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Abstract

Acinetobacter baylyi ADP1is a naturally competent, non-pathogenic soil
bacterium used for the study of natural transformation. Natural transformation is the
ability to acquire extracellular DNA and use that DNA as new genetic material. Here, we
tested the impact of monovalent cations on transformation efficiency by comparing
transformation using LB agar, which contains Na+ ions, to transformation using LBK
agar, which contains instead K+ ions. We found no difference in transformation
efficiencies using these two types of solid media during transformation. Next, we
intended to test the effects of divalent cations on transformation efficiency. But, rates of
transformation were so high on both LB and LBK that we first needed to find conditions
under which transformation efficiency was <0.1% in order to be able to detect whether
the addition of cations would have a positive effect on transformation efficiency. Thus,
we reduced the amount of DNA used for transformation, but doing so did not reduce the
transformation efficiency. Then, we altered the conditions under which we measured
transformation efficiency by adding DNase, which degrades extracellular DNA, in order
to restrict the time of DNA availability. However, these manipulations did not reduce the
transformation efficiency either. Control experiments verified that the wild type, non-
transformed cells were sensitive to the antibiotic chloramphenicol. This control is
important because the donor DNA confers resistance to chloramphenicol. Unfortunately,
the desired conditions of experimental room were never obtained, and thus a effective
comparison of transformation rates due to divalent cation presence was conducted. We

conclude that ADP1 cells are extremely competent under all conditions tested.



Introduction

The transfer of genetic material between bacteria takes place through one of the
three following mechanisms: conjugation, transduction, or transformation. Conjugation
is the transfer of plasmid DNA via a direct physical connection between bacteria known
as the mating bridge (Salyers & Whitt, 2001). Conjugation is the most common form of
transfer of genetic information, making it the most important method of recombination
among bacteria. Transduction, a slightly more complex method of genetic exchange, is
the process by which DNA is transferred from one bacterium to another via a virus. In
this process bacterial DNA is accidentally incorporated into a progeny virus, and then
integrated into another bacterial genome via homologous recombination after viral
injection has occurred. Because no viral DNA is present in the progeny virus containing
bacterial DNA, the bacterial DNA is transferred from one host to another without the
subsequent production of additional progeny viruses (Salyers & Whitt, 2001). Because
this process is DNase resistant and requires no physical contact between the donating cell
and the receiving cell, transduction is often used in laboratory settings to introduce novel
genes into cells for research purposes (Salyers & Whitt, 2001).

The final process by which genetic information is exchanged, transformation,
occurs in bacteria when naked, exogenous DNA is introduced into bacteria and then
integrated into their genome (Chen & Dubnau 2004). The introduction of substrate DNA
can take place through artificial transformation in laboratory settings, or through natural
transformation. In artificial transformation, techniques such as electroporation are used
to create holes in the cytoplasmic membrane of bacteria through which genetic material

can leak. In natural transformation, genetic information in the form of naked exogenous



DNA is imported into bacteria through a series of complex biological machineries, and
eventually integrated into the bacterial genome. The presence of exogenous DNA is due
to decomposition of deceased organisms, and their genetic information is spread around
the environment through natural transformation. The process of natural transformation
was first proposed by Fred Griffith in 1928 and eventually shown to involve DNA as the
genetic information by Oswald Avery in 1944. In 1993 Palmen et. al stated that at least
43 species in 24 bacterial genera are reportedly naturally transformable, but this figure is
constantly growing as more research is conducted in the field. Indeed, it is postulated
that natural transformation played a critical role in the evolution of a single-celled
eularyotic organism from Archaea and prokaryotic ancestors (Averhoff, 2004).

Natural transformation is currently a growing field of intensive research for a
variety of real world concerns. Growing antibiotic resistance is a major concern, and
natural transformation is one mechanism of resistance genes spreading. Studies have
shown that antibiotic resistance is transferable from bacteria of different origins across a
wide spectrum of real world surfaces (Kruse & Sorum, 1994). Although some species,
such Haemophilus influenza and Neisseria gonorrhoeae require specific sequences to be
present in DNA for uptake to occur (Chen & Dubnau, 2004), many other species that
have been exhaustively studied do not require such specificity (Palmen et. al, 1997), such
as Bacillus subtillus, Streptococcus pneumonia, and Acinetobacter baylyi (Chen &
Dubnau, 2004; Lostroh & Lang, 2013). As such, it is possible for advantageous genetic
information to be passed from species to species, or from individuals within the same
species. In fact, a recent study showed that it is possible for 4. baylyi to horizontally

import genetic information from deceased plant material, and to integrate the imported



DNA into its genome. A. baylyi was able to express both antibiotic resistance and green
pigmentation from transgenic tobacco plants (Pontiroli et. al 2009). This phenomenon is
concerning given the amount of genetically modified crops that are currently cultivated at
an industrial scale in developed countries. Many genetically modified crops contain
genes that confer resistance to common pesticides, and in fact some crops, such as round-
up ready corn produced by the company Monsanto, actually produce their own
compounds. If these genes were to transfer to bacteria, entire ecosystems could be
destroyed in incredibly short periods of time. As such, it is necessary for further research
to be conducted into the process of natural transformation in bacteria so that we may
better understand the affects of wide spread genetic manipulation.

Natural transformation is an intricate process, which involves a conserved set of
proteins that are arranged to form functional biological complexes, known as the
competence pseudopilus. These biological complexes are utilized throughout the entire
process of natural transformation, and are conserved across a range of species, both
Gram-positive and Gram-negative. Specifically, the competence pseudopilus are very
similar in structure to Type IV pili and Type II secretion systems, and are composed of
homologous if not identical structural proteins (Averhoff, 2004)(Introduction Table
1)(Introduction Figure 1). Type IV pili have been shown to be involved in a variety of
biological processes, such as twitching motility (the ability for single celled organisms to
move across surfaces by “twitching” extracellular pili), host cell adherence (when
applicable), biofilm formation, bacteriophage infection, and natural transformation
(Schaik et. al. 2005). Type II secretion systems function as ATP gated channels for a

variety of proteins and compounds (Schaik et. al, 2005). Natural transformation can be



divided into phases, each which has been studied in a variety of model bacteria species.
Many of the proteins required for these processes are conserved across different protein
complexes.

