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The optimal chromosomal position(s) of a given DNA element was determined by
transposon-mediated random insertion followed by fitness selection. In bacteria, the
impact of the genetic context on the function of a genetic element can be difficult to
assess. Several mechanisms including topological effects, transcriptional interference
from neighboring genes and/or replication-associated gene dosage may affect the
function of a given genetic element. Here we describe a method that permits random
integration of a DNA element on the chromosome of Escherichia coli and select the
most favorable locations using a simple growth competition experiment. The method
takes advantage of a well described transposon based system of random insertion,
coupled with a selection of the fittest clone(s) by growth advantage, a procedure that is
easily adjustable to experimental needs. The nature of the fittest clone(s) can be
determined by whole genome sequencing on a complex multi-clonal population or by
Easy Gene Walking for a rapid identification of selected clones. Here the non-coding
DNA region DARS2 which controls initiation of chromosome replication in E. coli was
used as an example. The function of DARS2 is known to be affected by replication-
associated gene dosage; the closer DARS2 gets to the origin of DNA replication the
more active it becomes. DARS2 was randomly inserted into the chromosome of a
DARS2 deleted strain. The resultant clones containing individual insertions were
pooled and competed against one another for hundreds of generations. Finally the
fittest clones were characterized and found to contain DARS2 inserted in close
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SHORT ABSTRACT:
Here, the power of a transposon-mediated random insertion of a non-coding DNA element was
used to resolve its optimal chromosomal position.

LONG ABSTRACT:

The optimal chromosomal position(s) of a given DNA element was/were determined by
transposon-mediated random insertion followed by fitness selection. In bacteria, the impact of
the genetic context on the function of a genetic element can be difficult to assess. Several
mechanisms, including topological effects, transcriptional interference from neighboring genes,
and/or replication-associated gene dosage, may affect the function of a given genetic element.
Here, we describe a method that permits the random integration of a DNA element into the
chromosome of Escherichia coli and select the most favorable locations using a simple growth
competition experiment. The method takes advantage of a well-described transposon-based
system of random insertion, coupled with a selection of the fittest clone(s) by growth advantage,
a procedure that is easily adjustable to experimental needs. The nature of the fittest clone(s) can
be determined by whole-genome sequencing on a complex multi-clonal population or by easy
gene walking for the rapid identification of selected clones. Here, the non-coding DNA region
DARS2, which controls the initiation of chromosome replication in E. coli, was used as an
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example. The function of DARS2 is known to be affected by replication-associated gene dosage;
the closer DARS2 gets to the origin of DNA replication, the more active it becomes. DARS2 was
randomly inserted into the chromosome of a DARS2-deleted strain. The resultant clones
containing individual insertions were pooled and competed against one another for hundreds of
generations. Finally, the fittest clones were characterized and found to contain DARS2 inserted
in close proximity to the original DARS2 location.

INTRODUCTION:

The function of any genetic element can be affected by its location in the genome. In bacteria,
this mainly results from interference by the transcription of neighboring genes, local DNA
topology, and/or replication-associated gene dosage. In particular, the processes of DNA
replication and segregation are controlled, at least in part, by non-coding chromosomal regions?,
and the proper function of these regions depends on genomic location/context. In E. coli,
examples are the dif site, required for sister chromosome resolution?; KOPS sequences, required
for chromosome segregation®; and datA, DARS1, and DARS2 regions, required for proper
chromosomal replication control (below; #). We present a method allowing for the random
relocation, selection, and determination of the optimal genetic context of any given genetic
element, exemplified here by the study of the DARS2 non-coding region.

