 Alone or in addition to these changes, the ability to distinguish between growth inhibition 

and death would be a significant improvement to our study. Although gentamicin is considered a 

bactericidal antibiotic (Gonzalez and Spencer, 1998), we cannot make the assumption that the 

growth inhibition observed here was indicative of a concurrent process of cell death. Clarification 

of the timeline of bactericidal activity would provide the context necessary to draw stronger 

conclusions regarding the precise mechanism of action of gentamicin and, in doing so, more 

clearly describe the antibiotic behavior of aminoglycosides. 
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APPENDIX A 

COLONY DATA IN THE CONTEXT OF CELL HETEROGENEITY 

 

Despite variability in the time-course trajectories of gentamicin accumulation, SYTOX 

Green uptake, and precise patterns of growth observed between individual cells within a given 

colony, our single-cell findings indicate that measurements of these trajectories taken at the 

colony level were appropriate for the purposes of this study. When single cell length 

measurements were compared against the colony data, we found that variation in the time of 

growth arrest for single cells corresponded to the period of transition from the exponential to 

stationary growth phase, as observed in the colony growth trajectories (Figure 39). The 

implication of this is that colony-level measurement for time of growth phase transition (Tt) 

corresponds roughly to a midpoint in the distribution of individual cell growth arrest, while 

colony-level time of stationary phase onset (Ts) corresponds to the last time of growth arrest 

amongst single cells of that colony. Given these relationships, the colony-level parameters were 

good approximations for the corresponding events at the single cell level.  
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Figure 39. Relationship between cell and colony growth arrest. Here, cell length trajectories 

for individual cells are shown in grey, while total colony area is shown in pink. Sharp declines in 

cell length mark the occurrence of a cell division. Some cells become growth-arrested shortly after 

the first division, while others divide up to three times before becoming growth-arrested. The 

transitional period over which colony growth transitions from the exponential to stationary phase 

(blue) corresponds to variable onsets of growth arrest of individual cells in the colony. 

 

In terms of the SYTOX Green trajectories, we found that analysis of colony-level data 

was also appropriate for our purposes. The primary difference between these and the comparison 

of colony and single-cell growth metrics was that these trajectories were more dependent on 

individual cells as opposed to reflective of all cells equally. When analyzing single-cell data, we 

found that the SYTOX Green rate spikes observed at the colony level were, at least in the initial 

time points of that phase, the result of a single cell suddenly losing membrane integrity. The 
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fluorescence during this event was so great that the colony-level SYTOX Green trajectory 

became essentially a reflection of that occurring for the single cell. A linear regression performed 

to compare the colony and single cell’s SYTOX Green uptake trajectories showed that the two 

were highly correlated (R2 = 0.943). While several of the other cells exhibited their own rapid 

uptake phases later in the time series, the effect on the colony-level data was not as extreme due 

to the high SYTOX fluorescence already present. In general, the higher the maximum 

fluorescence value observed for a single cell, the higher the correlation observed between the 

SYTOX Green fluorescence trajectories of that cell and the colony. A similar result was 

observed for the Texas Red fluorescence trajectories, although this trend in single cell-to-colony 

correlations was not as pronounced.  

To summarize, the times of GTTR and SYTOX Green rapid uptake phase onsets 

observed at the colony level were equivalent to corresponding metrics of the first single cell in 

the colony to undergo these transitions. While future studies are necessary to improve the clarity 

of our assessments of the relationships between growth, accumulation, and permeability, 

preliminary findings at the single-cell level do not disagree with the overall conclusions of this 

study.  

 

 

 

 

 

 

 

 



66 
 

APPENDIX B 

DATA TABLES 

 

Table 1. Summary of SYTOX Green Uptake Parameters by Treatment 

 

 

 

 

 

 

 

  

SYTOX Green Uptake Parameter Mean Standard 
Deviation 

N 

Initial Uptake Rate (μm-2∙min-1)    

 Magnesium-Supplemented 0.2 0.1 14 

 Low Magnesium 0.4 0.1 10 

 (+) Colistin 0.5 0.4 16 

Rapid Uptake Phase Uptake Rate            
(μm-2∙min-1) 

   

 Magnesium-Supplemented 21.5 53.0 11 

 Low Magnesium 47.2 37.8 10 

 (+) Colistin 290.1 112.1 16 

Maximum Mean Flourescence (μm-2)    

