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ABSTRACT
Cell morphology in bacteria is a crucial factor for survival in that it affects evading
predators and acquiring nutrition leading to growth and development. In order to grow, bacteria
divide through binary fission to create two daughter cells identical in size, shape, and genome.
One of the main contributors to accurate and efficient cell division is the Min system. Composed
of proteins, MinC, MinD, and MinE, the following work together to place the FtsZ ring in the
middle of the cell for septum formation. While the Min system and its effects have been heavily
studied in other model organisms, little is known about its function and mechanism in the Gramnegative soil bacteria, Acinetobacter baylyi (ADP1). Bioinformatics tools such as sequence
alignments, protein and operon predictions demonstrated evolutionary similarities between
ADP1 and other rod-shaped organisms such as Bacillus subtilis, Escherichia coli, and
Pseudomonas aeruginosa. In this study, we utilized ADP1’s high transforming capabilities to
create individual knockout mutants of minC, minD, and minE. Based on bioinformatics, it is
predicted that the min mutants would exert similar compromised growth and division
morphologies of filamentation and minicell production as seen in other organisms. To test this
hypothesis, cells were imaged under atomic force microscopy (AFM), and we acquired detailed
nanoscopic data that showcased many filamented cells with few minicells. Features such as
indents, side, and through bites also appeared on the surface of the mutant cells. Indents are
shallow dips that appear on the cell surface, while bites are deeper features that either depress
through the width of the cell (through bite) or asymmetrically along the side of the cell (side
bite). Due to the mutation in division, bites and indent distribution were random as expected in
the min mutants. This preliminary finding into the morphology effects of the Min system
provides further insight into the complex mechanism of bacterial cell division.
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INTRODUCTION
Cellular Morphology and Survival
Cellular morphology is characterized by both shape and size of the cell, and across
bacterial species, these two traits range drastically. This variety through species is caused due to
selective pressures of the environment yet, within each species shape and size are fairly
consistent, indicating that there is a functional advantage to each type. Different morphologies
result in the presentation of different physical features externally, which can in turn aid the
bacterial cell to adapt to the environment (Young, 2007). Thus, morphology is crucial for
survival. Some of the selective pressures that bacteria face include competition for nutrients,
motility, and resistance to predation, all of which determine whether the cell lives or dies
(Margolin, 2009; Young, 2007).
In order for bacteria to survive until the division stage, the first step is to acquire nutrients
to use as building blocks through membrane diffusion. An increase in the surface area to cell
volume ratio can lead to optimized diffusion of external components into the cell cytoplasm
(Margolin, 2009; Young, 2006). Therefore, mathematically, smaller cells have more efficient
diffusion rates due to a high surface area to volume ratios. However, not all cells are of uniform
sizes, since acquiring nutrition is not the only influencer of morphology (Young, 2006). Motility
also has a large impact on cell morphology as the driving mechanism to acquire nutrition and
escape predation. Fast cells are more advantageous being rod-shaped with an ideal length-towidth ratio. Chemotactic cells must constantly change shape ratios with its environment, and
cells in viscous environments are seen to travel better as a curved or spiral shape (Young, 2007).
Lastly, predation motivates varying cell morphology in bacteria as a means of an escape route.
Here shape and size are both affected. For example, in order to escape capture from a predator, a
cell can become too small or too fast for the predator to capture. On the other end of the
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spectrum, by being too large or too long, a prey cell can resist ingestion by phagocytosis (Young,
2007). Overall, cell shape and size play a role in a bacteria’s goal to eat, reproduce and finally
divide which is also a finely tuned process (Young, 2006).
Cellular Organization and Division
Bacterial cells often divide through the process of binary fission, an organized and
systematic process, with the final result producing two daughter cells identical in shape and size.
As a form of asexual reproduction and continual survival, this cycle can be segregated into three
stages: B, C, and D (Dewachter et al., 2018). The B stage is a gap phase; the C stage is
comprised of DNA replication, while the D stage is cytokinesis of the cell (Dewachter et al.,
2018). Division sites, chosen during stage D, must be carefully placed as it determines the size
and shape, which are both critical for the survival of the daughter cells and future generations.
However, prior to division, bacteria strategically arrange proteins, chromosomes, mRNA
molecules, lipids, and metabolites (Treuner-Lange & Søgaard-Anderson, 2014). Without any
membrane bound organelles, the organization of bacterial cellular components is heavily
spatiotemporally dynamic resulting in several asymmetrically localized proteins. Due to the large
size of divisomes and limited resources in the cell, the components of this machine are placed
strategically in the middle of the cell and not moved around. The formation of the divisome can
be achieved through concentration gradients as well as protein-protein recruitment within the cell
cytoplasm (Treuner-Lange & Søgaard-Anderson, 2014).
Notably, in regard to Gram-negative, rod-shaped bacilli bacteria, such as E. coli and B.
subtilis, the two main mechanisms for positioning the divisome at the center are nucleoid
occlusion (NO) and the Min system (Dewachter et al., 2018; Rowlett & Margolin, 2015). For the
Min system, an oscillation of the proteins occurs to ensure the proper protein amount delivered to
each end of the cell as described in the next section.
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The Min System in Escherichia coli
Alder, Fisher, Cohen, and Hardigree’s 1867 experiment were the first to discover the
morphology effects of the Min system in Gram-negative E. coli cells (Alder et al., 1967). The
Min system is comprised of three different proteins: MinC, MinD, and MinE (Figure 1). While
not exclusively part of the Min system, the FtsZ protein, a homolog of tubulin, has a large
interplaying role with this mechanism (Bi & Lutkenhaus, 1991; Rothfield et al., 1999). When
FtsZ is bound to GTP, it polymerizes in a lateral direction to form a contractile ring-like structure
known as the Z-ring which lies in the middle of the cell and is a target site for cytokinesis (Bi &
Lutkenhaus, 1991; Bramkamp & van Baarle, 2009; Jacobs & Shapiro, 1999). Both mechanisms
of the Min system and NO negatively regulate Z-ring formation. NO stops Z-ring formation at
the nucleoid in order to prevent chromosomes from being bisected at the divisome (Wu &
Errington, 2012). On the other hand, the Min system inhibits the formation of the Z-ring at the
cell poles (Rowlett & Margolin, 2015). As a result, these two mechanisms restrict the Z-ring
from residing anywhere except for the middle of the cell to ensure equal division.
The Min system starts its process with MinD, an ATP-containing dimer, bound to the
cytoplasmic membrane. As a method of protein-protein recruitment, the C-terminal of MinC is
then bound with MinD to form the MinCD complex (Bramkamp & van Baarle, 2009; Jacobs &
Shapiro, 1999; Rowlett & Margolin, 2015). In this complex, the N-terminal of MinC directly
interacts with FtsZ to prevent any further lateral polymerization which would otherwise lead to
Z-ring formation at the pole (Figure 1). However, due to the limited amount of Min proteins in
the cell, the MinCD complexes need to travel from cell pole to pole in an effective manner.
MinE creates a membrane-bound ring that binds to MinD when it is part of the complex,
specifically MinD, and thus displaces MinC. The bond between MinE and MinD stimulates the
ATPase on MinD, resulting in its dissociation from the membrane. As unbound MinD floats in
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the cytoplasm, it reassociates with ATP and reassembles at the other end of the cell pole. At this
point, MinC will follow MinD and the oscillation cycle beings again (Bramkamp & van Baarle,
2009; Huang et al., 2018) (Figure 1).
The Min system is referred to as oscillatory because the proteins oscillate from one end
of the cell to the other. Through GFP fusions to the Min proteins, oscillation can be visualized.
MinE is the main protein responsible for this, and it also determines the frequency of oscillation
(Hale et al., 2001). With an oscillation period of around 40 seconds, the Min proteins are located
at the cell poles for a majority of the time, as transit across the cell only takes around 10 seconds
(Hale et al., 2001; Rowlett & Margolin, 2015). The Min system is remarkably able to selforganize both in vivo and in vitro as well. With minimal materials such as MinD, MinE, ATP,
and a phospholipid membrane, the Min system is able to be reconstructed in vitro (Loose et al.,
2008). However, MinE, and thus the oscillatory pattern, is only present in some species of
bacteria like E. coli, as this mechanism is absent in the Gram-positive bacteria B. subitilis.
Visually, the mutant cells contained elongated shapes next to cells that were smaller than
average and thus termed “minicells.” As a result of the FtsZ protein being able to polymerize