Class 1 proteins, structural prepilins, form the central core of type IV pilus and
pseudopilus systems, and are processed as they enter the cytoplasmic membrane by class
2 proteins, prepilin processing leader peptidases (Averhoff, 2004; Chen & Dubnau,
2004). In Acinetobacter BD413 the structural prepilins are the ComB, ComE, and ComF
proteins, while the leader peptidase is the ComD protein (Averhoff, 2004). Once the
prepilins have been processed by the prepilin peptidases, they are ready for assembly into
functional helical pili that in type IV pilus systems extend beyond the outer cell
membrane. The class 3 proteins, or traffic NTPases mediates the assembly process using
energy from hydrolysis of ATP molecules. In addition, class 4 polytopic inner membrane
proteins are required to stabilize the structure. Once the pilus reaches the outer
membrane it must pass through a channel formed by proteins known as secretins, or class
5 proteins. In A. baylyi the secretin protein is the ComQ protein, which forms a
multimeric ring structure consisting of 15 beta-barrel components, and is critical to
competence (Lostroh & Lang, 2013). The ring structure acts as a gated channel for a
variety of compounds and protein structures, including but not limited to the type IV
pilus, the psuedopilus, and the type 11 secretion system (Averhoff, 2004; Chen & Dubnau,
2004). A final class of proteins known as class 6 outer-membrane proteins has been
identified, however, their exact function has not been described in details. In Neisseria

gonorrhoeae, a gram-negative bacterium similar to A. baylyi, the ComC protein is used to



stabilize the end of the growing type IV pilus, and possibly for DNA binding (Scheik et.
al, 2005).

The process of natural transformation can be broken into four distinct phases.
These phases are 1) competence induction, 2) DNA binding, 3) DNA import and 4)
integration and expression of genetic material (Palmen & Hellingworf, 1997; Averhoff,
2004). Competence, or the ability for individual organisms to undergo natural
transformation, is thought to be a physiological transient state controlled by organism-
specific signaling processes (Chen & Dubnau, 2004). However, some species are in a
state of constant competence, although these are less well understood (Averhoff, 2004).
For example, 4. baylyi is competent throughout its growth phase, with peak competence
achieved when cells are diluted into fresh broth after overnight incubation (Lostroh &
Lang, 2013).

The first phase of transformation begins with the signaling pathway, or early
competence phase. Signaling processes make up a pathway composed of intra- and
extracellular signals that eventually leads to the induction of competence (Palmen &
Hellingwerf, 1997). The exact conditions that induce competence in bacteria differs
based on the individual organism, although some of the most common conditions include,
but are not limited to, the lack of certain amino acids or the presence of excess glucose
(Palmen & Hellingwerf, 1997). Many of the major proteins involved in the sensory
pathway are conserved across numerous transformation competent organisms and their
species-specific pseudopilus complexes (Palmen & Hellingwerf, 1997). In addition, the

environmental conditions that induce competence in 4. baylyi are not understood.



After the sensory pathway is triggered in potentially competent bacteria the
structural components of the competence machinery must be assembled. Machinery must
be constructed that is capable of sensing potential template DNA, binding to the DNA,
preparing it for importation, and finally importing the substrate DNA. Although Gram-
positive and Gram-negative bacteria must create different machinery capable of spanning
their different types of cell envelopes, many of the proteins and proteins structures are
conserved (Introduction Figure 1). Specifically, many of the secretin proteins, the
prepilin processing leader peptidases, and the polytopic inner membrane proteins used are
homolougous across several species, as are several other classes of structural proteins
used to construct competence mechanisms (Introduction Table 1). Gram-positive
machinery must be capable of importing substrate DNA across the extra thick
peptidoglycan layer, where as gram-negative machinery must transport substrate DNA
across an additional outer membrane layer (Chen & Dubnau, 2004).

The second phase of natural transformation, DNA binding, begins with exogenous
DNA binding to the cell surface (Gram-positive) or surface receptors of bacteria (Gram-
negative). For A. baylyi this process is non-specific. A. baylyi, formerly known as 4.
calcoaceticus (Vaneechoutte M et. al, 2006), can bind to all forms of substrate double-
stranded DNA, be it linear chromosomal DNA or circular multimeric DNA containing
more than one section or strand (Palmen & Hellingwerf, 1997). The exact mechanism by
which competent bacteria bind to exogenous DNA is unknown, however it has been
shown that the type 4 pili is associated with the binding process. Although an interaction
has never been observed between DNA and type 4 pili, competence levels and rates of

transformation are associated with functioning type 4 pili. It has been shown that when



Pseudomonas stutzeri pilA mutant (mutant strain with a non-functional pil4 gene that is
no longer capable of performing natural transformation or type 4 pili construction) has a
functioning pil4 gene from related P. aeruginosa (species not capable of natural
transformation) introduced into its genome, P. stutzeri regains competence abilities. In
addition, it was also observed that when the pil4 gene was introduced to the naturally
competent N. gonorrhoeae pilE mutant, the rate of natural transformation was increased.
Both pilA proteins and pilE proteins are prepilin proteins involved in the structural core
of type IV pili and competence pseudopili structures (Averhoff, 2004). These findings
suggest that functional type 4 pilin protein is vital to both type 4 pili assembly and
functional competence pseudopili, and is somehow associated with DNA binding (Schaik
et. al, 2005). Thus, some feature of the type 4 pili must be conserved in the process of
natural transformation.

In order to test this theory, Schaik et. al tested the binding affinity of several types
of type IV pili in P. aeruginosa, a non-competent bacteria. The researchers found that
some forms of type IV pili had an affinity to DNA in varying degrees, and all types tested
had a least some level of affinity. In addition, it was observed that the pili tested had a
greater affinity to pyrimidines over purines (Schaik et. al). Finally, Schaik et. al showed
that antibody specific binding to type IV pilus tips significantly reduced rates of DNA
binding, indicating that the presence of a pilus tip protein is required for proper type [V
pilus binding to DNA. This suggests a possible function for the ComC protein, or tip
associated protein used in the type IV pilus system in A. baylyi (Schaik et. al, 2005;
Lostroh & Lang, 2013). These findings support the study of the type IV secretion system

in order to further understand DNA binding in natural competence.