In E. coli, DnaA is the initiator protein responsible for DNA strand opening at the single replication
origin, oriC, and for the recruitment of the helicase DnaB>’. DnaA belongs to the AAA* (i.e.,
ATPases associated with diverse activities) proteins and can bind both ATP and ADP with similar
high affinities®. The level of DnaAA™ peaks at initiation8, where DnaA”™ forms a multimer on oriC
that triggers DNA duplex opening®. After initiation, oriC is made temporarily unavailable for re-
initiation due to sequestration by a mechanism involving the binding of the SegA protein to
hemimethylated oriC'%*. During sequestration, the level of DnaA”™ is reduced by at least two
mechanisms: the regulatory inactivation of DnaA (RIDA)'?>!3 and datA-dependent DnaAA™?
hydrolysis (DDAH)41>, Both RIDA and DDAH promote the conversion of DnaAA™ to DnaAAP". Prior
to a new round of initiation, DnaA”P? is re-activated to DnaA”™ at specific DnaA-reactivating
sequences (DARS): DARS1 and DARS2'®'7, The chromosomal datA, DARS1, and DARS2 regions are
non-coding and act in a chaperone-like manner to modulate DnaAA™/DnaAAP? interconversion.
These regions, located outside the origin of replication, enable the assembly of a DnaA complex
for either the inactivation (datA;4) or activation (DARS1 and DARS2;'’) of DnaA. Deleting DARS2
in a cell does not alter mass doubling time but results in asynchronous replication initiation?>16:18,
However, DARS2-deficient cells have a fitness cost compared to an otherwise isogenic wildtype
during both continuous growth competition in rich medium or during the establishment of
colonization in the mouse intestine!®. This indicates that even minor changes in
asynchrony/origin concentration have a negative effect on bacterial fitness. In E. coli, there is a
selective pressure to maintain chromosome symmetry (i.e., two nearly equal length replication
arms)*°. The datA, DARS1, and DARS2 regions have the same relative distance to oriCin all E. coli
strains sequenced?®, despite large variations in chromosome size.

Here, we use the DARS2 region of E. coli as an example for the identification of the chromosomal
position(s) optimal for its function. DARS2 was inserted into the NKBOR transposon, and the



resultant NKBOR::DARS2 transposon subsequently inserted randomly into the genome of
MG1655 ADARS2. We thus generated a collection of cells, each possessing DARS2 placed at a
different location on the chromosome. An in vitro competition experiment, where all cells in the
collection were pooled and competed against each other during continuous growth in LB for an
estimated 700 generations, was performed. The outcome of the competition experiment was
monitored/determined using Southern blot, easy gene walking, and whole-genome sequencing
(WGS; Figure 1). End-point clones resolved by easy gene walking were characterized by flow
cytometry to evaluate cell-cycle parameters. In a flow cytometric analysis, cell size, DNA content,
and initiation synchrony can be measured for a large number of cells. During flow cytometry, a
flow of single cells passes a light beam of the appropriate wavelength to excite the stained DNA,
which is then simultaneously registered by photomultipliers that collect the emitted
fluorescence, a measure of DNA content, provided the cells are stained for DNA. The forward-
scattered light is a measure of cell mass®.

The in vitro competition experiment we present here is used to address questions relating to the
importance of the chromosomal position and genomic context of the genetic element. The
method is unbiased and easy to use.

PROTOCOL:
1. Collection of the Transposon Library

Note: The chromosomal DARS2 locus was cloned into the mini Tn10-based transposon, NKBOR
(on pNKBOR)?:, resulting in NKBOR::DARS2 (pJFM1). pNKBOR can be obtained online??. pNKBOR
is a R6K-based suicide vector that requires the initiator protein = for replication?3. Plasmid pJFM1
is therefore able to replicate in an E. coli strain (e.g., Dh5a A pir) containing a chromosomal copy
of the pir gene. However, when pJFM1 is transformed into the Pir-deficient wildtype MG1655,
pJFM1 cannot replicate, leading to the selection of kanamycin-resistant clones generated by the
random insertions of NKBOR::DARS2 into the bacterial chromosome. For simplicity, these are
referred to as DARS2 insertions. See Figure 1 for a schematic presentation of the methodology.

1.1. Prepare electrocompetent MG1655 ADARS2 from actively growing cells in Lysogeny broth
(LB) grown at 37 °C%4.

1.2. Electroporate pJFM1 into electrocompetent MG1655 ADARS2, according to Gonzales et al?*.

1.2.1. Add 1 pg of pJFM1 (in 1 pL of water) to 40 pL of electrocompetent E. coli MG1655 ADARS2
and transfer this mixture to a pre-chilled, sterile 0.2-cm gap cuvette. Insert the cuvette into the
electroporation chamber. Electroporate at 18 kV, 500 Q, and 25 uF; the time constant should be
~5.0 ms, and no arcing should occur.