 Magnesium-Supplemented 707.8 1106.9 16 

 Low Magnesium 3347.3 1563.7 10 

 (+) Colistin 13754.8 1084.7 16 

Time of Rapid Uptake Phase Onset (min)    

 Magnesium-Supplemented 134.5 57.3 11 

 Low Magnesium 92.5 28.2 10 

 (+) Colistin 52.8 24.2 16 
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Table 2. Summary of Gentamicin-Texas Red Uptake Parameters by Treatment 

 

 

 

 

 

 

 

 

 

 

  

Gentamicin-Texas Red Uptake Parameter Mean Standard 
Deviation 

N 

Initial Accumulation Rate (μm-2∙min-1)    

 Magnesium-Supplemented 0.2 0.1 13 

 Low Magnesium 1.9 0.8 10 

 (+) Colistin 0.9 0.6 16 

Rapid Uptake Phase Accumulation Rate 
(μm-2∙min-1) 

   

 Magnesium-Supplemented 2.2 4.4 12 

 Low Magnesium 8.4 4.5 10 

 (+) Colistin 29.1 10.9 16 

Maximum Mean Flourescence (μm-2)    

 Magnesium-Supplemented 134.4 119.5 16 

 Low Magnesium 637.1 195.9 10 

 (+) Colistin 2266.3 263.4 16 

Time of Rapid Uptake Phase Onset (min)    

 Magnesium-Supplemented 84.6 40.6 12 

 Low Magnesium 93.0 40.9 10 

 (+) Colistin 52.2 23.2 16 
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Table 3. Summary of Growth Parameters by Treatment 

 

 

 

 

 

 

 

 

 

 

  

Growth Parameter Mean Standard 
Deviation 

N 

Exponential Growth Rate Constant (min-1)    

 Magnesium-Supplemented 0.044 0.005 16 

 Low Magnesium 0.043 0.003 10 

 (+) Colistin 0.043 0.004 16 

Doubling Time (min)    

 Magnesium-Supplemented 22.9 2.5 16 

 Low Magnesium 23.4 1.8 10 

 (+) Colistin 23.7 2.5 16 

Time of Growth Phase Transition, Tt (min)    

 Magnesium-Supplemented 44.7 20.9 16 

 Low Magnesium 57.5 19.6 10 

 (+) Colistin 36.3 12.6 15 

Time of Stationary Phase Onset, Ts (min)    

 Magnesium-Supplemented 92.2 34.8 16 

 Low Magnesium 122.0 37.7 10 

 (+) Colistin 60.9 34.4 16 
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Table 4. Summary of Temporal Relationships Between Growth Arrest, Accumulation, and 
Permeability Changes by Treatment 

 

 

 

 

  

Calculation Mean Standard 
Deviation 

N 

Time from Growth Phase Transition to 
GTTR Rapid Uptake Phase (min) 
 

   

 Magnesium-Supplemented 40.0 39.7 12 

 Low Magnesium 35.5 36.4 10 

 (+) Colistin 18.0 15.8 15 

Time from Growth Phase Transition to 
SYTOX Green Rapid Uptake Phase (min) 
 

   

 Magnesium-Supplemented 87.7 54.4 11 

 Low Magnesium 35.0 25.4 10 

 (+) Colistin 18.7 16.4 15 

Time from Stationary Phase Onset to 
GTTR Rapid Uptake Phase (min) 
 

   

 Magnesium-Supplemented -9.6 34.6 12 

 Low Magnesium -29.0 31.2 10 

 (+) Colistin -8.8 19.3 16 

Time from Stationary Phase Onset to 
SYTOX Green Rapid Uptake Phase (min) 
 

   

 Magnesium-Supplemented 30.5 50.3 11 

 Low Magnesium -29.5 34.4 10 

 (+) Colistin -8.1 19.1 16 
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Table 5. Mean Texas Red and SYTOX Green Fluorescence at Ts 

  

 

 

 

 

 

 

 

  

Measurement Mean Standard 
Deviation 

N 

Mean Texas Red Fluorescence at Ts 

(1/μm2) 
 

   

 Magnesium-Supplemented 56.5 10.8 16 

 Low Magnesium 289.2 67.4 10 

 (+) Colistin 300.2 278.2 16 

Mean SYTOX Green Fluorescence at Ts 

(1/μm2) 
 

   

 Magnesium-Supplemented 91.1 31.8 16 

 Low Magnesium 342.0 294.1 10 

 (+) Colistin 1768.2 2440.3 16 
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