near the cell poles (usually at ¼, ½, and ¾ positions of the cell) and inability to confine a septum
at the center, minicells were formed. Minicells are observed to accumulate during the
logarithmic phase of the growth curve, Moreover, they do not divide while containing some
RNA and protein but very little DNA (Alder et al., 1967). Common characteristics of filaments
and minicells have been found in other species of bacteria when the Min system is deactivated as
well (Reeve et al., 1973).
Variations of the Min System in Bacillus subtilis
In both model organisms, E. coli and B. subtilis, the Min proteins are concentrated to the
poles of the cells. While the Min system is composed of proteins MinC, MinD, and MinE in the
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model organism E. coli, DivIVA is present rather than MinE in Gram-positive B. subtilis.
Without MinE in B. subtilis, oscillation does not occur in this organism. Rather DivIVA causes
localization of MinC and MinD to the ends of the cell. DivIVA, a membrane-associated protein,
is able to recognize high negative curvature on the membrane in B. subtilis and therefore
localizes to the cell pole for self-assembly. DivIVA includes the additional recruitment of
membrane protein MinJ, which then, in turn, recruits the MinCD complex (Treuner-Lange &
Søgaard-Anderson, 2014; Yang et al., 2017).
The difference between the Min systems of Gram-negative and Gram-positive bacteria
indicate a common ancestor that deviated due to advantages from each of these mechanisms
(Rowlett & Margolin, 2015). While it is fairly understood how the Min systems operate in E. coli
and B. subtilis, little is known of the Min system in our model organism A. baylyi (see Model
Organism Acinetobacter baylyi (ADP1)) especially in regard to morphology effects. Compared
to E. coli and B. subtilis, the Min system of A. baylyi has not been as extensively studied.
However, P. aeruginosa, the closest model organism to A. baylyi, has been investigated in some
detail in regard to its Min system.
The Min System in Pseudomonas aeruginosa
Belonging to the same order (Pseudomonadales) as the model organism used in this
study, P. aeruginosa appears to have the same Min system mechanism as E. coli (see The Min
System). Most recently, Huang et al. (2018) investigated the biochemical ratios that are needed
for the Min system to assemble, particularly MinC and MinD, in P. aeruginosa. With the same
proteins and mechanisms exhibited in E. coli, the MinC and MinD proteins in P. aeruginosa
assemble together at a 1:1 ratio, and together they quickly form bundles with FtsZ filaments
which can be visualized in a negative stain electron microscopy image (Huang et al., 2018).
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In the same manner, when MinE was added, it was observed to inhibit the assembly of
MinC and MinD and therefore prevented bundling with FtsZ filaments. Subsequently, while the
molecular components of P. aeruginosa are the same as E. coli, P. aeruginosa showcases similar
morphological effects when MinC was knocked out (Carter et al., 2017). Long filaments and
minicells were produced as imaged under electron microscopy (Carter et al., 2017). With the
knowledge that the P. aeruginosa’s Min system appears to be fundamentally similar to E. coli,
the assumption can be made that the mechanism and morphology outcomes are most likely to be
the same in A baylyi.
Atomic Force Microscopy (AFM)
While originally developed in the field of physics in 1986, atomic force microscopy
(AFM) has become a useful tool in biological studies (Binning et al., 1986; Jalili &
Laxminarayana, 2004) (Figure 2). In this experiment, tapping mode on the AFM was utilized and
consists of the AFM’s small tip at the end of the cantilever oscillating above the sample. As the
cantilever scans the image line by line, there is a laser at the top of the cantilever that reflects
light onto a photodetector to determine the position of the tip. Alterations of elevation in the
cantilever signaled by the laser register in the photodetector (Figure 2). Together this information
is processed on the computer, and the AFM is able to create three-dimensional maps at a
nanoscopic scale.
AFM has many advantages compared to other forms of microscopy. Due to the limitation
of light microscopy by the wavelength of visible light, the resolution of AFM is 20 times better
than light microscopy allowing for detailed topographical measurements (Bolshakova et al.,
2004; Gaboriaud & Dufrêne, 2007). By generating a three-dimensional surface profile, this
allows us to take detailed measurements of cellular features. Sample preparation is also much
simpler as most of the time as the cells are air-dried and do not require harsh fixations. Further
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applications of the AFM in biological studies can aid in understanding characteristics of bacteria,
especially in this case, morphology caused by a Min system gene mutation.
Model Organism Acinetobacter baylyi (ADP1)
Acinetobacter baylyi (ADP1), previously known as Acinetobacter calcoaceticus, was
utilized as the model organism of this study. Due to their high transforming abilities, these
bacteria are becoming an opportunistic pathogen and it is increasingly important to their
antibiotic resistance. Mainly occurring in immunocompromised patients, they can cause
nosocomial infections (Chen et al., 2008). Similarly, Acinetobacter baumannii is a more
pathogenetic relative of A. baylyi (Vaneechuotte et al., 2006). As a result, this brings interest to
study A. baylyi’s morphology during growth and cell division because morphology likely
influences pathogenesis.
The specific strain used in this study was ADP1 before known as BD413. This aerobic
Gram-negative, soil bacterium is highly competent, thus an advantageous model organism easily
used for transformation purposes in the lab (Vaneechuotte et al., 2006). Additionally, with a
small genome of 3.6 Mb, it is also fairly easy to grow and genetically manipulate (de Berardinis
et al., 2008). The entire genome of A. baylyi has been sequenced with 3325 predicted coding
sequences (Barbe et al., 2004), and this strain is accessible through a library of single-gene
deletion mutants (de Berardinis et al., 2008). The particular mutants and wild type strains of A.
baylyi used in this study were obtained from the French collection (de Berardinis et al., 2008). In
this study, ADP1’s Min system provides an excellent model for how genes and proteins directly
influence morphology.
The morphology of ADP1 is seen to be quite variable and appears to be dependent on
growth cycles and conditions (Boyd, 2017; Lammers et al.). Classified as coccobacillus, A.
baylyi is usually a short rod under light microscopy (de Berardinis et al., 2008), however, it can
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also appear coccoid under other conditions. Particularly under AFM (see Atomic Force
Microscopy (AFM)), wild type ADP1 cells are observed to have heterogeneous morphology
ranging from rod, round, and filamented shapes (Boyd, 2017; Lammers et al. in preparation)
(Figure 3). Morphology also adapts and transitions during the growth phase as well. At the
exponential phase, ADP1 appear coccobacilli and as short rods (Figure 3a & Figure 3b). Then
when approaching stationary phase, the cells form longer rods, and septa appear in the middle of
the cell (Figure 3c). Continuing into the stationary phase, the majority of the population take rodlike configurations (Lammers et al.) (Figure 3d & Figure 3e).
Under the AFM, ADP1 also present distinctive surface features such as the collapse of
one side of the cell wall (Figure 3b). Termed as “bites,” these cells look as if a bite had been
taken out as they are asymmetrically sunken. These bite features are part of wild type ADP1
growth cycles and are similarly seen in the min mutants of this study as well.
Research Question
There have been extensive studies of the Min system in E. coli and B. subtilis resulting in
the observation of long filamented cells and minicell characteristics. However, little is known
about the Min system in A. baylyi. Here the main research questions comprise of “What are the
morphological effects of the Min system in A. baylyi? What is the relationship between bacterial
shape and gene functionality in particular to the Min system?” Additionally, through
bioinformatics, we hope to investigate the evolutionary similarities and differences of the Min
system in A. baylyi, compared to species such as B. subtilis, E. coli, and P. aeruginosa.
It was hypothesized that due to the similarity of protein motifs and conserved amino acid
sequences, the min mutants would exert the same morphological outcomes compared to other
organisms such as E. coli, and P. aeruginosa. Here, we have examined minC, minD, and minE
knockout mutants in ADP1 under AFM. Due to similar growth curves and features of
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filamentation, minicells, bites, and indents between each of the mutants, detailed minC mutant
analysis was the focus. From our study, we conclude that the Min system is essential for proper
morphological development and division, in that these genes directly affect the rate of cell
division. The observed filamented cells were approximately three times longer than the wild
type, while the width did not vary drastically. Of the three cellular features detected (indents,
side and through bites), side bites were the most abundant in the min mutants. Since bites are
hypothesized to be division sites, the position of bites and indents were of interest.
Unexpectedly, the position of both bites and indents appeared indiscriminately across the cell
length. While this research provides preliminary insight into the cell division mechanism in
ADP1, more investigation is needed to truly understand the complex mechanism of the Min
system.