1.2.2. Quickly recover the bacterial suspension by resuspending in 1 mL of pre-warmed LB broth
and transfer to a 1.5-mL test tube.



1.2.3. Let the cells recover by incubating under aerated growth conditions at 37 °C for 30 min,
without antibiotic selection. Plate the bacteria onto LB agar plates supplemented with 50 pg/mL
kanamycin and incubate at 37 °C overnight.

1.3. Count the colonies from the electroporation: one colony is considered equal to one
chromosomal transposon insertion.

Note: Colonies can be counted by eye or with a colony counter. The number of colonies is
inversely proportional to the average distance separating the transposons located in the
chromosome of each clone.

1.4. Add 1 mL of LB broth to each plate and wash off all colonies; 1 mL of LB broth should be
sufficient to wash off ~100,000 colonies. Re-use the same 1 mL of LB broth to increase the
bacterial concentration. Pool all colonies in the same 50-mL tube.

1.5. Vortex the tube and freeze the start material (t = 0). To freeze it, mix 1 mL of cell suspension
with 1 mL of 50% glycerol on ice. Transfer the tubes to dry ice for 10 min. Once the cultures are
frozen, transfer them to a -80 °C freezer.

Note: A cell concentration of a minimum of 50,000 CFU/mL is expected at this step.

2. Competition Experiment in LB

2.1. Thaw the transposon library from -80 °C on ice. Mix by pipetting.

2.2. Transfer 100 pL of the transposon library to 10 mL of LB in a 15-mL test tube.

2.3. Grow the cells, aerated by continuous shaking (250 rpm), for 8 h at 37 °C to stationary phase
(i.e., ODsoo = ~4.0). Adjust these parameters to different growth conditions, as desired.

2.4. Propagate the bacterial population by continuous transfers into fresh prewarmed medium
every ~10 generations. Do this by transferring 10 uL of the previous stationary phase culture to
10 mL of fresh LB and growing for another 8 h to the stationary phase (i.e., ODegoo = ~4.0).

Note: As the start and end optical density are the same, a 1,000-fold dilution corresponds to ~10
generations of growth (21° = 1,024). The bacterial population can either be propagated directly
into fresh prewarmed medium or saved at 0-4 °C (on ice) and propagated the following day. LB
was used here to ensure as many cellular doublings in as short a time as possible (a doubling time
close to 22 min).

2.5. After each 100 generations of competition, save five 1-mL samples at -80 °C (as described in
step 3.3).

2.6. If the fitness differences between cells containing individual transposon insertions are



expected to be small, keep the duration of competition long; here, 700 generations (t = 700) were
used.

3. Southern Blot Analysis to Monitor the Competition Experiment Over Time

3.1. Prepare the probe for the Southern blot (1-kb section of the NKBOR) by performing
polymerase chain reaction (PCR) amplification using specific primers: NKBOR_Probe_FW:
gatgttggacgagtcggaat and NKBOR_Probe_RV: cgttacatccctggcttgtt.

3.1.1. Incubate at 98 °C for 30 s for initial denaturation. Then, perform 35 cycles at 98 °C for 10 s,
60 °C for 30 s, and 72 °C for 45 s. For the final extension, use 72 °C for 10 min.

Note: The template for the PCR reaction was a purified pNKBOR plasmid?*.

3.1.2. Label the resultant PCR fragment with [a-32P]dATP using the random primer system,
according to Smith®.

3.2. Prepare the total cellular DNA according to Lgbner-Olesen and von Freiesleben?® fort = 0
and selected time points until t = 700 estimated generations of competition.

3.3. Digest the total cellular DNA with Pvul, which cuts the NKBOR containing the region of
interest once only in a region not covered by the probe; 1 unit of Pvul can be used to completely
digest 1 ug of substrate DNA.

