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Abstract

Classic Helmstetter & Cooper model asserted that the multifork phenomenon in the
process of replication. However, the impacts of the multifork on the evolution and
genetic engineering are still vague. Here, we employed CRISPR/Cas9 technology to
knock-out eighteen Escherichia coli chromosomal fragments (over 50 kb) that
represent all areas of the chromosome. We demonstrated that a single cell could have
wild-type, color-reporter, and antibiotic-resistant genes simultaneously in the same
locus of the different branches of the duplication forks after multiple rounds of
deletions and replacements. This phenomenon that a single cell had different
genotypes in its local polyploid chromosomes, which was similar to eukaryotic
heterozygote, was named as local polyploidy. Under a defined selective pressure
condition, offspring cells containing at least a copy of conditionally beneficia
mutation could be enriched, and other alleles could be kept silently and peacefully in
the duplication fork(s) of the same cell. The significance of this phenomenon in the

genetic engineering was discussed.
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1. Introduction

Bacterial chromosome replication is best investigated in model bacteria, Escherichia
coli(1, 2) and Bacillus subtilis(3, 4). A circular bacterial chromosome generates two
replication forks, replicating chromosome bidirectionally from the “Origin” until the
“Terminus’. Each half of the chromosome replicated by one of the two replication
forks is called a “Replichore’(5-7). However, some cells initiated new rounds of
chromosome replication before completing the previous one, resulting in two, four or
even eight rounds of replication proceeding simultaneously. This phenomenon, which
was termed “multifork replication” (8), was formalized by Cooper and Helmstetter in
1968(9). Notably, Cooper and Helmstetter's model illuminated that cells could
balance the largely constant rates of replication fork progression with the
nutrient-dependent changes in mass doubling time, by initiating replication and
dividing more frequently when growing faster(9, 10) (Supplementary Figure 1).
Although the development of bacteria quantitative physiology and fluorescence
microscopy can infer the presence of multifork, the size and the life cycle of each

replication fork in the multifork remains vague(11-15).

Multiple copies of chromosomal fragments will exist in local areas if the
phenomenon of bacterial multifork exists. If deletion or replacement of targeted
chromosomal fragment did not occur in al copies of the chromosome in the
replication fork, a local polyploidy phenomenon will occur, leading to the behavior
segregation among offspring cells. It is interesting to know whether a single bacterial
cell containing different aleles in the same locus could mimic the fate of an
eukaryotic heterozygous cell. What are the impacts of the multifork triggered local

polyploidy or “heterozygote” on the evolution and genetic engineering?

The emergence of CRISPR/Cas9 technology provides us a possible tool to
investigate the above puzzles. In the CRISPR/Cas9 system, the Cas9 nuclease directly
introduces double strand breaks (DSBs) a a position 3 bp upstream of the DNA
double strand containing PAM (Protospacer adjacent motif) with the guidance of two

noncoding RNAs. CRISPR RNA (crRNA) and trans-activating crRNA
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(tracrRNA)(16-20). Since 2013, CRISPR/Cas9 system has been successfully applied
to multiple species, including bacteria(21-24), yeast(25, 26) and mammalian cells(27,
28). It has been widely used in E. coli for generating site-directed mutations, codon
substitution, fragment deletion, and other precise gene modifications(29-31). It is well
known that homologous recombination (HR) is a major DNA repair pathway in
prokaryotic organisms and is particularly important in such bacteria lacking
non-homologous end joining (NHEJ) such as E. cali(32). In E. coli, the repair of
DSBs needs an exogenous donor DNA through HR(33, 34). However, due to the long
spatial distance between the two incision ends of a large truncation, its HR based
repair by a small donor DNA remains challenging and could be very inefficient

without an overexpressed recombination system.