METHODS & MATERIALS
Bioinformatic Analysis
Kyoto Encyclopedia of Genes and Genomes (kegg.jp) database was used to search for
amino acid sequences and protein motifs of Min system from Acinetobacter baylyi,
Pseudomonas aeruginosa, Escherichia coli, and Bacillus subtilis (Kanehisa et al., 2016). Protein
motifs with an E-value less than 10-6 were considered significant for analysis. Through Clustal
Omega, sequence alignment was conducted with MinC, MinD, and MinE proteins in the species
mentioned above (Larkin et al., 2007). To investigate operons, an algorithm to predict operons in
ADP1 was used (http://meta.microbesonline.org/operons/gnc62977.html) as well as KEGG’s
genome map feature for visualization (Price et al., 2005).
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Strains
The following experiments used a wild type strain of Acinetobacter baylyi ADP1
(BD413) strain CCL1319 in the Lostroh-Lang lab collection. The minC::kan-tdk knockout
mutants, CCL2036 and the duplicate CCL2037, were obtained from a French collection of ADP1
single-gene deletion mutants (ACIAD of 0895::kan-tdk) (de Berardinis et al., 2008). The
minD::kan-tdk knockout mutants (ACIAD of 0894::kan-tdk), noted as CCL2034 and CCL2035,
as well as minE::kan-tdk knockout mutants (ACIAD of 0893::kan-tdk), CCL2032 and CCL2033,
were also obtained from the French collection (de Berardinis et al., 2008).
Growth and Maintenance of Cells
Frozen wild type ADP1 CCL1319 cells were streaked on Minimal Davis Succinate media
(1.5% agar (10 μL of sterile 1 M succinate per 1 mL of broth for a liter of media)) at 30°C for 18
to 24 hours (overnight). A single colony was chosen and incubated in Minimal Davis Succinate
broth (10 μL of sterile 1 M succinate per 1 mL of broth for a liter of media) at 30°C with slanted
aeration and shaking at 200 rpm for 18 to 24 hours.
Frozen minC::kan-tdk knockout mutants were streaked and grown in Minimal Davis
Succinate kanamycin plates and broth with slanted aeration and shaking at 200 rpm, respectively,
both with a final antibiotic concentration of 10 μg/mL for 18 to 24 hours.
Transformation of CCL1319 Wild Type Cells with minC::kan-tdk DNA
In order to obtain mutants under the wild type CCL1319 background, wild type CCL1319
and knockout mutant CCL2036 overnight broths were prepared as described above. To prepare
the DNA from the donor cells of CCL2036, mutant cells were centrifuged at 16.1x1000 RCF for
one minute in room temperature. Cells were resuspended with 200 μL of sterile saline and then
incubated at 85°C for four hours on a hot block to lyse. The remaining steps of the
transformation process were conducted on ice at around 4°C.
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To transform the wild type cells recipient cells, 50 μL of overnight CCL1319 that had
been grown in Minimal Davis Succinate were placed in a microfuge tube with 5 μL of the lysed
CCL2036 cells. This mixture was then plated in a puddle on a Minimal Davis Succinate-Kan10
agar plate and incubated at 30°C overnight. Sterility of the DNA donor (lysed cells) was
confirmed by gel electrophoresis.
To identify cells that were transformed, the puddle from the overnight plate was scrapped
into 500 μL of sterile saline with a plastic loop and resuspended. This is called the scrapeate.
With the use of a turntable for even distribution, 100 uL of the scrapeate saline mixture was
plated on Minimal Davis Succinate-Kan10 agar. Additionally, 10 uL of the scrapeate saline
mixture was streaked out on a Minimal Davis Succinate-Kan10 agar plate. Both were incubated at
30°C overnight. Four well-separated colonies were chosen and streaked on new Minimal Davis
Succinate-Kan10 agar to purify the isolated colony. The same transformation steps were taken
with minD::kan-tdk knockout mutant, CCL2034, and minE::kan-tdk knockout mutant,
CCL2032, into the CCL1319 wild type background.
PCR Detection for minC::kan-tdk Transformation
Overnight cultures of the mutant and the wild type cells were grown as previously
described. In order to obtain pure DNA for PCR, DNA isolation was conducted through the
Dneasy Blood and Tissue Handbook for Gram-Negative Bacteria according to the directions
form the manufacturer (Qiagen).
PCR was conducted to verify the transformation success of the CCL2036 DNA into the
wild type CCL1319 background using primers (SV-minC-R and SV-minC-F) from Integrated
DNA Technologies. MinD-F & MinD-R and SV-minE-F & SV-minE-R primers were used to
verify the transformation of CCL2034 and CCL2032, respectively, also from Integrated DNA
Technologies (Table 1).
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Frozen stocks of the successful MinC transformation into the CCL1319 background were
made with 20-25% LB glycerol. The same was done for the successful MinD and MinE
transformation into the CCL1319 background. See Appendix 2: Laboratory Protocol for full
details.
Cell Preparation for Imaging
Overnight cultures were prepared as mentioned before. Based on the growth curves
conducted, specific time points were chosen that represented different stages of cell growth. An
inoculum of a 1:1000 dilution into fresh Minimal Davis Succinate broth was used. The cells were
then grown for a span of approximately 10 hours at 30°C with shaking at slanted aeration. At the
designated time points, cells were harvested, centrifuged, washed with cold sterile ddH2O, and
plated with different dilutions on cleaved mica to dry before imaging on the AFM (Boyd, 2017).
See Appendix 2: Laboratory Protocol for full details.
Atomic Force Microscopy (AFM) Imaging and Analysis
All images were taken with a Bruker MultiMode8 atomic force microscope with an NSV
64-BIT MOD-B Controller in tapping air mode. The cantilevers used in this experiment had a
resistance of 0.01- 0.025 Ω cm Antimony (n) doped silicon, a spring constant of 40 N/m, and a
resonance frequency range of 320 – 400 kHz with a reflective aluminum coating. The tip radius
was 8 nm with a tip height of 10-15 μm (NCHV-A Cantilevers, Bruker). All images of analysis
were taken at 30 μm2 and 0.5 Hz with 20482 pixels and plane fitted. Areas of imaging were
randomly selected; however, single layered cells were sought out for analysis purposes.
NanoScope Analysis Section tool was utilized to measure cellular features of cell length and
width as well as bite length, width, and position (See Appendix 2: Laboratory Protocol for full
details).
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RESULTS
Bioinformatics Comparison of the Min System
Homologs and Operons
In order to determine the evolutionary significance of the Min system, ADP1 protein
homologs were compared with B. subtilis, E. coli, and P. aeruginosa. Evolutionarily, B. subtilis
is the farthest relative to ADP1, while P. aeruginosa is the closest in this set when investigating
the Min system. Thus, homologs of MinC and MinD were found in all the other three organisms,
while the MinE homolog did not exist in B. subtilis (Table 2). To further demonstrate the
evolutionary relationship among these organisms, an operon comparison was conducted. The
Min proteins of ADP1 were found to be encoded on the same operon adjacent to one another
(http://meta.microbesonline.org/operons/gnc62977.html). Similar results were seen in E. coli and
P. aeruginosa (de Boer et al., 1989; KEGG). B. subtilis encodes both minC and minD side by
side with an absence of a minE gene confirming the lack of the MinE homolog.
Amino Acid Sequence Alignment and Protein Motifs
Through KEGG and Clustal Omega, sequence alignments and protein motifs of the
available homologs were generated to evaluate evolutionary relationships and function,
respectively. Of MinC, the N-terminus and C-terminus appeared as common motif patterns and
are well preserved in E. coli and P. aeruginosa. (Figure 4a). From previous literature, it is known
that the N-terminal domain of MinC directly interacts with FtsZ to prevent Z-ring
polymerization, while the C-terminal domain interacts with MinD. The C-terminal domain has
dual functionality, as it can also repeat the function of the N-terminus (Yang et al., 2017).
Similar to ADP1, B. subtilis only contains the C-terminal domain indicating that the Min system
is still functional with or without the presence of the N-terminus (Figure 4a). Even though there
was an N-terminal MinC motif predicted in ADP1, the E-value (0.012>10-6) was not significant
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enough to meet our cutoff criterion. The sequence of MinC showcased congruent results as most
of the conserved amino acids lie on the N-terminus side (Figure 5). This indicates that the Cterminus of MinC has no other alternative substitution for its function, unlike the N-terminus.
MinD, known for its function as an ATPase, generated several protein motifs. Of the
extensive list, ParA and AAA_31 were deemed significant and present in all four organisms of
comparison (Figure 4b). Both of these protein motifs are involved as ATPases and span the
majority of the amino acid sequence of MinD (KEGG). Par proteins are known to be a part of the
DNA partition system, this indicates that perhaps the Min system directly or indirectly has an
effect on chromosomal or plasmid DNA (Rothfield et al., 1999). In turn, the sequence alignment,
Figure 6, is highly conserved throughout its entirety. This indicates that there most likely is no
substitution for this protein, as MinD and its respective protein motifs are essential for proper
functioning.
Likewise, this also occurred with the MinE protein motif and sequence alignment (Figure
4c & Figure 7). While the topological specificity function is located in the C-terminal end of
MinE (Rothfield et al., 1999), due to the short length the entirety of the sequence is conserved.
Once again, this only occurred in P. aeruginosa, E. coli, and A. baylyi as B. subtilis was too
evolutionary distant and had no detectable MinE homolog. Interestingly, B. subtilis did generate
a predicted MinE motif, however, the E-value (0.51 >10-6) was too high to be considered
significant.
Considering only the Min proteins in ADP1, they contain no duplicate motifs to one
another and are conserved (E.g. MinC_C only appears in MinC; ParA only appears in MinD; and
so on). This suggests that each Min system protein is specialized in its own function. Hence, a
knockout of one of these genes would cause determinantal effects on cell division as there is no
other alternative to replace the function of it. Overall the ADP1 Min system is the most similar to
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P. aeruginosa and then E. coli which like ADP1 are both Gram-negative bacteria. Based on the
structure protein motifs and sequence alignments, we can predict that the functional outcome of
morphology in ADP1 min mutants under AFM would be most similar to that of P. aeruginosa
and E. coli.
Time Point Selection for Image Sampling of ADP1 min Mutants
To determine the optimal time to sample cells for imaging under the AFM, growth curves
were conducted of the min mutants. Here exponential phase started from about 200 minutes until
400 minutes based on the optical density readings for Figures 8a-8c which were samples grown
simultaneously. Due to their defect to divide properly, the min mutants demonstrated lower OD
values than to the wild type counterpart (Figure 8). The doubling rate of wild type, minC, minD,
and minE mutants for this particular set was 45.25, 70.92, 78.74, and 56.18.
Comparatively, the min mutants exerted lower doubling rates than the wild type. Since all
min mutants similarly showcased a growth defect, the focus was placed on the minC mutants for
future detailed morphology analysis. Due to the filamentation of the min mutants, the optical
density readings for the mutants were not as accurate as in wild type. During optical density
readings, light does not scatter the same way compared to one colony forming unit in such as in
wild type.
Figures 8a-8c established the time frame in which the exponential phase took place.
Samples were then taken from the exponential phase for further image analysis of minC mutants
(Figures 8d & 8e). Morphology here can be an indication of the cell’s state of health and growth
patterns caused by gene deletion. In addition, further analysis then reveals that the min mutants
present physical features that are visually different from wild type ADP1 cells.
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Visual Morphology and Cell Analysis of min Mutants
By growing cells all in the same media and conditions, the morphology difference
between mutants and wild type were narrowed down to genetic differences only. Visually, all of
the min mutants looked similar to one another, however, minC mutants showcased more bite
features (Figure 9b, 9c, 9d). The similarities of morphology in combination with the growth
patterns among the min mutants lead to a focus on the minC mutant.
Cellular Characteristics of Observed Filaments in the minC Mutant
One prominent characteristic caused by minC deficiency was the result of filamented
cells, whereas wild type cells remained coccobacilli (Figure 9a and 9b). This was a congruent
finding in other organisms such as E. coli and P. aeruginosa as a min deletion caused
filamentation (Carter et al., 2017; Reeve et al., 1973). In order to quantify our visual
observations, detailed analysis in Nanoscope was conducted measuring cell length and width. Of
the minC mutant samples, the average width of the cells was 0.92 ± 0.16 μm which compared to
a wild type value of 1.04 ± 0.12 μm with p<0.05. Additionally, the length differed greatly in
minC mutants and wild type with an average of 5.52 ± 3.94 μm and 1.79 ± 0.04 μm, respectively
with p<0.05 (Table 3). This indicated that the Min system greatly affects the longitudinal axis of
the ADP1 cells.
Cell length and width directly then affected properties such as surface area, volume and
the ratio between the two. The minC mutants compared to wild type demonstrated both greater
surface area and volume values (Table 3). Yet, their surface area to volume ratio did not differ
greatly from each other. This suggests that the diffusion of nutrition between wild type and
mutant were quite consistent with each other. Although due to the great variation of cell lengths
in the minC mutants, the surface area and volume standard errors were also large. The large
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standard error indicates that there is substantial variation within the population so that many of
the minC cells have a larger or smaller surface area to volume ratios.
Bite and Indent Features in minC Mutants
Along the filamented cells, there were abnormal surface features including bites and
indents. Surface features for analysis were categorized into side and through bites as well as
indents depicted and noted in Figure 10a and 10c. Through bites were gaps that went across the
entire width of the cell, while side bites were asymmetrical in their placement and did not go
through the entire width. Indents were smaller holes that did not appear as deep as bites (Figure
10b). Through bites were single deep features that spanned across the width of the cell. Side bites
were a single deep feature that is asymmetrically placed along the width of the cell. These
features are often smaller than through bites dimension wise. Indents appeared as shallow holes
that are not as deep as bite features and are the smallest dimension wise.
The minC mutants showcased all three features with side bites as the most abundant
during sampling (Figure 11a). The dimensions of these bites and indent characteristics were
measured, and all were symmetrical in width and length although the error bars indicated that
standard deviation was large. (Figure 11b). Based on the descriptions, through bites had the
largest dimensions 0.76 μm x 0.78 μm (length x width). During the exponential phase, wild type
cells only presented with indents. These indents, however, were smaller with a dimension of 0.17
μm x 0.18 μm than the mutant indents at 0.27 μm x 0.29 μm. Moreover, in the wild type and
mutant population, a linear trend was present between the relationship of length and width of the
surface features suggesting that the features form in a symmetrical manner (Figure 11).
According to Lammers et al., bites are hypothesized to be sites of divisome. Thus, an
investigation into the position of the bites was an interesting matter to cover next.
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If bites occurred at places of divisome assembly, we would expect a pattern in their
placement. Bites in wild type cells would be expected to locate at the center of the cell. But since
the division was compromised in the minC mutants, we would expect bites at the 0.25, 0.5, or
0.75 positions of the cell, since NO remain functioning in these mutants. Yet visually, the
position of the bites and indents across the minC cells appeared to be sporadically distributed
(Figure 9b). To further support this claim, under Nanoscope Analysis, measurements of the
cellular feature positions were measured across the cell length. During analysis in Figure 12,
since one end was arbitrarily declared the start of the cell, the scale utilized in the x-axis
indicates positioning up to 0.5 (halfway mark) of the cell. Thus, 0.1 equals the 0.9 marks, 0.2
equals 0.8, 0.3 equals 0.7, and so on if the scale was interpreted onto a 0 to 1 range. The results
demonstrated that there was no evident trend (Figure 12a). On the other hand, the data of the
wild type showed a bimodal spread, as indents were present most frequently at 0.3 and 0.4
positions (Figure 12b). It is unclear what exactly indents reveal of the cellular mechanism, but
this pattern is most random and so it suggests an underlying mechanism most likely related to
cell division insight.