Note: The probe will recognize fragments containing part of the transposon, along with
chromosomal DNA of various lengths, depending on the insertion site.

3.4. Perform a Southern blot using a 0.7% agarose gel according to Lgbner-Olesen and von
Freiesleben?®.

4. ldentification of the Fittest Clones

4.1. Use easy gene walking, as described by Harrison et al.?’, to identify DARS2 insertion sites
from single clones (isolated on LB plates) after 700 estimated generations of competition; the
more bands on the Southern blot, the more isolates are needed to cover all transposon
insertions.

4.1.1. Isolate genomic DNA for PCR template. Spread bacteria on an LB agar plate containing 50
pg/mL kanamycin and incubate at 37 °C overnight. Grow single colonies overnight in LB broth at
37 °C and subsequently transfer 20 L into 200 pL of autoclaved distilled water (or use DNA
purification, as in step 3.2).

4.1.1.1. Vortex to mix. Heat the mix at 100 °C for 10 min and centrifuge at max speed for 5 min.
Save the cell lysate at -20 °C for future use.



4.1.2. Design three nested primers to anneal within the transposon of choice (see Figure 2 for a
graphic representation of the PCR strategy).

Note: Designing Nested Primers should ensure that Nested Primer 3 lies closest to the known 5’
end of the transposon DNA, followed by Nested Primers 2 and 1. The spacing between Nested
Primer 3 and the 5’ end of the known transposon DNA should be sufficient for a sequence read-
through from the known DNA to the unknown DNA (to find the specific chromosomal transposon
insertion site). For NKBOR the following nested primers were used: pNKBOR_Nested3 RV:
gcagggctttattgattcca, pNKBOR_Nested2 RV: tcagcaacaccttcttcacg, and pNKBOR_Nested1l RV:
actttctggctggatgatgg. Random primers containing the recognition sites of known restriction
enzymes are also used. To ensure a result, one should use at least two different random primers.
The restriction sites for the restriction enzymes (e.g., Sau3Al and Hindlll) should be located at the
3’ end and preceded by ten random bases so that 5-NNNNNNNNNNGATC-3’ and 5'-
NNNNNNNNNNAAGCTT-3’ are the primers containing a Sau3Al site (GATC) and a Hindlll site
(AAGCTT), respectively, where N=A, T, G, or C.

4.1.3. Use 200 ng of genomic DNA in a 20-pL PCR reaction. Incubate at 98 °C for 30 s for the initial
denaturation. Perform 25 cycles at 98 °C for 30 s, 50 °C for 15 s, and 72 °C for 4 min. For the final
extension, use 72 °C for 10 min. Use primer pairs consisting of Nested Primer 1 and one of the

random primers.

4.1.4. Use primer pairs consisting of Nested Primer 2 and the same random primer from the
second amplification, using 1 pL of its previous reaction as a template.

4.1.5. Repeat step 4.1.4 with primer pairs consisting of Nested Primer 3 and the same random
primer.

4.1.6. Run the products from the final PCR reaction on a 1.5% agarose gel and stain with ethidium
bromide. Cut out a band in the range 100-800 bp and isolate the DNA using any commercial DNA
gel extracting kit according to the manufacturer’s direction. Resuspend the DNA in 15 ulL of water.

Note: Caution. Ethidium bromide is toxic and must be handled with care.

4.1.7. Sequence the band isolated in the previous step (step 4.1.6), with Nested Primer 3 as the
sequencing primer, using Sanger sequencing at a commercial provider.

4.2. Perform WGS.

4.2.1. Perform WGS on the total DNA extracted from selected samples collected during the
competition experiment, as described by Frimodt-Mgller et al*.

4.3. Perform sequencing analysis.



4.3.1. Align paired-end reads to 150 Ns contiguous to NKBOR, AF310136.1 1,904...2,204 using
Bowtie2?® with an interval between seed substrings (S,1,1.15) and a maximum number of
ambiguous characters (L,0,0.9).