In this study, CRISPR/Cas9 technology was utilized to challenge the replacement
of chromosome fragments over 50 kb in E. coli without overexpressing any
endogenous or exogenous recombination system. Due to the low efficiency, it is
possible that only part of the chromosome copies in the branches of a multifork could
be deleted and replaced in one bacterial generation (Fig. 1). Reporter gene was used
to replace the deleted chromosome fragments at different locations to construct a
reporter system. Here, we demonstrated that the same locus at the different copies of
chromosomes in the replication fork of a single cell could be edited into different
genotypes by knocking-in color reporter genes, antibiotic resistance genes, etc. The
large fragment deletion experiments were performed at eighteen different locations on
the chromosome, representing all areas of the chromosome. Local polyploidy or
“heterozygote” phenomenon were observed in all engineered strains, indicating that
the size and life span of bacterial replication fork may be greater than our traditional

belief, and that multifork may exist not only during the rapid growth period.

The mixed genotypes could be segregated into offspring cells in different
combinations, so that those offspring cells could have different phenotypes (Fig. 1)
and exhibit different growth behaviors under different environmental conditions.

Genetic engineering that is temporarily non-beneficial or even harmful to the cells
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under non-stressed conditions could provide cells the resistance toward an occasional
environmental stress. The engineered cells could be enriched to become dominant
genotype under the corresponding stress. When the corresponding stress disappeared,
the engineered strains lost their competitive advantage and the population harboring
that mutant decreased due to its fitness cost. These results shed new light on a novel

possibility of strain degeneration in the field of genetic engineering.
2. Materials and M ethods

2.1 Strains and Culture Conditions. The E. coli K-12 strain Topl0 (BMTop1l0,

Biomed) was used as the host strain for molecular cloning. The genotype of the strain
Topl0 is F-mcrA 2 (mrr-hsdRMS-mcrBC) @ 80lacZ 2 M15 2 lacX 74recAlaras 139 2

(ararleu) 7697galUgalKrpsL(Starr)endAlnupG. The mutant recAl protein has a
greatly reduced single-stranded DNA-dependent ATPase activity at pH 7.5 compared
to the wild-type protein(35). E. coli strains Topl0 was taken as the host for genetic
engineering using CRISPR/Cas9. Strains for cloning were grown in Luria-Bertani
(LB) medium (10 g/l tryptone, 5 g/l yeast extract, and 10 g/l NaCl) supplemented with
appropriate antibiotic (ampicillin (100 pg/ml), kanamycin (25 pg/ml) and
chloramphenicol (50 ug/ml)).

2.2 Plasmid construction. The plasmid pCas9cur encoding Cas9 protein was
constructed originally by Li, Y. F et al(29). The Flp gene was introduced into the
plasmid pGRB(29) to obtain the plasmid pFlp-sgRNA. To generate pJET-sgRNA-pCI,
the sgRNA-pCI fragment was synthesized by PCR-based accurate synthesis (PAS)
method. Plasmid pJET-sgRNA-pCl was constructed by ligating the sgRNA-pCI
fragment with the vector pJET1.2 (CloneJET PCR Cloning Kit, Thermo Fisher
Scientific). Plasmid DNA was isolated by standard techniques. All DNA sequences in
the constructs were confirmed by sequencing. All primers used in plasmids

construction could be found in Supplementary Table 5.

To construct sgRNA plasmid, a set of primers were used to PCR amplify the
pFIp-sgRNA backbone. The 20 bp spacer sequence designed for each target was
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synthesized in primers. The PCR product was then self-assembled using Gibson
Assembly to obtain the desired gRNA plasmid (Supplementary Figure 3 and Table
2).