DISCUSSION
min Mutants Produced Many Filaments with Bites and Indents but Lacked in Number of
Minicells
Throughout the mutant images the prominent characteristic of minicells mentioned in
other literature was present but sparse (Figure 10d). The lack of minicells was most likely due to
the method of sample preparation which involved gentle centrifugation and removal of the
supernatant. While the larger cells pelleted, the minicells were most likely discarded along with
the supernatant. After three washes involving centrifugation and discarding the supernatant, the
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less dense minicells were not collected in the pellet before applying to mica. This interpretation
is supported by the fact that under light microscopy, minicells were observed in abundance. (data
not shown). Thus, the mere presence of minicells and filaments indicated that when the Min
system is disrupted, ADP1 creates the same abnormal morphologies as found when investigating
other model organisms. This points to the Min system in ADP1 having the same mechanisms as
previously described in E. coli and P. aeruginosa.
Molecular Mechanisms and Causation of Filamentation and Minicells
While there are no reports in literature describing the mechanism of the Min system in
ADP1, based on the bioinformatics and image analysis of the minC mutants, we predicted that
the mechanism was similar to E. coli and P. aeruginosa (Figure 1). However, one particularly
interesting result from bioinformatics was the lack of the N-terminal protein motif in ADP1
(Figure 4a). Comparatively to all the other Min proteins, while minC was conserved, it was the
most diverse sequence alignment. While we believed that the MinC function was still sustained
with the absence of the N-terminal motif, it is likely that its function was substituted by the Cterminal motif. It has been observed that the lysine (K) residue in the N-terminus is highly
conserved in other organisms for proper functioning in MinC (Chiou et al., 2013). Figure 5
showcases that the other three, B. subitilis, E. coli, and P. aeruginosa have this identical to one
another, while ADP1 contains a threonine (T) at that position instead. Lysine, a positively
charged amino acid, changed into a threonine, an uncharged side amino acid, could explain the
lack of the N-terminal motif as these two properties are quite different from each other.
Additionally, other literature has emphasized that the function of the C-terminus is caused by
four glycines (G142, G161, G168 and G178 in ADP1) residues as well as an essential arginine (R140)
residue which is needed to bind to other Min proteins (Chiou et al., 2013; Ramierz-Arcos et al.,
2004). ADP1 contained all of these crucial components as amino acids in these positions were
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identical (Figure 5). This again supported the bioinformatics finding that the N-terminal motif
was absent in ADP1, but the function was compensated by the C-terminal. In order to further test
this prediction, hybrid proteins can be constructed with the C-terminal of ADP1 in P. aeruginosa
and vice versa in the future.
This study mainly focused on the analysis of the filamented cells due to the lack of
minicells collected through centrifugation as mentioned previously. Filaments in this study were
characterized to be about three times longer than the wild type cells (Table 3). And most notably
this affected surface area to volume ratios, as an increase in this ratio allows the cell to have
better chances in gaining nutrients and disposing of waste (Harris & Theriot, 2018). We expected
a larger surface area to volume ratio if the cells were narrower or shorter. Yet even with the
mutants exerting longer lengths, the surface area to volume ratio was very similar between
mutant and wild type. However, this disparity with our expectations does not take into account
the large standard deviations in the measured minC mutant cell dimensions. In effort to adapt to
growth conditions, most bacterial species have a surface area to volume ratio homeostasis (Harris
& Theriot, 2018). The defective homeostasis seen in the minC mutants helps account for the low
doubling rates of min mutants compared to wild type cells (Figure 8).
Molecular Mechanisms and Causation of Bites and Indents
While the AFM provided several advantages such as nanoscopic detailed analysis, the
fact that the samples are dried prior to imaging must be taken into account because drying can
shrink cells. However, since all cells analyzed were treated in the same manner, trends in cell
dimensions, bites and indent features are still valid. In fact, this method of preparation was used
to our advantage as the cell wall was no longer supported and the exposed cytoskeleton allowed
for prominent structures such as bites and indents to be visible (Figure 9 and 10). These features
are not seen in most other imaging techniques as cells remain hydrated; but here bites and
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indents are captured in detail, and these characteristics are hypothesized to give insight into
cellular processes (Boyd, 2017; Lammers et al.).
Besides the preparation techniques of the sample revealing morphological differences in
the min mutants, the molecular mechanism behind structures such as bites and indents are not
completely understood. Corbin et al. (2002) showcased E. coli cells with abnormal FtsZ
structures resulting in features that appeared to have a resemblance to bites. Since min mutants
caused irregular FtsZ placement, the appearance of bites in ADP1 was expected. From this initial
observation, Lammers et al. hypothesized bites to be an indication of divisome. The exact
mechanism of bite formation involves MreB, another protein that controls cell morphology.
MreB creates bundles of filaments that take up ½ to ¼ of the cell’s circumference and are
localized by the Min system to sites of division for the construction of cell walls. The previous
peptidoglycan wall is degraded because the peptidoglycan has to be extended for the cell to get
longer (Carter et al., 2017). Degradation is necessary to create sites for the covalent attachment
of new peptidoglycan subunits. During this process, Lammers et al. remark that these bite
features are caused by partially constructed division sites that contain MreB filaments that are
too short to support the cell wall (Lammers et al.).
Beyond the mechanism of bites, we hypothesized that bites would occur more frequently
at the ¼, ½, and ¾ positions as NO still occurs even when the Min system is defected. While the
positioning of bites did not follow any pattern as seen in Figure 12, this could be due to the
uneven distribution of Min proteins through the filamented cells. As the min mutants continue to
increase in length, this makes it more difficult for the oscillation system to deliver the limited
amounts of MinC and MinD across the cell. As a result, MinC and MinD are predicted to be
concentrated at certain parts of the cell and not evenly spread.
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While there is a predicted mechanism for bite formation, indents, on the other hand,
remained an anomaly. This feature was present in both wild type and min mutants that were
grown in Minimal Davis Succinate at 30°C (Figure 9). And even in other growth conditions and
media such as Lysogeny Broth (LB), indents were a reoccurring cellular feature (Lammers et
al.). This observation was also not just limited to ADP1. Images of A. baumannii also taken
under AFM by Soon et al., (2009) showcased indent features. Although this feature was not
addressed in their literature, there is a common pattern of indents being limited to a maximum of
two per cell and occurring at the ¼ and ¾ positions. In order to determine if indents also reveal
cellular processes, additional inquiry is needed to understand their pattern and formation.
Difficulties in Growing and Imaging min Mutants
Initially, the experiment was designed to grow all cells in LB in order for a comparison to
other experiments conducted in the Lostroh-Lang lab. However, the min mutants had difficulties
growing in this media. Wild type ADP1 was able to grow both in LB and Minimal Davis
Succinate quite efficiently, as succinate is the organisms preferred growth substrate (Barbe et al.,
2004; de Berardinis et al., 2008). As a result, the switch was made from LB to Minimal Davis
Succinate as the growth media. The temperature was also lowered and adjusted from 37°C to
30°C. We observed improved growth, however, the growth rates of the min mutants were still
lower than the wild type and difficult to measure with accuracy (Figure 8). Due to their sick state
and the fluctuating optical densities, there was also the issue of repeatability of the growth
curves. For example, 600 minutes of incubation resulted in a population with an OD600 close to
1.0 for the growth curve in Figure 8a. In contrast, in Figure 8d and 8e, the OD600 value at this
same time point was below 1.0. Even though optical density values are not always consistent
with the min mutants, future experiments should prepare samples at several points during a
growth curve because of this variability.
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Another area to improve was the sampling of cells for analysis. The selection of cell
population during AFM imaging was a random process, yet in order to measure them, we
necessarily selected parts of the images where the cells were in a single layer like those in Figure
9. Due to the filamentation caused by genetic mutations, such cells were difficult to find on the
images. And furthermore, full analysis of filamented cells could not be conducted in many cases
because the long cells did not fit completely in a single image. Though this issue was quite hard
to combat, a generous sampling of the min mutants is a potential solution.
Broader Applications of the Min System
Min System’s Effect on Natural Transformation and Twitching
While the Min system provides insight into cell division in ADP1, this mechanism also
has the potential to supply information about natural transformation and twitching. Natural
transformation, the ability to import and incorporate exogenous DNA, and twitching, a form of
motility, are both controlled by the type IV pili (T4P) (Leong et al., 2017). Even though these
concepts may seem out of reach with the Min system, due to the ability to create long filaments,
min mutants have been a useful tool to investigate the localization of T4P (Carter et al., 2017).
Carter et al. (2017) produced minC mutants in P. aeruginosa that had fluorescently tagged PilO
which is one of the many T4P proteins. This study was able to confirm that the T4P proteins
localized to the cell poles even under genetic manipulation that caused unequal cell division.
Interestingly, the Min proteins are also known to be concentrated at the cell poles (TreunerLange & Søgaard-Anderson, 2014), then perhaps there are potential interactions between these
two systems.
Moreover, in this experiment, only growth patterns and morphology were studied,
however, it would be of great interest to also investigate the twitching and natural transformation
effects in ADP1 min mutants. Motility and transformation efficiency assays could be conducted.
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But more importantly, with the use of AFM, the presence and features of pili can be studied
among these mutants in great detail.
Minicell’s Role in Drug and Vaccine Development
Beyond the characteristic of filamentation as a tool, minicells have also been used
historically to study the synthesis and characterization of proteins (Farley et al., 2016). Even
though minicells cannot divide, they still maintain cellular processes including replication,
transcription, and ATP synthesis which makes them a valuable model to study virulence
properties with a lower risk (Farley et al., 2016). More recently, minicells have been investigated
as a form of drug development and cancer therapy as well (MacDiarmid & Brahmbhatt, 2011).
These small cells can be filled with chemotherapeutics, siRNAs or shRNAs and administered to
other cells for selective targeting (MacDiarmid & Brahmbhatt, 2011). In combination with the
easy of genetically engineering ADP1, due to its natural competency abilities, ADP1 minicells
could be potentially useful.