4.3.2. Select the aligned reads and then re-align to both MG1655 ref[ NC_000913.3 and NKBOR
gb|AF310136 using blastN?°

4.3.3. Assign transposition insertion positions at junctions MG1655-NKBOR.
5. Flow Cytometry
5.1. Collect samples for flow cytometry.

5.1.1. Balance each culture by maintaining it in the exponential growth phase for at least 10
generations. Check the ODegoo and ensure that it never exceeds 0.3.

5.1.2. Collect two types of flow samples.

5.1.2.1. For RIF-runout, transfer 1 mL of culture to a 15-mL tube containing 30 uL of RIF-CEF (300
ug/mL rifampicin and 36 pg/mL cephalexin dissolved in 12.5 mM NaOH). Leave it at 37 °C for a
minimum of 4 h of shaking.

Note: Rifampicin indirectly blocks the initiation of chromosome replication while allowing for
ongoing rounds of replication to continue to termination. Cephalexin prevents cell division, which
results in replication runout (RIF-runout) and the accumulation of cells with fully replicated
chromosomes. The number of fully replicated chromosomes is equal to the number of origins at
the time of treatment with rifampicin and cephalexin?°.

5.1.2.2. For the EXP-sample, transfer 1 mL of exponentially growing culture to a 1.5-mL tube on
ice.

5.2. Fix THE cells as follows. Harvest the cells by centrifugation at 15,000 x g for 5 min at 4 °C.
Resuspend the pellet in 100 pL of ice-cold 10 mM Tris pH 7.5 and add 1 mL of ice-cold 77%
ethanol. Store the samples at 4 °C until use.

5.3. Stain the cells as follows. Harvest 100-300 pL of fixed cells by centrifugation at 15,000 x g for
15 min. Remove the supernatant and resuspend the pellet in 130 pL of “DNA Staining solution”
(90 pg/mL mithramycin, 20 pg/mL ethidium bromide, 10 mM MgCl,, and 10 mM Tris pH 7.5). Put
the samples on ice and in the dark; the samples are ready for flow cytometry analysis after 10
min.

Note: Other DNA stains than ethidium bromide and mithramycin can also be used3%31,

5.4. Determine the origin per cell, the relative cell mass, and the relative DNA content by flow



cytometry analysis.

5.4.1. Perform flow cytometry, as described previously32. Run RIF-runout and EXP-samples using
the flow cytometer manufacturer’s instructions. For mithramycin- and ethidium bromide-stained
cells, use excitation wavelengths 395 and 440 nm and collect the fluorescence above 565 nm.

5.4.2.1. To determine the relative cell mass and relative DNA content, run the EXP-samples to
obtain single-parameter forward-light scatter versus cell number histograms and fluorescence
intensity versus cell number histograms for a minimum of 30,000 events corresponding to the
cell signal.

5.4.2.2. Use forward-scattered light single-parameter distribution to measure the average
relative cell mass.

Note: Forward-scattered light is a measure of the average cell mass®.

5.4.2.3. Use fluorescence intensity single-parameter distributions to measure the average DNA
content?°.

5.4.2.4. Obtain the DNA concentration as the ratio of average DNA content to the average cell
massZ°.

5.4.3. Determine the number of origins per cell.

5.4.3.1. Run RIF-runout samples to obtain single-parameter fluorescence intensity versus cell
number histograms for a minimum of 30,000 events corresponding to the cell signal.

5.4.3.2. Use fluorescence intensity single-parameter distributions to determine the number of
chromosomes in each cell?°.

5.5. Calculate the asynchrony index (Ai).

5.5.1. Calculate the Ai, as described by Lgbner-Olesen et al.3?, using the fluorescence intensity
single parameter distributions of the RIF-runout samples and the formula Ai = (f3 + f5 + f6 + f7) /
(f2 + f4 + £8), where fx is the fraction cells with x number of fully replicated chromosomes.
Consider initiations asynchronous when A > 0.1.