Donor dsDNA usualy contained 300~500 bp homologous arm on each side (5’
homologous arm had 500 bp and 3' homologous arm had 300 bp). To construct donor
dsDNA, two homologous arms and the sequence (the prancer purple reporter gene
(PPRG) or kanamycin resistance gene (KRG)) to be inserted were separately
amplified and were then fused together by OE-PCR. The PPRG come from DNA2.0
(CPB-37-441). We messured the growth rates of two ToplO derivatives with or
without the PPRG overexpression (Supplementary Figure 34). The results showed
that the growth rates of the two Top10 derivatives were similar, in agreeing with the
conclusion that the PPRG did not affect the growth of the host cells
(https://www.atum.bi o/eCommerce/catal og/datasheet/529). PCR products were cloned

into the vector pJET1.2 (CloneJET PCR Cloning Kit, Thermo Fisher Scientific). The
plasmids were digested by appropriate restriction enzymes, usualy by Notl and Pstl
unless otherwise noted. Gel purification of the enzyme-digested PCR products prior to
electroporation is necessary. All primers used in donor dsDNA construction could be

found in Supplementary Table 3.

2.3 Oligonucleotides and PCR. All primers were designed by Integrated DNA
Technologies (IDT) (http://sg.idtdna.com/sessionTimeout.aspx).  Oligonuclectide

sequences were listed in Supplementary Table 2 ,Table 3, Table 4 and Table 5. PCR
was performed with 1 ul of 25 U/ul TransStart FastPfu Fly DNA Polymerase
(TRANCEGEN) in 50 ul with 1xFastPfu Fly Buffer, 0.2 mM dNTP mix

(TRANCEGEN), 0.2 uM of each primer and a program of: 95 °C, 3 min; 32 cycles of
(95°C, 20 ;58 °C, 155, 72 °C, 1 min) unless otherwise noted.

2.4 Genome editing procedure in E. coli. ToplOpCasOcur competent cells were
generated as previously described(36). 200 ng donor dsDNA and 100 ng sgRNA
plasmid were added in each reaction. After transformation, 500 ul of LB were
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immediately added into the cells. After 1 h recovery, the cells were centrifuged to
remove the supernatant. 1 ml LB (Cm + Amp) was added into the tube. Cells were
recovered for 3 h prior before 200 pl of the cells were plated. Plates were cultivated at
37 °Cfor 48 h.

2.5 The dilution-plating method. This method was typically used to separate
microorganisms contained within a small sample volume (eg. a single colony), which
was spread over the surface of an agar plate, resulting in the formation of discrete
colonies distributed evenly across the agar surface when the appropriate concentration
of cells was plated(37). A single colony was picked and diluted in 1000 pl ddH»O or
LB broth. After mixed gently, 50 ul of diluted cells were plated on the plates
containing different antibiotics. The plates were cultivated at 37 °C. The numbers of

colonies formed were manually counted.

2.6 Isobutanol tolerance assay. Isobutanol tolerance was determined by calculating
the numbers and ratios of the white or purple cells, and by measuring the ODggo. For
ODgoo measurement, 1% (vol/vol) of the overnight culture was inoculated in 200 ml
LB medium in 500-ml baffled shake flasks and grew at 37 °C until early exponential
phase (ODgpo, 0.45-0.5). 30 ml of culture was then inoculated into a 250-ml baffled
shake flask, followed by the addition of isobutanol with desired concentrations. We
used parafilm to wrap the cap of the test tube to minimize the evaporation. The
growth of cells was sampled and monitored by ODgy measurement. The ratio of
ODsgno at 48 and 0 h was used to determine the tolerance. Viable cell counting was
performed after ODgoo measurements. After dilution by LB broth, cells were plated on
an LB (no antibiotic) plate and an LB (Cm + Amp) plate. Plates were incubated at

37 °C for 48 h. The numbers of colonies developed on the plates were counted.