CONCLUSION
Overall the collected data from this experiment demonstrated that the knockouts of minC,
minD, and minE genes compromised the process of cell division through the evidence of
abnormal morphology. Visual observations of filamentation and minicells were showcased, and
in addition, ADP1 exerted cellular features of bites and indents. This research is a preliminary
finding to further investigation of the Min system mechanism in ADP1. More detailed cell
analysis of the min mutants can reveal potential growth and division mechanisms. It also is a
gateway to many more possible studies utilizing filamentation and minicells as tools in
molecular biology.
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FIGURES

Figure 1. The molecular mechanism of Min oscillation. Membrane-bound complexes of MinC
(yellow) and MinD (purple) are targeted by MinE (cyan). MinE dimers change conformation and
bind MinD and the membrane, displacing MinC and stimulating the ATPase activity of MinD
and its removal from the membrane. MinC and MinD-ADP move toward the opposite pole and
begin another cycle of oscillation. MinE can stay membrane bound to remove more MinCD
complexes or change conformation and follow MinD to the opposite pole. (Quoted from Rowlett
& Margolin, 2015)
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Figure 2. Schematic diagram of the AFM. The cantilever is able to scan the sample line by
line. The laser (indicated by the dotted line) is reflected off the top of the cantilever on to the
position sensitive photo detector (PSPD). The cantilever collects information in both horizontal
and vertical direction in order to generate topographical image of the sample. (Image adapted
from Yan, 2010).
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Figure 3. AFM topographs displaying bacterial morphological changes during a growth
curve. All images are 15 μm x 15 μm and were obtained at population age A) 2 hours, B) 4
hours, C) 6 hours, D) 8 hours and E) 11 hours after inoculation. Both within and between
images, the panels in Fig 1 show a striking amount of morphological heterogeneity. In terms of
shape, there are round cells, rod shaped cells, and filaments. Cells from all time points (Panels AE) contain both round and rod shaped cells, while cells from later times also contain filaments
(Panels C and E), with a particularly long filament boxed in Panel E. In addition, there is a
striking amount of heterogeneity among the surface features of the cells. Some cells are smooth
across their top surface (see boxed cell in bottom center of A), while some have small
indentations towards their poles (see boxed cells at bottom left of C). Some cells appear sunken
in throughout their centers (see boxed cells in D), while some cells are asymmetrically sunken at
their midline (see boxed cells in B) (Image quoted and modified from Lammers et al.).
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Figure 4. Protein motif comparison of the Min system in B. subtilis (Bsu), E. coli (Eco), P.
aeruginosa (Pao), and A. baylyi (Aci) from KEGG. All protein motifs were considered
significant for analysis if the E-Value was less than 10-6. The length of each amino acid is
represented by the scale above. (a) MinC protein motifs with the orange boxes denote the Nterminal, while blue boxes denote the C-terminal. (b) MinD protein motifs with the white boxes
denoting the AAA_31 motif, and the grey boxes representing ParA. (c) MinE protein motif with
the green boxes denoting the MinE motif. There was no detectable MinE protein motif for B.
subtilis.
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Figure 5. MinC sequence alignment between with B. subtilis (Bsu), E. coli (Eco), P.
aeruginosa (Pao), and A. baylyi (Aci). (.) indicates a conservation of a weakly similar amino
acid. (:) indicates conservation of a strongly similar amino acid. (*) indicates proteins that are
identical. The N-terminus that include the N-terminal motif is more conserved than the Cterminus. The yellow highlighted section indicates position 7 of the N-terminal motif. Previous
reports find that in order for the MinC N-terminus to be functional lysine is essential; however,
in ADP1 threonine is present instead. This supports the fact that the N-terminal motif in ADP1 is
absent. The green highlighted positions (R140, G142, G161, G178) indicate essential amino acids
needed in the C-terminal. It is observed that all of these are congruent to each other.
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--------MGEAIVITSGKGGVGKTTTSANLGTALAILGKRVCLVDTDIGLRNLDVVMGL
MTIIGVDSVAKIVVVTSGKGGVGKTTTSASFATGLALRGHKTVVIDFDVGLRNLDLIMGC
--------MARIIVVTSGKGGVGKTTSSAAIATGLAQKGKKTVVIDFDIGLRNLDLIMGC
--------MARIIVVTSGKGGVGKTTSSAAIATGLAQKGKKTVVIDFDIGLRNLDLIMGC
:.. :*:***********:** :.*.** *::. ::* *:******::**

52
60
52
52

Bsu:MinD
Aci:MinD
Pao:MinD
Eco:MinD

ENRIIYDLVDVVEGRCKMHQALVKDKRFDDLLYLMPAAQTSDKTAVAPEQIKNMVQELKERRVVYDFVNVINNEARLQQALIRDKDIEN-LYILPASQTRDKDALTDEGVARVIEELSERRVVYDFVNVIQGDATLNQALIKDKRTEQ-LYILPASQTRDKDALTREGVEKVLNDLAA
ERRVVYDFVNVIQGDATLNQALIKDKRTEN-LYILPASQTRDKDALTREGVAKVLDDLKA
*.*::**:*:*::. . ::***::** :: **::**:** ** *:: * : .::::*

111
118
111
111

Bsu:MinD
Aci:MinD
Pao:MinD
Eco:MinD

QEFDYVIIDCPAGIEQGYKNAVSGADKAIVVTTPEISAVRDADRIIGLLEQEENI----QEFDYIICDSPAGIERGAILAMYHADEAIIVTNPEISSVRDSDRIIGMLDSKTKKVEQNE
MDFDFVVCDSPAGIETGALMALYFADEAIITTNPEVSSVRDSDRILGIIASKSRRAENGE
MDFEFIVCDSPAGIETGALMALYFADEAIITTNPEVSSVRDSDRILGILASKSRRAENGE
:*:::: *.***** *
*: **:**:.*.**:*:***:***:*:: .: .

166
178
171
171

Bsu:MinD
Aci:MinD
Pao:MinD
Eco:MinD

--EPPRLVVNRIRNHLMKNGDTMDIDEI-VQHLSIDLLGIVADDDEVIKASNHGEPIAMD
GRVRKHLCITRFNPERADRQEMLTIDDISKDILRIPTLGVIPECPSVLQASNEGKPVVLY
EAVKEHLLLTRYNPGRVSRGDMLSMEDV-LDILRIPLVGVIPEDQSVLRASNQGEPVILD
EPIKEHLLLTRYNPGRVSRGDMLSMEDV-LEILRIKLVGVIPEDQSVLRASNQGEPVILD
:* :.* .
.. : : :::: : * * :*:: : .*::***.*:*: :

223
238
230
230

Bsu:MinD
Aci:MinD
Pao:MinD
Eco:MinD

PKNRASIAYRNIARRILGESVPLQVLEEQNKGMMAKIKSFFGVRS 268
TESKSGQAYDDLVARFLGEERPYRHITVQPKSWLARL---FGA-- 278
ATSDAGKAYADTVDRLLGEERPFRFIEEEKKGFLKRL---FGG-- 270
INADAGKAYADTVERLLGEERPFRFIEEEKKGFLKRL---FGG-- 270
:. ** : . *:***. * : : : *. : ::
**

Figure 6. MinD sequence alignment between with B. subtilis (Bsu), E. coli (Eco), P.
aeruginosa (Pao), and A. baylyi (Aci). (.) indicates a conservation of a weakly similar amino
acid. (:) indicates conservation of a strongly similar amino acid. (*) indicates proteins that are
identical. The entire span of the MinD sequence is highly conserved among the organisms.