REPRESENTATIVE RESULTS:

A Southern blot was done to verify that DARS2 was distributed randomly throughout the
chromosome in the transposon library (t = 0) and that the fittest clones would persist over time.
The Southern blot was performed on DNA extracted from the initial transposon pool (at t = 0)
and every estimated 100 out of 700 generations of competition (Figure 3). Here, the total cellular
DNA from each time-point was digested with the Pvul restriction enzyme, known to cut
transposon NKBOR::DARS2 once only in a region not covered by the probe. The Southern blot



was probed with a radioactively labeled DNA fragment complementary to part of NKBOR. As seen
from Figure 3, the initial DARS2 pool (t = 0) lacked distinct bands, which shows that DARS2 was
inserted randomly throughout the chromosome. Over time, a pattern emerged where the initial
large pool of DARS2 clones developed into only one or a few persisting DARS2 clones (Figure 3; t
=0tot=700).

In the example shown, DARS2 insertion sites from the competition experiment were identified
using WGS and easy gene walking. Here, WGS was used to identify insertion sites from the start
pool (t = 0) and after 300, 400, and 700 generations of competition. Note that the coverage in
the present deep sequencing was insufficient for a complete mapping of insertion sites at t = 0;
however, it gives a representative subset of the total number of insertions. WGS confirmed the
Southern blot result (i.e., the selection of the fittest DARS2 clones), ending with approximately
98% of all DARS2 insertions close to the wildtype DARS2 chromosomal location (DARS2 Clone IR
and Clone rppH), while the remaining 2% were elsewhere on the chromosome (Figure 4). This
strongly suggests that the wildtype position is optimal for DARS2 function. At t = 400, an insertion
was found on the opposite replication arm with an almost identical distance to oriC as the
wildtype DARS2 position (Figure 4), but this insertion was not recovered after 700 generations.
Thus, replication-associated gene dosage cannot be the single determinant for optimal position.

Easy gene walking was used to identify DARS2 insertions sites in single clones isolated after 700
estimated generations of competition. Here, the two DARS2 insertion sites mentioned above
(DARS2 Clone IR and Clone rppH) were identified. Easy gene walking was only done on 20 clones,
and this explains why all DARS2 insertions sites mapped in WGS were not identified. DARS2-
deficient cells were previously shown to initiate replication in asynchrony and to have a decrease
in origin concentration relative to wildtype cells*#®*%, We therefore used flow cytometry to
resolve the synchrony in the initiation of DNA replication and cellular origin content for the two
selected strains (DARS2 Clone IR and Clone rppH) which, in both cases, were restored to wildtype
levels (Figure 5). A representative example of a strain possessing a single copy of DARS2 located
in the terminus is shown (Figure 5E). Here, the presence of a DARS2 element in the terminus does
not restore synchrony or the cellular origin content to wildtype levels, while the selected DARS2
clones IR and rppH do.

FIGURE LEGENDS:

Figure 1. Methodology overview. Schematic presentation of the methodology. The
chromosomal DARS2 region is cloned into the mini Tn10 on pNKBOR, creating pJFM1. pJFM1 is
transformed into E. coli MG1655 ADARS2, which triggers a random insertion of DARS2 linked to
Tn10 onto the chromosome of E. coli MG1655 ADARS2. Approximately 70,000 clones, each
containing a different chromosomal DARS2 insertion, were pooled and competed directly against
each other in LB broth at 37 °C. The direct competition experiment in LB broth was performed
for an estimated 700 generations, where a sample was isolated for each 100 generations of direct
competition. The total DNA was extracted from each isolated sample and used for Southern
blotting and the identification of DARS2 insertions by WGS.



Figure 2. Graphic presentation of easy gene walking. This figure illustrates a genomic DNA
template of an unknown DNA sequence adjacent to a known sequence with priming sites for the
random primer and Nested Primers 1, 2, and 3. The results of the three successive amplifications
performed using the three designed nested primers are illustrated below. The final product (from
round 3) is sequenced using Nested Primer 3. This figure was adapted from Harrison et al?’.