After DNA binding, an additional subphase takes place before the process of
DNA uptake. Substrate DNA that is taken up by bacteria enters the cell in single
stranded form. In addition, several species, such as B. subtilis require a free end to be
present in the substrate DNA in order for the uptake process to occur (Chen & Dubnau,
2004). Because exogenous DNA comes primarily in its double stranded form, hydrolysis
of the complement strand that results in the presence of a free end must take place before
or simultaneously with the process of importation, as without the presence of a free end
importation would never occur. The hydrolysis process itself can take place within the
peptidoglycan layer in Gram-positive bacteria or within the inter-membrane space in
Gram-negative bacteria. Several theories have linked the hydrolysis of the complement
strand to the DNA uptake phase (Averhoff, 2004), although the evidence that links these
two processes is inconclusive. However, it is the case that the DNA uptake process is
energetically driven through nucleoside triphosphate hydrolysis, or is driven by proton
motive force (Averhoff, 2004). In either case, an expenditure of energy must take place
in order for believed conformational changes to occur by which DNA is imported into the
transform cell.

The third phase, or the DNA uptake phase, is the least understood phase in natural
transformation. In addition to the type 4 pilin protein, a theoretical model of competence
psuedopilus used for DNA import includes other proteins homologous to others in type 4
pili and type 2 secretion systems (Introduction figure 1). In type II secretion systems,
gated channels formed by secretin proteins serve to guide rapidly extending pili used in a
similar fashion to a piston to push proteins out of the cell across the membrane layers.

These secretins also form the gated channel through which type IV pili extend across the
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membrane layers. By using the secretin proteins in type IV pili machinery, cells can
perform twitching motility using the rapid polymerization and depolymerization of type
IV pili with pilins (Averhoff, 2004; Chen & Dubnau, 2004). Proteins known as traffic
NTPases, which use hydrolysis to provide energy, conduct the polymerization and
depolymerization processes. One theory suggests that once DNA has bound to a type IV
pilus, it is transferred to a competence psuedopilus. Then, traffic NTPases initiate
depolymerization of the pilus subunits, causing it to retract into the cytoplasm of the
psuedopilus then bound to substrate DNA (Introduction figure 1). Research has shown
that the gated channel formed by secretin proteins is 6.4 nm across, or large enough to
accommodate a DNA strand bound to pilin proteins (Chen & Dubnau, 2004).

The final step in natural transformation is the integration of substrate DNA into
the bacterial genome as heritable information. The integration process takes place in a
RecA-dependent manner, requiring the Rec-A protein to bind to the incoming substrate
strand and the corresponding sequence within the host genome. Integration is most
commonly a homologous recombination event, however, it is possible for non-
homologous recommendation to occur, resulting in an additional gene that was not
originally present in the host genome (Salyers & Whitt, 2001). Imported DNA is
protected by eclipse proteins, which stop hydrolysis of foreign DNA by cell defense
mechanisms due to template DNA being in a single stranded state. However, the
protection is not very efficient. In A. baylyi only 1 of 750 imported DNA fragments is
actually integrated into the bacteria genome (Palmen & Hellingwerf, 1997).

A. baylyi strain ADP1 is a highly transformable strain of Acinetobacter that is

used as a model organism in many labs studying the process of natural transformation.
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Originally classified as A. calcoaceticus, A. baylyi presents a powerful model organism
for a variety of reasons (Young et. al, 2005). Unlike 4. baumannii, A. baylyi is non-
pathogenic, and is capable of consuming a variety of carbon and nutrient sources, making
it ideal for study in a laboratory setting. In addition, 4. baylyi exhibits very high rates of
natural transformation and has a relatively small genome, making it quite easy to
manipulate and analyze in transformation experiments. A. baylyi does not require
specificity in template DNA for transformation, meaning it can use any form of double
stranded exogenous DNA for uptake and eventual integration. Finally, 4. baylyi retains
varying levels of competence during all phases of its life cycle, with a peak after transfer
into fresh medium and overnight incubation (Lostroh & Lang, 2013). These attributes
combine to give an ideal model organism that can be analyzed with ease.

In order to better understand the physical structure of transformation machinery,
the Lostroh lab will be conducting research in which they will attempt to visualize DNA
uptake in vivo using atomic force microscopy. It is hoped that in doing so conclusive
evidence can be obtained as to the actual structure of the transformation machinery
(Lostroh & Lang, 2013). In order to do so however, a procedure must be verified by
which transformation rates in 4. baylyi are maximized at both an individual and
population level, so that it is likely that any image of 100 cells will have at least 1
competence machine in the image. Previous research has shown that natural
transformation is dependent on divalent cation presence. In 4. baylyi that has been grown
in broth culture and subsequently treated with EDTA to remove divalent cations, natural
transformation was completely inhibited (Palmen et. al, 1993). Upon the addition of

5mM Mg”" or Ca®", transformation rates were restored to 3% and 1%, respectively, of
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their previous levels. When both cations were added, transformation rates were restored
to 7% of their previous level (Palmen et. al, 1993). These results indicate that the
presence of different divalent cations will alter the rate of natural transformation for cells
grown in broth culture. We hoped to test this concept on naturally competent cells gown
on agar, which is standard procedure in the Lostroh lab due to simplicity as compared to
procedures using liquid media. It is worth noting however that growth on agar likely
induces type IV pili growth. In order to test this concept, transformation rates were
analyzed using conferred antibiotic resistance and comparing growth rates on agar of

non-transformed and transformed colonies in the presence of varying cations.
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Introduction Figure 1: Comparison of machinery required for type II secretion, type IV pilus formation and
transformation in Gram-negative and Gram-positive bacteria. A) A schematic model for type II secretion,
based on the pullulanase secretion system (Pul) from Klebsiella oxytoca. Not all components are
represented. The pseudopilins, both major (PulG; orange) and minor (PulH,-1,-J and -K; red), are
processed by the prepilin peptidase (PulO), and assembled into the pseudopilus. The polytopic membrane
protein (PulF) and the traffic NTPase (PulE) participate in the process. Pullulanase (brown) is secreted into
the periplasm by the Sec system, and crosses the outer membrane through a channel that is formed by the
secretin (PulD), with the assistance of its pilot protein (PulS). B) A schematic model for type