Aci:MinE
Pao:MinE
Eco:MinE

--MAGFWSKIFGNDEKPSSAQTAKDRLKVIVASEQGLGRRLSQDKIDQMKKEIMQVVSRY
MALLDFF-----LSRKKNTANIAKERLQIIVAERRRG--DSEPHYLPQLKRDILEVICKY
MALLDFF-----LSRKKNTANIAKERLQIIVAERRRS--DAEPHYLPQLRKDILEVICKY
: .*:
..* .:*: **:**::***..:
. . : *::::*::*:.:*

Aci:MinE
Pao:MinE
Eco:MinE

VRGVDEDHIQMQVRSEANIEMLEMNINLPEER---- 90
VKIDPDMVTVQLDQKGDDISILELNVTLPETEEVTK 89
VQIDPEMVTVQLEQKDGDISILELNVTLPEAEELK- 88
*:
:
:. :*.:**:*:.*** .

58
53
53

Figure 7. MinE sequence alignment between with E. coli (Eco), P. aeruginosa (Pao), and A.
baylyi (Aci). (.) indicates a conservation of a weakly similar amino acid. (:) indicates
conservation of a strongly similar amino acid. (*) indicates proteins that are identical. The entire
span of the MinE sequence is highly conserved.
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Figure 8. Growth curves of the min mutants with a comparable wild type. Cells were grown
in Minimal Davis succinate at 30°C shaking at 200 rpm with slanted aeration. (a-c) Growth
curves of MinC, MinD, and MinE with the same wild type data shown for comparison,
respectively. Calculated growth rates and doubling times were based on exponential phase which
started at 211 to 388 minutes. Exponential phase was of interest as sampling of cells for future
analysis occurred during this time period. Consequently, the doubling rates for each of these
were 56.18, 70.92, 78.74, and 45.25 respectively as well. (d-e) With a focus on MinC, OD600
values were collected while cells were harvested for AFM plating. These OD600 values are
reflective of the samples taken for the minC mutant images analyzed. However, similar to (a-c)
the optical density of the mutants is visibly lower than the wild type during the course of
sampling.
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Figure 9. Visual representation of min mutants in ADP1 taken under AFM at exponential
growth phase. Mutant images all contain filamented cells with the occasional presence of
minicells. All images were taken at the following parameters: 30 μm x 30 μm, 0.5 Hz with 20482
pixels and then cropped. (a) Wild type ADP1 cells imaged showcased normal coccobacilli
morphology with indents on the cells. (b) The minC mutants with the yellow box denoting a side
bite, the green box denoting through bites, and the blue box representing an indent. (c-d) minD
and minE mutant were similar to the minC mutant in that there were filaments with bites and
indents present. The orange box showcases the sparsely present minicells.
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Figure 10. Close ups of the surface features observed (indents, side bites, through bites, and
minicells) from Figure 9 that were boxed. . All images were taken at the following parameters:
30 μm x 30 μm, 0.5 Hz with 20482 pixels and then cropped. (a) Side bite feature on the minC
mutant. Side bites were asymmetrical in their placement and did not go through the entire width
of the cell. (b) Through bite feature on the minC mutant. Through bites were single deep features
that spanned across the width of the cell. (c) Indent feature on the minC mutant. Indents appeared
as shallow holes that are not as deep as bite features and are the smallest dimension wise. (d)
Minicells on the minE mutant. (e) A three-dimensional topographical image of the minC mutant
that emphasizes the differences of cell morphology. The depth of the bites and indents can be
perceived here as bites are deeper than indents.
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Figure 11. Distribution and characterization of cellular features in minC ADP1 mutants. (a)
Distribution of the three cellular features (indents, through, and side bites) observed in minC
mutants (n=361). Side bites were the most prominent feature that occurred encompassing about
two-thirds of the distribution. Cellular features of wild type were also analyzed, and all were
indents (n=54). (b) Dimensions of length and width of the three cellular features on both minC
mutants and wild type cells were measured through Nanoscope Analysis. Blue represents the
minC mutants, while yellow symbolizes the wild type. There appears to be a linear trend,
indicating that formation of these features occurs in a symmetrical manner. Error bars were
created based on standard deviation.
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Figure 12. Distribution of bites and indent positioning along the length of the minC mutants
and ADP1 wild type. The x-axis represents bins (e.g. 0.1 is a range from [0, 0.1], 0.2 is a range
from (0.1, 0.2], 0.3 is a range from (0.2, 0.3], and so on. During analysis since one end was
arbitrarily declared the start of the cell, the scale utilized in the x-axis indicates positioning up to
0.5 (halfway mark) of the cell. Thus, 0.1 equals the 0.9 mark, 0.2 equals 0.8, 0.3 equals 0.7, and
so on if the scale was interpreted onto a 0 to 1 range. The y-axis is a count of the occurrences. (a)
The minC mutants had cellular features of both bites (side and through) and indents (n=266).
There appears to be no pattern of distribution of the position of either the bites or indents along
the length of the cell. (b) Wild types only exerted indent features at this time point (n=56). They
were most prominent at the 0.3 and 0.4 positions of the cell.
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TABLES
Table 1. Primers used for PCR to confirm the construction of min mutants in ADP1.
Primer Name
Primer Sequence
Final Construct
SV-minC-R

CGTCGGTCAAGGCATCTTTAT

Verification of minC mutants

SV-minC-F

GCTCTGACACTGCACCTAATAC

Verification of minC mutants

MinD-F

GGTAATCCCTCTGCACGTATTT

Verification of minD mutants

MinD-R

TGCTCAGATGCCACGATAAC

Verification of minD mutants

SV-minE-F

ACGTGACTCTGACCGTATTATTG

Verification of minE mutants

SV-minE-R

ACGCTGACCTTCTGGATTTATTT

Verification of minE mutants
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Table 2. Min system protein homologs in ADP1.
Protein ACIAD Pseudomonas Escherichia
Name in
aeruginosa
coli
ADP1
Pao
Eco

Bacillus
subtilis
Bsu

Function (in E. coli)

MinC

0895

Pat9b_2221

b1176

BSU28000 Septum site-determining
protein and cell division
inhibitor; inhibitor of FtsZ
ring polymerization

MinD

0894

Pat9b_222

b1175

BSU27990 Septum site-determining
protein and cell division
inhibitor; a membrane
ATPase, activates MinC

MinE

0893

Pat9b_2223

b1174

None

Cell division topological
specificity factor

Table 3. Averaged minC mutant characteristics compared to wild type ADP1.
Cell Length Cell Width
Surface Area
Volume
SA:V
3
4
2
3
(μm)
(μm)
(μm )
(μm )
(1/ μm)