Figure 3. Southern blot probed for NKBOR. Southern blot analysis of DARS2 insertions into a
DARS2-deficient strain. Genomic DNA extracted from every ~100 generations of direct
competition, starting at t = 0 and ending at 700 generations, were digested with Pvul and gel-
fractionated. The blot was hybridized with a NKBOR probe (see the Protocol). t indicates the
number of generations of competition. This figure was adapted from Frimodt-Megller et al*. HMW
and LMW are high-molecular weight and low-molecular weight DNA, respectively.

Figure 4. Graphic representation of resolved transposon insertions sites in ADARS2. The
positions of oriC, datA, DARS1, DARS2, and terC are indicated. DARS2 insertion sites in ADARS2
at t = 0 (black bars), t =400 (light blue bars), t = 500 (red bars), and t = 700 (green bars), resolved
by full-genome sequencing. This figure was made using DNAPlotter3? and was adapted from
Frimodt-Mgller et al*.

Figure 5. Representative flow cytometry histograms of transposon sites found by easy gene
walking at t = 700. Cells were grown in AB minimal medium supplemented with 0.2% glucose, 10
ug/mL thiamine, and 0.5% casamino acids at 37 °C. Wildtype and ADARS2 are shown in A and B,
respectively. Derivatives of the wildtype strain MG1655 devoid of DARS2 at the original locus and
instead carrying a copy of DARS2 at the resolved transposon site rrpH, IR, and the terminus (terC)
are shown in C, D, and E, respectively. This figure was adapted from Frimodt-Mgller et al.* to
show a DARS2 location that results in a cell cycle anomaly (terC) or that restores the wildtype
phenotype (rrpH, IR).

DISCUSSION:

The methodology used here takes advantage of state-of-the-art techniques to answer a difficult
guestion regarding the optimal genomic position of a genetic element. The random insertion of
the genetic element (mediated by the transposon) enables the fast and easy collection of
thousands of clones, which then can be made to compete against each other to select for the
optimal position of the investigated genetic element (i.e., the fittest clone).

Here, DARS2 was inserted into the mini-Tn10-based transposon, NKBOR. The choice of
transposon is important for the downstream analysis of insertions sites. Several different
transposons have been used in transposon-directed insertion-site sequencing (TraDIS)
experiments, such as mini-Tn5Kkm23* and the more popular choice, the Himar | Mariner
transposon3>36 (for a recent review of this, see van Opijnen and Camilli®®). We aimed for 70,000
initial random insertions of DARS2, which gives approximately a DARS2 insertion evert 65 bp in
the MG1655 genome. This can easily be adjusted by decreasing or increasing the initial pool of
colonies collected.



Here, we opted for continuous transfers in LB batch cultures, but the competition experiment
can also be performed in a different medium or under different conditions, including using a
chemostat®’. Furthermore, the procedure can be modified to accommodate any conditions of
choice, including various stresses, such as oxidative, osmotic, or antibiotic stress. To verify the
presence of persisting clones over time, one can do at least three things: WGS; transposon
sequencing (Tn-Seq); or, as here, a Southern Blot. Finally, easy gene walking can be done on a
few clones, with the further advantage that transposon insertion sites are identified in single
clones, such that the effect of the specific insertion site can be phenotypically analyzed.

The choice of phenotypic assay to evaluate the outcome of a competition experiment depends
on the investigated region. We used flow cytometry, which is a powerful method to measure cell-
cycle parameters of bacteria. Here, flow cytometry revealed that the selected chromosomal
position(s) of DARS2, (i.e., the DARS2 insertions close to the wildtype DARS2 position) resulted in
the correct regulation of replication initiation (i.e., synchrony and DNA concentration). The
optimal chromosomal position(s) for DARS2 were selected in part due the proper replication-
associated gene dosage and in part due to the favorable local genomic environment that is
important for DARS2 function®.

Here, a non-coding DNA element was investigated, but this could be expanded to any coding
region of choice. A recent study found that the level of gene expression varied ~300-fold,
depending on its position on the chromosome, without clear correlation to replication-associated
gene dosage®. The approach described here could give important insight into the relationship
between the genomic location of a particular gene, its transcriptional activity, and the associated
fitness advantage. This could in theory assist with the selection of genomic positions, leading to
the stronger expression of a given gene, which in turn could be of interest to engineering new,
improved strains for recombinant protein production.