IV pilus formation, based on the Neisseria gonorrhoeae pilus. The major pilin (PilE; orange) and minor
pilin (PilV; magenta) are processed by the prepilin peptidase (PilD), and assembled into the pilus fibre. The
polytopic membrane protein (PilG) and the traffic NTPase (PilF) participate in this process. The outer-
membrane/tip-located protein (PilC) stabilizes the assembled filament. The pilus crosses the outer
membrane through a channel that is formed by the secretin (PilQ), with the assistance of its pilot protein
(PilP). A second traffic NTPase (PilT) mediates the depolymerization of the pilus into pilin monomers and
consequent retraction of the pilus. C) A schematic model for the competence pseudopilus and DNA
translocase in N. gonorrhoeae. Assembly of the pseudopilus requires the same components as the type IV
pilus (shown in part b). The major pilin (PilE; orange) and minor pilin (ComP; blue) are processed by the
prepilin peptidase (PilD), and assembled into the pseudopilus. The polytopic membrane protein (PilG) and
the traffic NTPase (PilF) participate in this process, as well as PilC (not shown). The specific sequence in
the exogenous DNA that is required for efficient uptake is recognized by its postulated, but as-yet-
unidentified, receptor (DR). The incoming DNA is transported across the outer membrane

through a channel that is formed by the secretin (PilQ), with the assistance of its pilot protein (PilP). The
periplasmic DNA-binding protein (ComE) is involved in uptake, and delivers the DNA to the channel at the
cytoplasmic membrane (ComA). One strand enters the cytosol; the other is degraded and the degradation
products are released into the periplasmic space. D) A schematic model for the competence pseudopilus
and DNA translocase in Bacillus subtilis. The major pseudopilin (ComGC; orange) and minor pseudopilins
(ComGD, -GE and -GG; blue) are processed by the prepilin peptidase (ComC), and assembled into the
pseudopilus. The polytopic membrane protein (ComGB) and the traffic NTPase (ComGA) participate in
this process. The pseudopilus allows the exogenous DNA to access its membrane-bound receptor
(ComEA), which delivers the bound DNA to the channel at the cytoplasmic membrane (ComEC). An ATP-
binding protein (ComFA) is involved in DNA transport across the membrane. One strand enters the
cytosol, while the other is degraded and the degradation products are released into the extracellular milieu.
Reproduced from Chen and Dubnau, 2004.
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Introduction Table 1: Competence Proteins Related to Type IV Pili Proteins or Essential for Type IV Pili
Biogenesis

Acinetobacter
Class* N.g” sp.BD413 Hi‘ Ps® Tt° B.s.” Spt
1 PilE ComB, ComE PilA PilAI  PilAl, PilA2 ComGC, ComGD CglC,
ComP ComF, ComB PilAIl  PilA3, PilA4 ComGE, ComGG CglD
2 PilD ComD PilD PilD PilD ComC CilC
3 PiIT  NI" PilB  PiT  PilF ComGA CglA
PilF
4 PilG N.L PilC PilC PilC ComGB CglB
5 PilQ ComQ ComE N.L PilQ N.L N.I.
6 PilC ComC N.L N.L N.L N.L N.IL

*Based on homology, the competence, the proteins are assigned to six groups 1) pseudopilins, 2) prepilin
processing leader peptidases, 3) traffic NTPases, 4) polytopic inner membrane proteins, 5) secretins, and
6) outer membrane/cell surface proteins.

"Neisseria gonorrhoeae.

“Haemophilus influenzae.

“Pseudomonas stutzeri.

“Thermus thermophilus HB27.

TBacillus subtilis, and

EStreptococcus pneumoniae.

hN.I., not identified.

Reproduced from Averhoff, 2004

We hypothesized that different external environmental conditions would affect
competence in A. baylyi. Using natural transformation on a solid surface, we tested
whether the presence of sodium chloride (NaCl) or potassium chloride (KCl) would
affect competence in 4. baylyi. We found that the bacteria were extremely competent on
both types of plates, even when using small amounts of template DNA per cell, or using

extracellular DNase.
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Methods
Bacteria Strains and Cultivation

All bacteria strains used originated in Lostroh lab. Strains of 4. baylyi were strain
CCL1466 and CCL1676. CCL1466 was used to provide template DNA which confers
antibiotic resistance to chloramphenicol (5 pg/mL)(cam’) while strain CCL1676 served
as wild type.

Both strains came from samples frozen at -20°C from previous experiments and
were plated and grown on minimal succinate agar (Table 1) for 24 hours at 37°C, with
chloramphenicol resistant strain CCL1466 being treated with 1uL chloramphenicol stock
(5 mg/mL) (Table 3) per mL of agar. Neither strain was used for more than a seven-day
period for experimentation after original plating from frozen sample, during which plates
containing colonies were stored at 20°C. This precaution is necessary because cells lose

competence rapidly during laboratory culture (Bacher et al. 2006).

Extraction of DNA conferring resistance to chloramphenicol

After the initial 24-hour incubation period on minimal succinate agar from above,
chloramphenicol resistant strain CCL/466 was grown in test tubes containing LB Broth
(Table 2) and chloramphenicol (Table 3) at a final concentration of 1 pg/mL. Colonies
were picked into LB broth and grown for 24 hours at 37°C while being subjected to
shaking at 200 rotations per minute (RPM). Cells were then pelleted in a centrifuge at
3000 RPM for 10 minutes, and supernatant was removed. Pellets were then re-suspended
in 50 uL 0.01% SDS and vortexed on high for 30 seconds to allow genomic DNA to

escape the cells into the environment. Pellets were then placed on a heat block at 85°C
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for 2 hours in order to dehomogenize proteins not containing genetic information, and
ensure that any living cells that may be remaining were killed. Pellets were then

combined into one tube and stored at -20°C for use in future experiments.

Standard Puddle Transformation

After the initial 24-hour incubation period on minimal succinate agar from above,
wild-type strain CCL1676 was grown in test tubes containing either LB Broth, LBK broth
or minimal succinate broth (all broth recipes listed in table 2). Colonies were grown in
these conditions for 24-hours and were subjected to shaking at 200 RPM. Next, the broth
cultures were used in puddle transformations on appropriate agar (LB agar for LB broth,
LBK agar for LBK Broth, Minimal Succinate agar for Minimal Broth (All agar recipes
listed in table 1)). For all puddle transformations, 50 uL of cell colony broth was used,
and 20 pL of donor DNA (chloramphenicol resistant strain CCL1466) was placed on top.
Puddles were then allowed to dry and were placed in incubators for 24 hours at
appropriate temperatures. For all agars, incubation was done at 37°C and 28°C on

separate plates.

Determining Transformation Rates

Base transformation rates were found in order to have initial data points for
comparison with later experiments. Standard transformations rates were found using
extracted template DNA from chloramphenicol resistant strain CCL1466. Next, the
researcher attempted to optimize a protocol that would reduce transformation rates by

using dilute template DNA from chloramphenicol resistant strain CCL1466. This was
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done for the purposes of obtaining experimental room for comparison of transformation
rates as affected by the presence or concentration of divalent cations. Both procedures

used the standard puddle transformation.

