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ABSTRACT: The ability to precisely and efficiently recombineer
synthetic DNA into organisms of interest in a quantitative manner is
a key requirement in genome engineering. Even though considerable
effort has gone into the characterization of recombination in
Escherichia coli, there is still substantial variability in reported
recombination efficiencies. We hypothesized that this observed
variability could, in part, be explained by the variability in
chromosome copy number as well as the location of the replication
forks relative to the recombination site. During rapid growth, E. coli
cells may contain several pairs of open replication forks. While
recombineered forks are resolving and segregating within the
population, changes in apparent recombineering efficiency should
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be observed. In the case of dominant phenotypes, we predicted and then experimentally confirmed that the apparent
recombination efficiency declined during recovery until complete segregation of recombineered and wild-type genomes had
occurred. We observed the reverse trend for recessive phenotypes. The observed changes in apparent recombination efficiency
were found to be in agreement with mathematical calculations based on our proposed mechanism. We also provide a model that
can be used to estimate the total segregated recombination efficiency based on an initial efficiency and growth rate. These results
emphasize the importance of employing quantitative strategies in the design of genome-scale engineering efforts.
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he continued development of the lambda red recombina-

tion system (recombineering) and multiplex single-strand
DNA (ssDNA) synthesis technologies has enabled increasingly
complex genome-scale design and engineering efforts.'™” As
this complexity increases, so does the need to reliably calculate
genome editing efficiencies used to estimate progress
throughout construction efforts.”’ > Reported efficiencies for
ssDNA recombination range from less than 1% to as high as
70%."" Efforts within our own lab often result in recombination
efficiencies that vary by an order of magnitude. In such cases,
the amount of time required to construct a specific genome
design or create a genome-scale library by recombination
techniques, such as MAGE,” will similarly vary, resulting in a
variety of subsequent challenges (e.g., incomplete library
coverage, an inability to estimate design completion dates,
etc.) to the overall engineering platform.

Recombination efficiency is traditionally measured by using
single- or double-strand DNA (dsDNA) oligomers (<200
nucleotides) to restore the function of a previously altered gene
that encodes an easily scored phenotype.'' While not often
considered, the mechanism of recombination can affect the
results of such efficiency assays. During periods of rapid growth,
when recombination is typically performed, Escherichia coli cells
contain multiple pairs of open replications forks on the same
genome, which enables cell doubling times less than the time
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needed for chromosomal replication. It has been reported that
E. coli can contain as many as 16 partial copies of its
chromosome depending on growth conditions.'”” Multiple
replication forks result in the presence of multiple partially
complete chromosomes within the same cell, which provide
multiple targets for oligo recombination.”” Modifying only a
subset of these target sites leads to genetic polymorphism,
potentially confounding the results of a recombination
assay."""*"'® Herein, we describe a mechanism explaining
how genetic polymorphism would impact recombination
efficiency when measured using a screenable phenotype.

Two recombination scenarios are presented in Figure 1 for a
dominant recombinant phenotype coded on the lagging strand.
In Figure 1A, a recombination event in a cell with two open
replication forks (one pair) is shown. During recombination,
the oligonucleotide anneals to the exposed lagging strand
template before synthesis of an Okazaki fragment can occur,
resulting in a mismatch with that template. After one
generation of recovery following recombination, a replication
fork uses the recombineered DNA as the template for leading-
strand synthesis and the wild-type DNA as the template for
lagging-strand synthesis. Cell division results in one mutant and
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Figure 1. Impact of replication fork number on final recombination efficiency. The freshly synthesized lagging strand is indicated by a dashed line.
(A) Recombination in a cell with two open replication forks is shown. (B) Recombination in a cell with six open replication forks is shown. Because
more forks must be resolved in scenario B to reach genotypic homogeneity within the recombineered cell, the final recombination efficiency is lower

than that in the two replication fork scenario.

one wild-type cell. After a second generation of recovery,
another pass of the replication fork at the recombination site
uses the recombineered DNA as the template for both leading-
and lagging-strand synthesis, resulting in a homogeneous
mutant cell. Cell division yields one mutant and three wild-
type cells. The total segregated recombination efficiency is one-
fourth the apparent efficiency immediately following recombi-
nation.

Figure 1B depicts recombination in a cell containing six
replication forks (three pairs). In this scenario, the cells are
growing faster than the time required for complete
chromosome synthesis. In order to maintain steady-state
growth, after each cell division a new pair of replication forks
is opened on all available oriC sites.'” This results in multiple
replication forks proceeding simultaneously on the same
chromosome or partially complete chromosome. With two
open forks inside the cell at the recombination target site, there
are now two loci where recombination can occur. As a result,
one additional generation of recovery is required to obtain
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homogeneous recombineered cells compared to the two
replication forks scenario. This results in a total segregated
recombination efficiency one-eighth of the initial apparent
recombination efficiency.