1

minC
5.52 ± 3.94
1
Mutant

0.92 ± 0.16

16.5 ± 12.4

3.76 ± 3.11

5.03 ± 1.59

Wild
Type2

1.04 ± 0.12

5.84 ± 1.57

1.23 ± 0.44

4.92 ± 0.64

1.79 ± 0.42

n= 137
n= 281
3
p<0.05 between minC mutants and wild type
4
p<0.05 between minC mutants and wild type
2
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APPENDECIES
Appendix 1: Recipes
Minimal Davis Succinate Broth
In a 2 L Erlenmeyer flask with a stir bar dissolve 10.6 DifcoTM Minimal Broth Davis
without Dextrose in 800 mL of tap water. Pour into a 1 L graduated cylinder and fill to 1 L
exactly. Cover with parafilm and invert to mix well. Pour each 500 mL into a separate 1 L bottle,
and autoclave within an hour. After the broth is autoclaved and cooled, add 5 mL of sterile 1 M
succinate into each 500 mL of broth. When kanamycin antibiotic was necessary, add 500 μL of
kanamycin stock (at a starting concentration of 10 mg/mL) to 500 mL of melted agar
immediately before pouring, when the agar was cool enough to handle and not so hot as to
inactivate the antibiotic.
Minimal Davis Succinate Agar
Using a graduated cylinder, pour 500 mL of the Minimal Davis Broth without any
succinate added into a 1 L bottle. Add 7.5 g BD BactoTM Agar and autoclave within an hour.
Before pouring into plates with the agar cooled to ~55°C in a water bath, add 10 μL of sterile 1
M succinate per 1 mL of broth for a liter of water and any additional antibiotics. Swirl the bottle
to ensure mixing and then pour about 25 mL into each plate.
1 M Succinate
Use the formula weight and multiply by 0.2 to make 0.2 L. Dissolve in 150 mL of
ddH2O, and then pour into a graduated cylinder. Fill the graduated cylinder to 200 mL with
ddH2O. Filter sterilize in a 250 mL flask. Store at room temperature.
Sterile Saline
Dissolve 10 g of NaCl in 800 mL of tap water. Pour into a 1 L graduated cylinder and fill
to 1 L exactly. Cover with parafilm and invert to mix well. Pour back into bottles or flasks;
autoclave within an hour.
Sterile ddH2O
Using sterile bottles, fill 50-75% with special deionized distilled water and autoclave.
Label the contents with initials and date.
Sterile ddH2O for AFM
Follow procedure as above, but additionally, once the water has cooled, filter-sterilize
with a large syringe (30 mL) and syringe filter and squirt into a sterile 50 mL conical tube. Label
the contents with initials and date.
Primer Resuspension
Resuspend each of the oligos (primers) at 100 pmol per microliter in sterile autoclaved
ddH2O. Make 10 pmol/ μL working stocks of the primers using a sterile labeled microfuge tube,
10 μL of the primer and 90 μL of sterile ddH2O. Mix by pipetting up and down. Hold on ice.
Store resuspended primers and working stocks at -20°C after resuspension. Thaw primers on ice
with occasional vortex mixing when needed.
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Agarose Gel
With gloves, prepare a 1% (weight per volume) agarose gel by adding 0.5 g of powdered
agarose to a total of 50 mL of electrophoresis buffer (1X TAE) all in a 125 mL Erlenmeyer flask.
However, for now dissolve 0.5 g of powdered agarose in 25 mL of 1X TAE. Stuff two folded
KimwipesTM into the mouth of the Erlenmeyer flask. Microwave on high for 30 seconds and then
swirl the agarose. Continue to microwave for 15-30 seconds with swirling in between until the
agarose dissolves completely and the bubbles dissipate.
Obtain a clean gel tray and seal the ends with rubber dams. Lay the gel tray with the
rubber dams in the gel box. Place the comb on the gel tray with the large teeth projecting into the
tray. The teeth of the comb should be approximately 3 mm above the bottom of the tray, and
there should be about a centimeter between the teeth and rubber dam. Adjust the comb up a
notch accordingly if it is too close to the rubber dam. Add 25 mL of room temperature 1X TAE
to the hot flask, thus cooling the agar quite a bit. Add 5 μL of GelRedTM stain to the flask of
melted agarose gel and swirl gently and thoroughly to disperse the dye throughout the agarose.
GelRedTM binds to the DNA in the PCR and will allow for visualization under ultraviolet light.
Pour the agarose mixture into the prepared mold. Let the agarose gel harden for approximately
15 minutes at room temperature. When the gel appears opaque, remove the gel from the gel box
and loosen and remove the rubber dams by bending them towards the gel and then gently away
from the gel. Carefully remove the comb by pulling straight up.
Appendix 2: Laboratory Protocol
Streaking Frozen Stocks of Bacteria
Obtain Minimal Davis Succinate and Minimal Davis Succinate Kan10 agar plates when
streaking out wild type CCL1319 cells and CCL2036 or transformed mutants respectively.
Frozen strains can be found in the -70°C freezer in Dr. C. Phoebe Lostroh’s laboratory. Further
information about the strain types can be found in the physical or digitalized strain book for
corresponding CCL numbers. Quickly, take the desired CCL strain from the freezer from its
labeled box and place cryogenic vial on ice. Put the remaining contents of the box back in the
freezer and close the door immediately. With a long-stem autoclaved skewer, dip it into the
contents of the cryogenic vial and dab it on the selected agar plate. Put back the cryogenic vial in
the freezer, and streak plate with a metal loop with aseptic techniques.
DNA Isolation with DNeasy Blood & Tissue Kit
DNeasy Blood & Tissue Handbook
Protocol: Pretreatment for Gram-Negative Bacteria
This protocol is designed for purification of total DNA from Gram-negative bacteria, such as E.
coli. The protocol describes the preliminary harvesting of bacteria before DNA purification.
1. Harvest cells (maximum 2 x 109 cells) in a microcentrifuge tube by centrifuging for 10
minutes at maximum rpm (16.1x 1000 rpm).
2. Resuspend pellet in 180 µL Buffer ATL.
3. Continue with step 2 of the protocol “Purification of Total DNA from Animal Tissues (SpinColumn Protocol)”, page 29.
Protocol: Purification of Total DNA from Animal Tissues (Spin-Column Protocol)
2. Add 20 µL proteinase K. Mix thoroughly by vortex mixing and incubate at 56oC until the
tissue is completely lysed. Vortex occasionally during incubation to disperse the sample, or place
in thermomixer, shaking water bath, or on a rocking platform for 2 hours.
After incubation the lysate may appear viscous but should not be gelatinous as it may clog the
DNeasy Mini spin column.
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3. Vortex for 15 s. Add 200 µL Buffer AL to the sample and mix thoroughly by vortex mixing.
Then add 200 µL ethanol and mix again thoroughly by vortex mixing.
It is essential that the sample, Buffer AL, and ethanol are mixed immediately and thoroughly by
vortex mixing or pipetting to yield a homogeneous solution. Buffer AL and ethanol can be
premixed and added together in one step to save time when processing multiple samples.
4. Pipet the mixture from step 3 (including any precipitate) into the DNeasy Mini spin column
placed in a 2 mL collection tube (provided). Centrifuge at maximum for 1 min. Discard flowthrough and collection tube.
5. Place the DNeasy Mini spin column in a new 2 mL collection tube (provided), add 500 µL
Buffer AW1, and centrifuge for 1 minute at maximum. Discard flow-through and collection tube.
6. Place the DNeasy Mini spin column in a new 2 mL collection tube (provided), add 500 µL
Buffer AW2, and centrifuge for 3 minutes at maximum to dry the DNeasy membrane. Discard
flow-through and collection tube.
It is important to dry the membrane of the DNeasy Mini spin column, since residual ethanol may
interfere with subsequent reactions. This centrifugation step ensures that no residual ethanol will
be carried over during the following elution.
Following the centrifugation step, remove the DNeasy Mini spin column carefully so that the
column does not come into contact with the flow-through, since this will result in carryover of
ethanol. If carryover of ethanol occurs, empty the collection tube, then reuse it in another
centrifugation for 1 minute at max.
7. Place the DNeasy Mini spin column in a clean 1.5 or 2.0 mL microcentrifuge tube, and pipet
200 µL Buffer AE directly onto the DNeasy membrane. Incubate at room temperature for 3
minutes, and then centrifuge for 1 minute at maximum to elute.
PCR