Standard Transformation

Following the puddle transformation step, transformation mixes were resuspended
in the same media that was used to make Petri plates. For all transformation mixes, a
series of ten-fold serial dilutions were performed to achieve final concentrations ranging
from 1:10" — 1:10%. Serial dilutions were then plated in 3 x 20 pL drops on appropriate
agar with and without cam’ at 1 pl per mL agar. After incubation at appropriate
temperature for 24-hours, colony counts were performed, and transformation rate was
calculated by calculating the ratio of growth with cam® over growth on plates lacking

chloramphenicol.

Reduced Transformation

Initial growth of wild-type strain CCL1676 was identical to previously described
methodology, until a puddle transformation was conducted. However, only LBK agar
(Table 1) and broth (Table 2) were used in this section. Donor DNA was subjected to
five-fold serial dilutions in ultrapure water, ranging from 1:5 to 1:15,625, in order to
reduce transformation rates and thus reach experimental room for determining differences
in transformation due to varying ion presence. All puddle transformations were then
subjected to a final ten-fold serial dilution, and were plated on agar either with or without

antibiotics in order to determine transformation efficiency.
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Comparison of Transformation Styles

Initial plating and growth of wild-type strain CCL1676 was performed identical to
above, until transformations were conducted. Three different types of transformations
were performed in order to attempt to reduce transformation rates and obtain
experimental room for studying the effect of the presence of different ions on rates of
transformation. After initial growth, the following three transformation procedures were
conducted using the same growth colony for comparison. The three types are referred to

as “Short Transformation,” “Long Transformation,” and “Liquid Transformation.”

Short Transformation

The first transformation style performed was a “short” puddle transformation. In
this puddle transformation, every process was identical to the initial puddle
transformations on LBK agar, except the puddle transformation was only incubated at
37°C for two-hours before a serial dilution was performed in order to determine

transformation efficiency.

Long Transformation

The second transformation style performed was a “long” puddle transformation
that included DNase in order to limit the presence of extra-cellular DNA available for
uptake by wild-type strain CCL1676. Again, the procedure was the same as the initial
puddle transformations with one additional step. A puddle transformation was
performed, but after 2 hours of initial incubation 30 uL of sterile DNase was added to the

puddle mix, in addition to 5 pLL of CaCl, (Table 3). CaCl, was added because the DNase
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enzyme requires the presence of Ca*" in order to function. The puddle transformation
was then incubated overnight at 37°C, followed by serial ten-fold dilutions in order to

determine the transformation efficiency.

Liquid Transformation

The third style of transformation performed was a liquid transformation. In this
transformation, wild-type strain CCL1676 cells initially grown in LBK broth were diluted
at a ratio of 1:25, and incubated in LBK broth at 37°C with shaking at 200 RPM for 2
hours. Next, 0.5 mL of broth mix was extracted and placed in a different test tube.
Again, 20 pL of donor DNA (chloramphenicol resistant strain CCL1466) was added as
above. The cells were then placed back in a shaking incubator and allowed to incubate
for another 30 minutes. After this incubation period, 30 pL of sterile DNase at 5 mg/mL
(Table 3) was added, in addition to 5 pLL of CaCl2 as buffer. This solution was then
allowed to incubate once again at 37°C for 30 minutes. Ten-fold serial dilutions were

then performed in order to determine transformation efficiency as described above.

Mock Control Transformation

In order to confirm that wild type 4. baylyi absolutely did not grow in the
presence of chloramphenicol, a mock transformation was performed on LBK only. In
this transformation, the original protocol for obtaining transformation rates was
performed, except that when the puddle transformation was conducted no donor DNA

was added. In addition, the 1:10 serial dilutions were plated in the presence of three

20



different concentrations of stock chloramphenicol; none at all, a concentration of 1 pL

per mL of media, and a concentration of 2 pLL per mL of media.

Calculations and Statistical Analysis
All standard calculations were performed using Microsoft Excel, and all statistical

tests were performed using the statistical modeling program, MiniTab.

Results

Most published accounts of ADP1 transformation use minimal succinate media,
but the Lostroh lab typically grows the cells, instead, in general-purpose media. Both LB
and LBK media contain tryptone and yeast extract, which serve as nutrient and carbon
sources for bacterial growth and contain complex organic molecules. LB media contains
sodium chloride (NaCl) or common table salt, while LBK media on the other hand
contains potassium chloride (KCl) instead. Minimal succinate media on the other hand is
composed of succinate and Davis minimal broth (Sigma-Aldrich), which contains a
variety of nutrient-ion salts. Because the purpose of this research was to determine the
impact of different ions and their concentration on transformation rates for 4. baylyi
grown on solid media, LB and LBK media provided an effective and simple method for
attempting to detect a statistically significant difference, as they are identical except for
the concentration and identity of the active ion present. In addition, they contain only a
single cation, namely sodium (Na) or potassium (K), while minimal succinate contains
multiple cations that would confound experimentation. Previous research conducted by

Palmen et. al (1993) shows that for A. baylyi grown in liquid media, the presence or
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concentration of cations has a dramatic effect on rates of transformation, and we postulate
that this should hold true for 4. baylyi grown on solid media (see introduction).

Therefore, to examine the role of monovalent cations in natural transformation,
we tested rates of transformation using LB or LBK media using 50 uL of wild-type strain
CCL1676 cells and 20 pL of donor DNA from chloramphenicol resistant strain CCL1466
cells. At an incubation temperature of 37°C, 10 trials yielded results using LBK media,
and 9 trials yielded results using LB media (Figure 1). The average transformation rate
for A. baylyi grown on LBK media at 37°C was 89.1%, and the average transformation
rate on LB media was 86.6%. The results of the 37°C trials were subjected to a two-
sample t-test comparing rates of transformation. No statistically significant difference
was found between the transformation rates of A. baylyi on the two different medias, with
a calculated p-value of 0.696 (Table 4).