2.7 Purification of Genomic DNA and Sequencing. Genomic DNA was purified
from cells using the bacterial genomic DNA purification spin columns (TIANGEN).
The flanking sequences of the reporter genes were PCR amplified. The PCR products
were purified and then sequenced by Synbio Tech (sequencing primers were shown in

Supplementary Table 4).
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3. Resultsand Analysis

3.1 The presence of bacterial multifork phenomenon demonstrated at the

single-cell level

CRISPR/Cas9 dependent large fragments deletion and replacement in E. coli, a
species without NHEJ system, relied on the repair of DSB by HR(21, 32, 38). There
was no previous report for HR-dependent deletion and replacement for any over 50 kb
fragment in E. coli. Here, we challenged to delete over 50 kb fragments in an E. coli
strain Top10, which had even greatly reduced recombinase activities(35) (see also
materials and methods). Since the efficiency of HR was low in Top10, we assumed
that it was possible that only part of the chromosome copies in the branches of a
multifork could be deleted and replaced in one bacterial generation. To testify this
hypothesis, we created a reporting system by knocking-in the Prancer purple reporter
gene (PPRG) (See Fig. 2a) at eighteen different locations of the E. coli chromosome,
spanning all the areas of the chromosome (four knock-in locations next to the OriC
and four knock-in locations next to the Terminus) (Supplementary Figure 2 and
Table 1). For example, a pair of SgRNAs were designed on both sides of the gene
sequence for the chromosomal fragment (56 kb) within the range of
1,588,791-1,645,053 of the E. coli genome. An expression vector containing the
above sgRNAs was constructed and named as pFlp-sgRNA_56 kb, carrying the
ampicillin (Amp) resistance marker. PPRG with homologous arm was designed
according to the target gene sequence (Fig. 2a). The pCas9cur plasmid with the Cas9
protein encoding gene and the chloramphenicol (Cm) resistant marker was introduced
into the Topl1O strain, generating the ToplOpCasOcur strain. The linearized donor
DNA (Donor-PPRG) containing the PPRG, and the pFlp-sgRNA_56 kb or its negative
control were co-transformed into ToplOpCasOcur competent cells (Fig. 2b,
Supplementary Figure 3, Table 2 and Table 3). Only transformants containing both
of the plasmids pCas9cur and pFlp-sgRNA_56 kb could resist both of the Cm and
Amp antibiotics. If Cas9 protein did not work, the cells will remain white. If Cas9
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protein worked well, DSB could be introduced into the E .coli chromosome. If the
DSB could not be repaired, the cells will die. If the DSB could be repaired by
Donor-PPRG through HR, the cells will turn purple owing to the purple protein

EXPressions.

When plated with a diluted culture, a single colony was developed from a single
transformant. This method was typically used to separate microorganisms contained
within a small sample volume (eg. a single colony), which was spread over the
surface of an agar plate, resulting in the formation of discrete colonies distributed
evenly across the agar surface when an appropriate concentration of cells was
plated(37). Single colonies appeared on LB (Cm + Amp) plates after 12 to 24 h
incubation at 37 °C. Some colonies turned purple after an additional day (Fig. 2b),
named as Topl0 56 kb-Purple. Eight purple single colonies were randomly picked
and verified by PCR targeting the 5" and 3’ ends of the PPRG, respectively, to confirm
that the 56 kb fragment of the chromosome was replaced by the PPRG. PCR results
showed that all eight colonies were positive colonies (Fig. 2c, 2d and
Supplementary Table 4) and the sequencing results also confirmed that the PPRG
did exist at the target position. We designed primers outside and inside of the
knockout construct to check the boundaries (Fig. 2a). Further PCR and sequencing
results confirmed that all of the purple single colonies also contained the wild-type
chromosomal fragment at the same target location where the PPRG was knocked-in
(Fig. 2e, 2f, 2g and Supplementary Table 4). To further verify the above
phenomenon, we constructed gene replacements for large fragments over 50 kb at
other seventeen locations on the chromosome. As expected, the PCR verification
results were similar to that of the strain with the 56 kb fragment deletion
(Supplementary Figures. 4-20). Negative and positive controls were included in all
of ninety PCR gel pictures. All results confirmed that the WT region and PPRG insert
co-existed in every purple single colony we tested, no matter of the location of the
large fragment deletion and the following PPRG knock-in. Our experiment design and

sequencing results ruled out the possibility of a tandem positioning of the wild-type
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and the PPRG fragment (Fig. 2 and Supplementary Figures. 4-20). Both wild-type
and PPRG genotypes were kept intact during the process in which asingle colony was
developed from an engineered cell. The observations strongly indicated that only part
of the chromosomal alleles in the replication fork of each engineered cell were

replaced by the PPRG while the other alleles maintained their wild-type genotype.