Because E. coli contains limited intergenic regions®, transposon insertions will, in most cases,
disrupt gene(s). This may occasionally create false positives where the fittest clone(s) are not
selected due to the optimal chromosomal position of the genetic element in question, but rather
because a gene is disrupted—which, in other ways, provides a fitness advantage during the
competition experiment®.

This methodology takes advantage of an easy-to-use transposon system, where any region of
choice can be integrated at random locations. The designed competition experiment can be
modified to include any number of selection forces other than pure growth, as seen here. The
setup can also be modified to be purely based on Tn-Seq, which yields a greater sequencing
resolution of insertions sites than WGS, used here. This unbiased approach should be used to
elucidate exciting new features in thus-far uncharacterized organisms, which might show that
common trends exist in the chromosomal organization of Eubacteria.
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licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Authar hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author {or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively} and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, andfor modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author's facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JOVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reasan therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. !oVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
fitming, timing of publication, if any, length, quality, content
and the like,

11. Indemnification. The Author agrees to indemnify JoVE
and/ar its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
held harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’'s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of inteilectual property rights, damage to the Author’s or the
Author's institution’s facilities, fraud, libel, defamation,
rasearch, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by loVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents ar
independent contractors.  All sterilization, cleanliness or
decontamination procedures shzll be solely the responsibility
of the Author and shall be undertaken at the Author's
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. TYransfer, Governing law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of etectronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.
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¢ Protocol Language:
Q1) Editor re-wrote some of your protocol steps in the imperative tense. Some non-action items were
made into notes.

A1) Ok

Q2) Editor split some of the longer steps.

A2) Ok

Q3) Lines 231-236: Please rewrite this as a step, use a note if necessary, however a section cannot exist
without a step.

A3) This has now been rewritten to include steps.

Q4) Section 5: Descriptive sections of the protocol can be moved to introduction, Representative Results or
Discussion. The JoVE protocol should be a set of instructions rather a report of a study. Any reporting
should be moved into the representative results.

A4) The previous descriptive section has now been partly moved to the introduction and reformatted to
notes and/or incorporated into the steps in the protocol.

¢ Protocol Detail/highlighting: Please add more details to the following protocol steps. For ALL highlighted
step, simply citing a references is not sufficient, and explicit stepwise details are required.

All protocol steps have been addressed except for question 19 and 20.
Q19) 5.4.: Are the cells previously counted? How?

A19) The cells have not previously been counted but The cells have not previously been counted , but the
flow cytometer ’ counts’ them during analysis..

Q20) 5.4.1: Please expand and describe using stepwise details about the flow cytometry process. Please
mention what button is clicked on in the software to do this, or which menu items need to be selected.

A20) The section has now been expanded to include more details. However we have not expanded details
on the software as each make of Flow cytometer instrument and softwareis unique. We have therefore
kept this part general.

* Figure/Table Legends::

Q1) Fig 1: Please expand the legend to be self-sufficient.

A1) This has now been added.

I+
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Q2) Fig 3: Can a scale of molecular weights be provided?

A2) We do not have a MW scale for this precise experiment. The molecular weights are in this case not
important because the southern blot is used to track if the distribution of bands becomes more and more
clonal over time. In addition, the single junctions are later sequenced for higher resolution.

¢ References:
Q1) Please use superscript ciation formalt move the http link to the reference list ( Line 103)

Al) Done

* Please define all abbreviations at first use (LB, NKBOR, PCR, etc)

Done. However, NKBOR is not an abbreviation but the real name of the transposon.

¢ After the Discussion, please add an “Acknowledgments” section. Please list acknowledgments and all
funding sources for your work in this section.

Done

¢ Please add a “Disclosures” section to your manuscript below the “Acknowledgments” section. In this
section, please provide information regarding the authors’ competing financial interests or other conflicts
of interest. If authors have no competing financial interests, then a statement indicating no competing
financial interests must be included. Please see JoVE’s instructions for authors for more information.

Done