Because monovalent cations had no effect on transformation, we next wanted to
test divalent cations, known to be important for the energetics of transformation in
minimal broth (Palmen et. al, 1993). But, because transformation rates for A. baylyi were
so high using both LB and LBK media, it might be impossible to tell whether the addition
of differing cations would affect the rate of transformation. As a result, the next
experiments were focused on finding conditions in which transformation rates were
significantly lower than the previous mark of 86% (Table 4). Thus the next set of
experiments focused on using a single medium, LBK, and a single temperature, 37°C,
with the goal of lowering the transformation rate by decreasing the amount of donor
DNA added to transformations. Therefore, a 5 fold dilution series was performed, in

which donor DNA was diluted from 1:5 to 1:625. For these trials, we used our normal
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puddle transformation procedure, in which 50 uL of cells on an LBK agar plate were
incubated with 20 uL of DNA for 24 hours. A total of 8 trials were performed in which
transformation rates were calculated for donor DNA dilutions of 1:5 through 1:625 as
described in the methods section (Table 5). Unfortunately, transformation rates remained
at similar levels to rates using undiluted donor DNA (Table 4), with the lowest rate being
79.5% at a donor dilution of 1:125 (Table 5).

In order to test if transformation rates remained high despite donor DNA dilution,
the researcher performed an additional three trials in which donor DNA was diluted even
more, up to 1:3125 and 1:15625, in addition to the previously mentioned dilutions.
Again, no distinctive decrease in transformation rates was observed. In fact,
transformation rates increased at the 1:3,125 dilution rate to 85.5%, but then decreased
once again at the 1:15,625 dilution rate to 80.8% (Table 5).

In light of these results in which high transformation was constantly obtained, a
“mock” transformation was performed using sterile water instead of DNA in order to
confirm that wild-type strain CCL1676 was indeed wild type, and thus unable to grow in
the presence of chloramphenicol. As expected, wild type 4. baylyi absolutely did not
grow in the presence of chloramphenicol, showing that DNA conferring resistance to
chloramphenicol is essential for growing on chloramphenicol. As anticipated, no growth
was observed on plates containing chloramphenicol.

Once the dilution method was shown to be unsuccessful in minimization of
transformation rates, and wild-type strain CCL1676 was shown to be a true wildtype (not
intrinsically resistant to chloramphenicol at 5 pug/mL), the researcher attempted to assess

several different techniques for performing puddle transformations, two of which had

23



DNase added after a given period of time (see methods). Previous research conducted in
the Lostroh lab indicated that the inclusion of DNase in the puddle transformation step
drastically reduced transformation efficiency. DNase limits the amount of time 4. baylyi
can use natural transformation because it destroys extracellular DNA that is not
associated with protective proteins. Three different transformation techniques were
tested, in hopes that this too would reduce the levels of natural transformation. These
three methods consisted of a liquid transformation, a short puddle transformation, and a
long puddle transformation. The long puddle transformation was conducted in order to
keep experimentation consistent with previous methods, except for the addition of DNase
to the sample after a two-hour incubation period. The short puddle transformation was
performed in order to further reduce the amount of time in which wild-type strain
CCL1676 had to accomplish natural transformation, by not only adding DNase but also
by decreasing the total incubation on the puddle transformation plate to two hours before
beginning the serial dilution step (as described in methods). Finally, in order to test an
entirely new method, a liquid transformation was performed. It was hoped that the
reduced incubation time would decrease the rate of transformation as recipient cells
would have less time to perform the actual process, or to subsequently share DNA
conferring chloramphenicol resistance to neighboring cells that were not transformed
during the initial incubation in the absence of DNase. In addition, the use of a liquid
transformation tested whether it was the presence of a solid surface that allowed for high
levels of natural transformation. Unfortunately, the lowest transformation rate attained

using any of these three methods was 75.6% (Table 6).
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Discussion

In all of the trials performed, transformation rates were exceedingly high, well
above the 25% mark previous literature has reported for A. baylyi grown on LB media
(Palmen & Hellingwerf, 1997). In addition, the rate of natural transformation did not
change in the way reported by previous research after the addition of DNase. This non-
response may be due to addition of faulty DNase, but use of the same reagent by other
researchers within the lab indicates that this is not the case. Therefore, we postulate that
A. baylyi cells become transformed by the exogenously-added DNA, and then
subsequently this DNA is spread through the population through natural transformation
of other cells that did not pick the DNA up the first time during the incubation period
following initial puddle transformation. This conclusion is supported by the fact that
altering the transformation style did not yield a decrease in transformation efficiency, nor
did the use of diluted donor template DNA. But, if this is the case, then the transforming
extracellular DNA originating from the cells themselves must have been in a state
protected from DNase degradation. Natural transformation is an extremely rapid process
in A. baylyi, and could have easily occurred during any of the incubation periods used in
this research. Palmen et. al (1993) reported transformation after an incubation period of 1
minute, with a linear increase in transformation rates as a function of time, with a
maximum reached after 3 hours of a 25% transformation rate. They postulate that rates
of transformation would continue to increase linearly as a function of time, which may
have been in fact what happened in our experimentation. However, due to the high
transformation rate after our “short” transformation style, it may be the case that the time

required for transformation using template DNA from chloramphenicol resistant strain
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CCL1466 requires a much shorter amount of time. A future experiment in which puddle
transformation incubation times are decreased to a span of minutes instead of hours

would easily test this hypothesis.

Previous research reported a linear increase in transformation efficiency for cells
grown in LB or minimal media as a function of time of incubation with DNA, with a
maximum transformation efficiency of 25% (Palmen et. al, 1993). This research was
conducted using 4. calcoaceticus BD413, which is identical to A. baylyi ADP1
(Vaneechoutte et. al, 2006). As such, the transformation efficiency of 70%-90% in the
research conducted in this paper seems incredibly high. One possible explanation for the
high rates of transformation is the choice of resistance markers. The research conducted
here used chloramphenicol as the transformation resistance marker, where as Palmen et.
al used kanamycin, rifampicin and ampicillin resistance. For the Palmen study,
kanamycin and ampicillin resistance were conferred by plasmid pAVA213-8, while
rifampicin resistance by a spontaneous point mutation in the gene encoding an RNA
polymerase subunit (Palmen et. al, 1992; Palmen et. al, 1993). Our study used plasmid
pBAC968 derived from Escherichia coli, and was checked by EcoRI and Sacl digest.
The gene itself was inserted in between the genes ACIAD 2722 and ACIAD 2724 within
the 4. baylyi genome. ACIAD 2722 encodes a multidrug resistance efflux pump
(Genome.jp), and may be hyperrecombinogenic. This would explain the high rates of
natural transformation if true, as heritable integration of the chloramphenicol resistant
gene would occur at a higher rate than normal.