The simple mechanism described above can be modeled
using inputs of growth rate, genomic position of target
mutation, initial apparent recombination efficiency, and rate
of genome replication. By estimating the average number of
replication forks in front of the target mutation (which depends
on the distance from the origin and growth rate), the total
segregated (or final) recombination efficiency can be computed
based on the same basic mathematics laid out in Figure 1.
Importantly, growth rate, initial recombination efficiency, and
genomic position® data are relatively simple to obtain. For this
study, genome replication rate was estimated assuming a C
period of 41 min and a D period of 22 min.*" This basic model,
along with a sensitivity analysis, is included as Supporting
Information. The estimates provided by the model are
compared to experimental data in Table 1.
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Table 1. Measured and Predicted Segregated Recombination
Efficiencies

initial apparent predicted specific
activated  recombination  total segregated  segregated growth
gene efficiency efficiency + SD efficiency rate (h™")
galK 30% 4.1 £ 0.5% 3.8% 2.0
mtlA 30% 2.7 + 0.6% 2.6% 2.5
lacZ 11% 1.9 + 0.2% 1.7% 1.7

To validate this model, we inserted loss of function
mutations (stop codons) into the genes mtlA and galK in E.
coli strain EcNB14 using ssDNA lambda phage recombineer-
ing.> We then used recombination to simultaneously restore
function of both genes. Following recombination, cells were
recovered in LB and plated on MacConkey agar containing
mannitol (for mtlA screening) or galactose (for galK screening)
at approximately 30 min intervals. After 24 h of growth on the
MacConkey agar plates, recombination efficiency was assessed
by counting pink and white colonies (Figure 2). The
percentage of colonies metabolizing mannitol (functional
mtlA) after 30 min was found to be 30%, and the percentage
of colonies metabolizing galactose (functional galK) after 30
min of recovery was also found to be 30%. As predicted, the
percentage of colonies metabolizing mannitol and galactose
decreased with recovery time. After S to 6 h of recovery time,
the apparent recombination efficiency dropped to 2.7 and 4.0%
for mtlA and galK, respectively, after which the recombination
efficiency was observed to be stable.

To further validate the model proposed above, individual
galK “on” colonies (galactose metabolizing) were picked from
successive recovery plates and restreaked onto a second
MacConkey agar plate (Supporting Information Figure 1).
The restreak of the colony from the earliest time point is
mostly white, indicating that galK is inactive in many of the
daughter cells from the picked colony, whereas streaks from
successively later time points are increasingly pink, ie., galK
active. These results further support the hypothesis that cells
engineered by ssDNA recombineering become increasingly
genetically homogeneous as the recovery time increases.

We confirmed the above results were not due to the use of
the MacConkey agar assay, the particular E. coli strain
employed, or the galK and mtlA genes evaluated. Specifically,
using E. coli EcNR2, we first disrupted lacZ function and then
restored function in the same manner as above. lacZ function

was scored using blue/white screening on LB agar plates
containing Xgal. The recombination efficiency was lower for
lacZ than that for mtlA and galK. However, as shown in Figure
3, the percentage of colonies metabolizing lactose similarly
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Figure 3. Comparison of dominate and recessive phenotypes.
Recombination efficiency of the lacZ on oligo is shown (filled circles).
The resulting lacZ on cells were then deactivated using the lacZ off
oligo (empty squares). Error bars represent standard deviation.

decreases as recovery proceeds, with apparent recombination
efficiency declining from an observed maximum of 11% to 2.5%
after 4.5 h of recovery (Figure 3). After approximately 24 h of
recovery, 1.9% of cells were found to have lacZ function.

The results of these three experiments were compared to
predictions from the model described above using a binomial
distribution. It was found that all three total segregated
recombination efficiency measurements were within 1 standard
deviation of their predicted value.