Obtain small sterile PCR tubes; label and note the contents within each PCR tube. Into
the labeled PCR tube, add the following in the order noted: 34 µL of sterile ddH2O, 10 µL of 5X
Master Taq Solution, 2.5 µL of SV-minC-R at 10 pmol/µL, 2.5 µL of SV-minC-F at 10
pmol/µL, and 1.0 µL of template DNA. Make sure that contents are pipetted into the liquid and
not just on the side of the tube. Put the 5X Master Taq solution, the primers, and template DNA
back in the -20°C freezer. Keep everything on ice until the PCR product is in the thermocycler.
Ensure that contents in the PCR tube are mixed together and at the bottom of the tube.
Use the following PCR program on the thermocycler:
1. Initial Melt: 95°C for 30 seconds
2. Melt for Cycling: 95°C for 30 seconds
3. 57°C for 30 seconds
4. Extend Primers: 68°C for 2 minutes
5. Repeat steps one through three 34 more times
6. Final Extend: 68°C for 5 minutes
7. Cool to Store: 4°C for 24 hours
Gel Electrophoresis
Set the gel in the right orientation in the gel box. The gel should be oriented such that
when the lid is put on, the red anode (positive charge) will be on the bottom and the wells to fill
will line up with the black (negative charge). Add electrophoresis buffer (1X TAE) to fill the
reservoirs and cover the gel with about 2 mm of buffer.
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To prepare the PCR sample for gel electrophoresis, combine 4 μL of the loading dye with
20 μL of the PCR product in a PCR microfuge tube. Collect all the liquid in the bottom of the
PCR microfuge tube by briefly centrifuging them and tapping downwards.
Load the gel with 20 μL of each prepared PCR sample and 10 μL of the 1 kb ladder in at
least one lane of the gel. Place the lid on the gel box and run the gel at 80 volts for one-two hours
until the dye marker is near the end of the gel. Use the photo documentation system to obtain a
picture of the gel.
Compare your PCR products by measuring the edge of the well where the DNA first
entered the gel to the center of each band in both the ladder and sample lanes. Use the standard
curve to determine the approximate size of each of the DNA in the bands of linear DNA.
Making Frozen Stocks of Cryogenically Preserved Cells
Assign them an available CCL strain number and fill in the strain book both physically
and digitally with the strain name, description, date, and initials. Use one CCL strain number per
streak plate that is frozen down.
Label the side and top of a 1.5 mL cryovial with the CCL number and a brief description
of the train. The top should have CCL numbers and may require the use of a colored cap insert.
Thoroughly sterilize the area to avoid contamination. With gloves and aseptic technique, pipet
1.5 mL of filter sterilized 20-25% LB glycerol into a cryovial. Do not flame the cryovial but
flame the LB-glycerol stock solution. Use a sterile long-stem Q tip to scrape cells into the
cryovial. Insert into appropriate freezer box in numerical order. Freeze at -70°C.
Growth Curves Using Large Flasks (to Match AFM Cell Preparation)
Two Days Before the Growth Curves:
1. Prepare 2 L with 500 mL of Minimal Davis-Succinate Broth for future use.
2. Autoclave flasks big enough to hold 50 mL of broth each, one for each strain.
3. You can do multiple growth curves at the same time provided that you have room in shaker
for the flasks. So, set up places in the shaker for the flasks.
a. You must always have one flask of control wild type cells whenever you do a growth
curve for a mutant. This is called a “positive control” which shows you the normal result,
proving that the experiment worked properly.
b. If possible, use two mutant flasks and one wild type every time you do the experiment.
4. Make sure you have fresh (<7 days old) streak plates of the mutants and wild type.
5. Name the streak plates you will use for this experiment using the following convention, and
keep track of them in your lab notebook (date streaked, time incubated, date used to get
colonies…)
a. Label plate on the bottom (agar side) not the lid.
b. Streak plate name is the date plate was made from frozen cells in format: PYYMMDDMUT-NN.
i. YY is year, MM is month, MUT is minC, minD, or minE, NN is the number of
the plate
c. Also put your initials on the plate.
One Day Before Growth Curves:
1. Inoculate 2 mL Minimal Davis-Succinate with the strains interested (at least one mutant and
one wild type).
a. Use Minimal Davis-Succinate with kanamycin at 10 μg/mL for the mutants and plain
Minimal Davis-Succinate for the wild type.
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2. Use one colony and toothpick inoculation. Always use a single well isolated colony for
inoculation.
3. Name the cultures as follows: OBYYMMDD-MUT-NN
a. Overnight Broth Name
b. Keep track of which plate you used to make the overnight broth.
4. Incubate overnight (16-24 hours; 16 hours more preferable than 24) with slanted high aeration
at 30oC.
Day During Growth Curve:
1. Get a spectrophotometer and place it close to the shaker you will use for the experiment.
2. Use tape to label the autoclaved flasks according to the following convention.
a. ExBYYMMDD-MUT-NN
3. Obtain overnight broths from shaker.
4. Be prepared in your lab notebook with a table for recording data including the time of
inoculation, the time of sampling, and the optical density measured at 600 nm for every flask,
like the following:
Name of Flask:
OD600 of Overnight Culture:
Time of Inoculation:
Calculated OD600 at Time of Inoculation:
Time of Sampling
Measured OD600
OD600 of 1:6 Dilution
10:15
0.02
Not Done
11:00
0.028
Not Done
Etc.
5. At the time of inoculation, vortex the OB tube and then add 50 μL of cells to the 50 mL of
cells in the flask and immediately incubate the flask at 30oC with 200 rpm aeration. You have
performed a 1:1000 dilution of the OB.
6. Set the spec to 600 nm and blank it with 1 mL of Minimal Davis in a rectangular cuvette.
7. Determine OD600 of OB.
a. The OBs are so dense that the OD600 is no longer a good reflection of cell density.
The cells in the broth overlap each other, interfering with measurement.
b. So instead, make 1:6 dilution in a rectangular spec cuvette
i. Place 1000 μL of Minimal Davis in a cuvette
ii. Vortex OB and add 200 μL to the cuvette
iii. Place gloved hand over top of cuvette, plugging it, and invert 6 times to mix.
c. Record OD600 of 1:6 dilution for each OB
d. Multiply by 6 to get the real optical density of each OB. Record as “OD600 of
Overnight Culture.”
e. Divide by 1000 (because you did a 1:1000 dilution when you added 50 μL of OB cells
to the 50 mL in the ExB flask) to fill in the “Calculated OD600 at time of inoculation.”
Time of inoculation=0 hours for your graphs.
8. Between 2 and 12 hours, remove broth to determine the OD600.
a. Record the exact time at the time of the measurement.
b. Quickly but carefully remove 1 mL for spec reading.
c. Quickly put the flask back at 30oC shaker to disturb the cultures as little as possible.
d. Always blank with a rectangular cuvette containing 1.5 mL Minimal Davis
e. Vortex the cells and then use 1 mL of the sampled cells to get their OD600 and record
it in date table.
f. If the OD600 is >1.0:
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i. Perform a 6-fold dilution as follows and measure the OD600 of that dilution
ii. Mix 1000 μL of Minimal Davis and 200 μL of vortexed cells in a cuvette.
iii. Record OD600 of this 1:6 dilution
iv. Multiply by 6 and record the real OD600 in your lab notebook table.
9. Make a graph of OD600 over time comparing wild type and mutant cells.
Preparing Cells for Imaging by AFM
Two Days Before Preparing Cells
1. Have prepared 2 L with 500 mL of Minimal Davis-Succinate Broth for future use.
2. Autoclave flasks big enough to hold 50 mL of broth each, one for each strain. Make sure it can
fit in the shaker.
3. You can do multiple growth curves at the same time provided that you have room in a shaker
for the flasks. So, set up places in the shaker for the flasks.
a. You must always have one flask of control wild type cells whenever you do a growth
curve for a mutant. This is called a “positive control” which shows you the normal result,
proving that the experiment worked properly.
b. If possible, use two mutant flasks and one wild type every time you do the experiment.
4. Make sure you have fresh (<7 days old) streak plates of the mutants and wild type.
5. Name the streak plates you will use for this experiment using the following convention, and
keep track of them in your lab notebook (date streaked, time incubated, date used to get
colonies…)
a. Label plate on the bottom (agar side) not the lid.
b. Streak plate name is the date plate was made from frozen cells in format: PYYMMDMUT-NN or …WT-NN.
c. Also put your initials on the plate.
6. Make sure that you have all of the sterile 12-well plates and all of the cleaved mica you need.
One Day Before the Growth Curves
1. Inoculate 2 mL Minimal Davis-Succinate with the strains interested (at least one mutant and
one wild type).
a. Use Minimal Davis-Succinate with kanamycin at 10 μg/mL for the mutants and plain
Minimal Davis-Succinate for the wild type.
2. Use one colony and toothpick inoculation. Always use a single well isolated colony for
inoculation.
3. Name the cultures as follows.: OBYYMMDD-MUT-NN
a. Overnight Broth Name
b. Keep track of which plate you used to make the overnight broth.
4. Incubate overnight (16-24 hours; 16 hours more preferable than 24) with slanted high aeration
at 30oC.
5. Place mica into 12-well plates and label every well with the sample that will go on that mica.
The Day You Want to Prepare the Cells for Imaging
1. Use tape to label the autoclaved flasks according to the following convention.
a. ExBYYMMDD-MUT-NN
2. Obtain overnight broths from shaker.
3. At the time of inoculation, vortex the OB tube and then add 50 μL of cells to the 50 mL of
cells in the flask and immediately incubate the flask at 30oC with 200 rpm aeration. You have
performed a 1:1000 dilution of the OB.
4. Incubate with high aeration for the agreed-upon time.
5. Make sure you have all supplies and equipment nearby and set properly.
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6. Make sure the centrifuges are set up and that you have any balance tubes of water that might
be necessary.
a. Aseptically pour about 50 mL of sterile MilliQ water into a sterile 50 mL conical tube
and place on ice. This is the ice-cold water for the rest of the procedures.
7. At the designated number of hours (390, 480, 600 minutes), sample the flask and prepare cells
for imaging.
a. Record the exact time, such as 10:14, at the time of the measurement.
b. Take out 5 mL at time 390 minutes in a 15 mL sterile conical tube.
c. Take out 2 mL at 480 minutes in a 15 mL sterile conical tube.
d. Take out 2 mL at 600 minutes in a 15 mL sterile conical tube.
e. We took out 5 mL at each time point, however this could lead to overcrowding of cells.
f. Quickly put the flask back at 30oC shaking to disturb the culture as little as possible if
you plan to take another sample at a later time point…
g. Prepare cells for imaging
i. Use a tube of water for balance if you have an odd number of tubes.
ii. Pellet the cells by centrifuging them for 5 minutes at 3000 rcf.
iii. Obtain a clean KimwipesTM and put it near the centrifuge.
iv. When the centrifuge stops, open it and grasp the tubes gently. Invert them over
a waste container so that most of the liquid comes out, and then, keeping them inverted, tap the
open tube (bottom up) onto the KimwipesTM, so that even more liquid comes out of the tube. Be
gentle.
8. Prepare cells for AFM imaging
a. Make sure that you have removed all unnecessary items from your bench, and that you
have wiped it down to sterilize it.
b. Resuspend the cells in each different tube in 750 μL ice-cold sterile water by pipetting
up and down and mixing.
c. Transfer the cells to labeled (small) microfuge tubes.
d. Pellet the cells by microcentrifuging them for 1 minute at 3000 rcf.
e. Discard the supernatant.
f. Resuspend the cells in 750 μL ice-cold sterile water by pipetting up and down and
mixing and pellet cells once more with the same settings. Discard supernatant.
g. Repeat step f again. This gives a total of three washes.
h. Resuspend the cells in 200 μL ice-cold sterile water by pipetting up and down and
mixing.
i. Obtain prepared mica mounted on a puck. You need three for each microfuge tube of c
ells. Label the compartments of a 12-well plate to keep track of what you will apply to
the puck stored in each compartment.
j. The labels must be the same as those on the tubes and flasks with dilution indication.
k. Write these labels directly on top of the well containing the appropriate puck.
Otherwise you will get confused when you try to image the pucks.
l. Use a clean row in a 96-well plate to perform two-fold, four-fold, and eight-fold
dilutions as follows.
i. Place 50 μL of sterile ice cold water into wells 1 and 2 in a row
ii. Mix the cells in the microfuge tube thoroughly by tapping and put 50 μL of the
cells into well 1. Mix by pipetting up and down. These cells have been diluted 2fold.
iii. Switch tips, pipet up and down to mix in well 1 and transfer 50 μL to well 2.
Mix by pipetting up and down. These cells have been diluted 2x2= 4-fold.
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iv. Repeat for 8-fold dilution.
m. Mix well again and apply 15 μL of the 1:2, 1:4, and 1:8 diluted cells to the mica in the
correctly-labeled well of the 12 well plate.
n. Allow the droplets on the mica to air dry for at least 18 hours. Store in the dark,
because the marker used to label the 12-well plates fades if exposed to light.
NanoScope Image for Cell Analysis
Overlapping Cells
Overlapping cells will be measured for length and width like normal, however surface
features of bites and indents will only be measured if the boundaries of these features are
distinct.
Off the Page Cells
The length and width of off the page cells will not be considered for analysis, since the
remainder of the cell dimensions are not pictured and therefore unknown. Surface features of
bites and indents will only be measured if the boundaries of these features are distinct.
Cell Dimensions
• The width of a cell is always perpendicular to the length.
• If a cell does not have a uniform width, find the center of the cell, if the width there
seems to be a good medium, use that measurement.
o If the middle width does not appear to be reasonable, take two or more
measurements and average them.
• When cells have biofilm, measure to the end of the cell, not to the end of the biofilm
o Note if the image has a lot of cells with biofilms
Measuring Length
• Length of the cell is to be defined as the longest segment along the axis of the cell
• If the cell is curved or too long, segments are measured separately and added together
Measuring Width
• Measured perpendicular to the length at the mid-point of the cell
• If the cell was too long (greater than 2 μm), width was measured at three points (each end
and middle) and then averaged
Features of aspect ratio, surface area, volume, and surface area to volume ratio are calculated
according to Lammers et al. through cell length and width measurements with the following
equation:

Bite Cell Classification
• Deep, relatively steep-sided depression on cell surface
• Bite Categories
o Side Bites
o Through Bites
o Indentations
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Bite Measurements
Numbering Bites
• Bites are numbered from top to bottom or left to right (if cell is in a horizontal direction)
on analysis sheet
Measuring Length
• Measured in the same direction as cell length
• Case of Side Bites (where the boundary of the bite is undetermined)
o Use the closest length of the cell as a boundary
Measuring Width
• Measured in the same direction as cell width
• Case of Side Bites (where the boundary of the bite is undetermined)
o Use the closest width of the cell as a boundary
Measuring Position
• One end of the cell is denoted as 0 μm, and position is measured to the middle of the bite
along the length axis of the cell
• 0 μm end of the cell is denoted as the top or left most side of the cell (same idea as
numbering the bites)
o E.g. Bite #1 will be the closest to the 0 μm mark
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How to Access Images Used
Dataà2016 Summer Ben Kenn Caroline Rico Sara Saulà Experiment 53à Plane Fit
List of Images Used for Analysis
MinC 600 Minutes Images
08091837
08091318
08221607
WT 600 Minutes Images
08081525
List of Images Pictured in Thesis
Figure 9a: 08081525
Figure 9b: 08091637
Figure 9c: 08231224
Figure 9d: 08291821
Figure 10a: 08091637
Figure 10b: 08091637
Figure 10c: 08091637
Figure 10d: 08291821
Figure 10e: 08091637