Previous research conducted by Palmen et. al in 1993 suggested that rates of

transformation are highly controlled by both the presence of energy transferring
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molecules as well the presence or lack of divalent cations. Other research has shown
that altering the concentrations of already present divalent cations has little to no affect
on transformation rates (Nielson et. al 1997). We were hoping to use NaCl and KCI in
order obtain a baseline of transformation efficiencies from which it would be possible to
test and compare transformation efficiencies in the presence of varying divalent cations.
Although distinguishable differences were found with the use of Mg®* and Ca*" in a
liquid transformation (Palmen et. al, 1993), we were unable to find any using Na and K in
a puddle transformation.

For future research, a more effective method of testing the impact of different
cation presence may be to emulate the study conducted by Palmen et. al. To begin, we
would reduce the ion content in both LB and LBK media, and then remove any
remaining divalent cations using EDTA during the initial puddle transformation process.
We would then progressively add cations to the puddle transformation, and measure
transformation rates. A procedure in this order might provide a negative control of a
transformation rate of zero, since no cations would initially be present. A difference
would hopefully be detected in transformation rates after the addition of NaCl and KClI
salts, and would be closer to the ideal experimental room mark of 1% transformation
efficiency. However, this method of transformation is different than previously reported
literature, and so results would be difficult to predict. Another experiment we would like
to try would involve constructing a different resistance strain for initial extraction of
antibiotic resistant template DNA. As previously explained, the plasmid used to confer
antibiotic resistance on strain CCL1466 utilized a fully functioning neighbor gene that

has since been determined to encode an efflux pump associated with various forms of
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antibiotic resistance. In order to determine if this particular gene is accelerating rates of
integration following the uptake process, we would like to construct a resistant strain that
using a plasmid that does not contain gene ACIAD 2722, and then preform the same
initial LB vs. LBK trail. If rates of transformation changed, we would then be able to
determine if the presence of ACIAD 2722 is altering rates of transformation. Finally, we
would like to preform the same set of experiments reported here using a different
transformation marker, or antibiotic. Previous literature uses more traditional antibiotics
as a transformation marker, and it is entirely possible that the increased rates of
transformation are due to our use of Chloramphenicol and the corresponding resistance
gene. We have no reason to suspect this is the case, but due to the consistent, high rates

of natural transformation this seems a variable worth testing.
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Tables

Table 1: Agar Recipes

Minimal Succinate Agar- 1 Liter

1) 990 mL distilled

water

2) 10.6 grams Minimal Broth Davis

3) Aliquot into Bottles, 500 mL each

4) For each bottle, add 7.5 grams Bacto-agar

5) Autoclave
6) Immediately before use, add 10 pL succinate
per 1 mL broth

LB Broth - 1 Liter

1) 750 mL tap water

2) 10 grams Tryptone

3) 5 grams yeast extract

4) 5 grams NaCl

5) 250 mL tap water

6) Aliquot into Bottles, 500 mL each

7) For each bottle, add 7.5 grams Bacto-agar
8) Autoclave

LBK Agar - 1 Liter

1) 750 mL tap water

2) 10 grams Tryptone

3) 5 grams yeast extract

4) 7.45 grams KCl

5) 250 mL tap water

6) Aliquot into Bottles, 500 mL each

7) For each bottle, add 7.5 grams Bacto-agar
8) Autoclave

Table 3: Chloramphenicol and DNase Recipes

Table 2: Broth Recipes

Minimal Succinate Broth- 1 Liter

1) 990 mL distilled

water

2) 10.6 grams Minimal Broth Davis
3) Aliquot into Bottles and Autoclave

4) Immediately before use, add 10 pL succinate

per 1 mL broth

LB Broth - 1 Liter

1) 750 mL tap water

2) 10 grams Tryptone

3) 5 grams yeast extract

4) 5 grams NaCl

5) 250 mL tap water

6) Aliquot into Bottles and Autoclave

LBK Broth - 1 Liter

1) 750 mL tap water

2) 10 grams Tryptone
3) 5 grams yeast extract
4) 7.45 grams KCl

5) 250 mL tap water

Chloramphenicol - 1 Liter DNase - 20 mL

1) 5 grams pure Chloramphenicol
2) 1 liter 95% EtOH

1) Mix 25 mL 50% water/glycerol

2) Use mixture to make 5 mM acetic acid and ImM
Calcium Chloride at pH ~4.5

3) Filter Sterilize DNase Buffer

4) Dissolve 100 mg DNase Powder in 20 mL 50%

buffer

5) Aliquot into 100 uL amounts, freeze at -20°(3¢



Table 4: Statistical Data For LBK vs. LB Transformation Efficiency

Mean Transformation

Media Type N Efficiency Standard Deviation
LBK 10 0.891 0.032
LB 9 0.865 0.058

T-Test of Difference = 0 (vs not =): T-Value = 0.40 P-Value = 0.696 DF = 12

Table 5: Summary of LBK Puddle Transformations Using Dilute Donor DNA

Donor DNA Mean Transformation
Concentration | Trials Performed Efficiency Standard Deviation
1:5 8 0.882 0.109
1:25 11 0.851 0.137
1:125 10 0.795 0.169
1:625 10 0.902 0.292
1:3125 3 0.855 0.112
1:15625 3 0.808 0.185

Table 6: Comparison of Transformation Styles

Transformation Style |Dilution counted | Cells/mL [Cam"®, Cells/mL [Transformation efficiency
Liquid 1.00E+04 2.43E+07 2.53E+07 1.038
Short 1.00E+05 5.13E+07 4.96E+07 0.967
Long 1.00E+06 1.38E+09 1.05E+09 0.756
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Figures:
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Figure 1: Transformation rates of 4. baylyi wild-type strain CCL1676 on LBK (blue bars) and LB
(red bars) media. Chloramphenicol resistance was used as a marker for transformation, with
donor DNA from A4. baylyi CCL1466. Researcher was unsuccessful in obtaining data for LB
efficiency for trial 2.
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Figure 2: Transformation rates of A. baylyi wild-type strain CCL1676 using varying dilutions of
donor DNA from A. baylyi CCL1466. Standard deviation is displayed.