To further test the mechanism presented in Figure 1, we next
measured apparent recombination efficiency as a function of
recovery time for a recessive phenotype. Genetic homogeneity
is necessary for a recessive phenotype to be observed.
Therefore, we predicted apparent recombination efficiency for
a recessive phenotype should increase during recovery time, as
genetic homogeneity increases, rather than decline, as seen in a
dominate phenotype. To test this prediction, lacZ function was
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Figure 2. Recombination at different genomic positions. (A) Measured values for the recombination efficiency of the galk on oligo. (B)
Recombination efficiency for the mtlA on oligo. Error bars represent standard deviation.
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terminated by the same ssDNA recombineering approaches
used above in one of the ECNR2 colonies with functional lacZ.
Initial apparent recombination efficiency was near 0% (Figure
3), efficiency increased during recovery, and eventually 2.5% of
colonies showed no lacZ function. It is interesting to note the
total segregated recombination efficiencies of the lacZ on and
off oligos were similar (2.5 vs 1.9%), suggesting that difficulties
in detecting recessive gene mutations may be due to the use of
insuflicient recovery times.

The importance of using total segregated recombination
efficiency instead of the initial apparent recombination
efficiency is best illustrated by considering a population of
cells subjected to successive rounds of recombination. Suppose
a genome engineering project required recombination at 10
sites in the genome of a single cell. If, mistakenly, the initial
apparent recombination efficiency is used as measured for galK
above (30%), then it would be estimated®* that eight rounds of
recombination would be required for 50% of the cell population
to contain all 10 desired mutations. However, if the total
segregated recombination efficiency was used (4.1%), approx-
imately 65 rounds of recombination would be required for 50%
of the cell population to have all desired mutations. Accurate
estimations of the time and effort required for genome
engineering projects are crucial to equipment scheduling and
experimental efficiency.

The scale and complexity of synthetic biology and genome
engineering efforts continue to expand. Understanding the
impact of chromosome replication on recombination efficiency
is important to developing robust strategies for multiplex
genome engineering. For this reason, we advocate that
recombination efficiencies be reported as total segregated
recombination efficiencies rather than apparent efficiencies.
Furthermore, we provide a tool to help predict total segregated
efficiency, which should aid in planning genome engineering
projects. Additionally, obtaining genetic homogeneity, via
increased recombination recovery time, in mutant cells should
ensure long-term genetic stability of mutations. The tool and
associated understanding presented here can aid in the
development of more robust genome editing and engineering
efforts in a broad range of applications.

B METHODS

Strains and Recombination. lacZ experiments were
performed in EcNR2 (specific growth rate: 2.3 h™'). EcNR2
is a derivative of E. coli MG1655 with AbioA::A-prophage and
AmutS::cmR.°> EcNB14 is derived from EcCNR2 with mtlA::-
STOP and galk::STOP. The oligos used in this study are listed
in Table 2.

Recombination. Recombination methods have been
described previously.”® Briefly, E. coli cells were grown
overnight in lysogeny broth (LB). Cells were then transferred
to shake flasks and grown to an optical density of approximately
0.6. One milliliter of cells was spun at 14 000 rpm for 1 min,
and the pellet was resuspended with 1 mL of chilled ultrapure
water. This process was repeated two additional times, and the
water was decanted after each spin. One microliter of 100 yuM
oligo was added to the pellet and resuspended in 50 uL of
ultrapure water. Cells were then electroporated, transferred to 3
mL of LB, and allowed to recover at 30 °C.

Recovery Time Assay. At 30 min time intervals, the
transformed cells were diluted and spread on MacConkey agar
plates for mtlA and galK or LB Agar plates with X-gal for lacZ in
triplicate. Plates were incubated at 30 °C. After approximately
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Table 2. Oligos Used in the Study

sequence
Gx Gk Ak AXACAGCTATGACCATGATTACGGATTCACTGGCCGTCGTTTGACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCG
GhxGA AKX AKX ACAGCTATGACCATGATTACGGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCG

oligo
lacZ off

lacZ on

ChkTxChkGhkGTTCTATGATTGCAGGTCCGCTGGGCGGCTGGTGCATTAAGCACTTCGACCGCTGGGTAGACGGTAAGATCAAATCCGGTTTTGAG
Gh ChThTh CACTGGAAGTCGCGGTCGGAACCGTATTGCAGCAGCTTTATCATCTGCCGCTGGACGGCGCACAAATCGCGCTTAACGGTCAGGAA

mtlA on

galK on
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36 h, the colonies on the plates were counted. For each data
point, an average of 993 colonies were counted. Apparent
recombination efficiency at each time point was determined by
dividing the number of recombinant colonies (pink for mtA
and galK on, blue for lacZ on, and white for lacZ off) by the
total number of colonies on the respective plate.

B ASSOCIATED CONTENT

© Supporting Information

Figure S1: Colonies expressing galK following galk on oligo
recombination. Spreadsheet of the model described in this
work. This material is available free of charge via the Internet at
http://pubs.acs.org.
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