Supplemental Data & Calculations

Supplemental Table 1: LB vs. LBK Trial Success Overview

Number | Standard | +cam5 | Success Success
Round | Temperature | of Trials | Plates plates LBK (Y/N) | LB (Y/N)
1 37C 1 3 3 N N
28C 1 3 3 N N
2 37C 1 3 3 Y N’
28C 1 3 3 Y N¢
3 37C 1 3 3 Y Y?
28C 1 3 3 Y N°
4 37C 2 2 2 Y Y
5 37C 2 2 2 Y Y
6 37C 4 2 2 Y Y
Total 37C 11 25 25 10/11 9/11
28C 3 9 9 2/3 0/3
TOTAL | ALL 14 34 34 12/14 9/14

a Plates containing cam’ to high dilution, all TMTC, both Media.

b Only 6 Successful plates for LBK +cams3.
¢ No Growth, experimenter error.

dLB+cam5 showed low levels of growth, reason unknown.
¢ LB plates contaminated, different type colonies growing.

Supplemental Table 2: LBK Media at 37°C Transformation Efficiency Data

Trial Dilution counted | Cells/mL | Cam", Cells/mL Transformation efficiency
1 1.00E+07 4.60E+09 4.08E+09 0.887
2 1.00E+07 1.05E+10 8.60E+09 0.819
3 1.00E+07 7.10E+09 7.17E+09 1.010
4 1.00E+07 7.33E+09 5.92E+09 0.808
5 1.00E+07 7.80E+09 5.50E+09 0.705
6 1.00E+07 5.58E+09 5.00E+09 0.896
7 1.00E+06 2.90E+09 2.50E+09 0.862
8 1.00E+06 3.51E+09 3.19E+09 0.909
9 1.00E+06 2.53E+09 2.50E+09 0.988
10 1.00E+06 2.71E+09 2.80E+09 1.033
Average 5.46E+09 4.73E+09 0.892
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Supplemental Table 3: LB Media at 37°C Transformation Efficiency Data

Trial Dilution counted | Cells/mL Cam®, Cells/mL Transformation efficiency
1 1.00E+07 8.00E+09 4.20E+09 0.525
2 1.00E+07 1.92E+10 1.63E+10 0.849
3 1.00E+07 1.39E+10 1.46E+10 1.050
4 1.00E+07 7.83E+09 5.83E+09 0.745
5 1.00E+07 7.33E+09 5.75E+09 0.784
6 1.00E+06 3.82E+09 3.48E+09 0.911
7 1.00E+06 4.17E+09 4.18E+09 1.002
8 1.00E+06 5.05E+09 4.25E+09 0.842
9 1.00E+06 3.12E+09 3.38E+09 1.083

Average 8.05E+09 6.89E+09 0.866

Supplemental Table 4: Trial Results of Donor DNA Diluted 1:5

Trial | Dilution counted | Cells/mL | Cam®, Cells/mL | Transformation efficiency
1 1.00E+07 8.83E+09 7.17E+09 0.812
2 1.00E+07 1.78E+10 1.32E+10 0.742
3 1.00E+07 1.28E+10 1.40E+10 1.094
4 1.00E+07 1.16E+10 1.10E+10 0.948
5 1.00E+07 1.63E+10 1.44E+10 0.887
6 1.00E+07 1.50E+09 1.30E+09 0.867
7 1.00E+07 1.27E+10 1.09E+10 0.862
8 1.00E+06 2.93E+09 2.49E+09 0.849

Supplemental Table S: Trial Results of Donor DNA Diluted 1:25

Trial | Dilution counted | Cells/mL | Cam®, Cells/mL | Transformation efficiency
1 1.00E+07 2.40E+10 2.70E+10 1.125
2 1.00E+07 1.48E+10 1.25E+10 0.845
3 1.00E+07 1.35E+10 8.33E+09 0.617
4 1.00E+07 1.91E+10 1.82E+10 0.953
5 1.00E+07 8.33E+09 6.08E+09 0.730
6 1.00E+06 2.82E+09 2.66E+09 0.944
7 1.00E+06 4.30E+09 3.60E+09 0.837
8 1.00E+07 9.33E+09 8.42E+09 0.902
9 1.00E+07 9.25E+09 8.17E+09 0.883
10 1.00E+07 1.58E+10 1.30E+10 0.825
11 1.00E+07 1.63E+10 1.14E+10 0.703
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Supplemental Table 6: Trial Results of Donor DNA Diluted 1:125

Trial | Dilution counted | Cells/mL | Cam®, Cells/mL | Transformation efficiency
1 1.00E+07 6.50E+09 5.17E+09 0.795
2 1.00E+07 1.43E+10 9.67E+09 0.676
3 1.00E+07 3.18E+10 3.52E+10 1.107
4 1.00E+07 7.92E+09 5.17E+09 0.653
5 1.00E+07 1.57E+10 1.58E+10 1.010
6 1.00E+07 1.64E+10 9.00E+09 0.548
7 1.00E+07 1.00E+10 7.58E+09 0.758
8 1.00E+07 9.25E+09 8.17E+09 0.883
9 1.00E+07 1.58E+10 1.30E+10 0.825
10 1.00E+07 1.63E+10 1.14E+10 0.703

Supplemental Table 7: Trial Results of Donor DNA Diluted 1:625

Trial | Dilution counted | Cells/mL | Cam®, Cells/mL | Transformation efficiency
1 1.00E+07 1.77E+10 2.95E+10 1.667
2 1.00E+07 9.67E+09 1.02E+10 1.055
3 1.00E+07 1.53E+10 1.20E+10 0.784
4 1.00E+07 1.65E+10 1.24E+10 0.753
5 1.00E+07 1.81E+10 1.37E+10 0.756
6 1.00E+07 1.24E+10 1.20E+10 0.966
7 1.00E+07 5.83E+09| 4.08E+09 0.700
8 1.00E+07 1.16E+10 1.03E+10 0.892
9 1.00E+07 1.22E+10 8.75E+09 0.719
10 1.00E+07 6.67E+09| 4.92E+09 0.738

Supplemental Table 8: Trial Results of Donor DNA Diluted 1:3125

Trial | Dilution counted | Cells/mL | Cam®, Cells/mL | Transformation efficiency
1 1.00E+07 9.25E+09 7.42E+09 0.802
2 1.00E+07 1.02E+10 1.00E+10 0.984
3 1.00E+07 1.43E+10 1.12E+10 0.779

Supplemental Table 9: Trial Results of Donor DNA Diluted 1:15625

Trial | Dilution counted | Cells/mL | Cam", Cells/mL | Transformation efficiency
1 1.00E+07 1.48E+10 1.44E+10 0.977
2 1.00E+07 1.58E+10 1.33E+10 0.837
3 1.00E+07 1.52E+10 9.25E+09 0.610
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