3.2 The presence of bacterial local polyploidy or “heterozygote’” phenomenon

demonstrated at the single-cell level

The above results strongly indicated that both WT and PPRG co-existed in the same
transformant. If the local polyploid or “heterozygous’ cells did exist in E. coli, and
the CRISPR/Cas9 system could continue editing the copy of the wild-type fragment in
the replication fork. Thus, we would obtain the strains containing both purple and
antibiotic resistance phenotypes by adding an antibiotic resistance marker into the
donor DNA. If successfully conducted, a single cell could contain three different
genotypes of wild-type, PPRG and an antibiotic resistance marker at the same locus of
the different copies of chromosomes inside the replication fork, and become a local
polyploidy or “heterozygous” cell. To verify this hypothesis, we used the kanamycin
resistance gene (KRG) as part of a donor DNA to replace the 56 kb fragment at the
same locus in the different chromosome copies of the genome of purple bacteria
Topl0 56 kb-Purple as described above. The genome copy containing the PPRG
could not be further modified since the sgRNA binding site has been deleted when
digested by Cas9 protein during the gene editing. As shown in Fig. 3a, we obtained
strains containing three different genotypes of wild-type, PPRG, and KRG in the same
locus of different chromosome copies in the replication fork. Here, Donor KRG, a
linearized repair template containing KRG and homologous arm, was constructed
according to the target gene sequence. The repair template was introduced into the
Topl10_56 kb-Purple competent cells of the engineered purple strain. The KRG was
inserted into the genomic DNA by HR (Fig. 3b, Supplementary Figure 21 and
Table 3), which was constructed to replace the multiple copies of the 56 kb genomic

fragments in the replication fork that could express both the PPRG and KRG. The
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integration of KRG in the bacterial chromosome provided the cells with the resistance
to the antibiotic kanamycin (Km). After 48 h incubation at 37 °C on the LB (Cm +
Amp + Km) plates, colonies were obtained which should contain both PPRG and
KRG (Fig. 3c). Eight colonies with light purple color were selected and verified by
PCR at the 5" and 3’ ends of the KRG, respectively, to confirm that the large fragment
of the chromosome fragment was replaced by the KRG. PCR results showed that all 8
colonies were positive colonies (Fig. 3d and Supplementary Table 4) and the
sequencing results also confirmed that the KRG was knocked into the targeted
position (Supplementary Figure 22 and Table 5). The strains were named as
Topl0 56 kb-Purple/lKm. After that, the PPRG was verified by PCR at the 5 and 3
ends of the PPRG, respectively, to confirm that the PPRG was still present in the
positive colonies. PCR results showed that al eight colonies contained the PPRG (Fig.
3eand Supplementary Table 4).

In order to verify whether local polyploidy or “heterozygote” colonies still contain
wild-type sequence, we used primers outside the knockout construct and inside to
check the boundaries on the 56 kb deletion fragment. The PCR assays showed that all
eight positive colonies still contained wild-type fragment (Fig. 3f and
Supplementary Figure 22 and Table 4). Moreover, we designed multi pairs of
primers outside and inside the knockout construct to check the boundaries and the all
length 56 kb fragment by PCR in E. coli Top10 or Top10_56 kb-Purple or Top10 56
kb-Purple/lKm cells (Supplementary Figure 23). The results confirmed that in the

WT copies the chromosome loci was till intact and was not edited.

3.3 Bacterial local polyploidy or “heterozygote” demonstrated by the

dilution-plating assays

Every Top10_56 kb-Purple/Km cell grew on LB (Cm + Amp + Km) plates was Km
resistant and should have at least one copy of the KRG in the chromosome. To
confirm that three genotypes co-existed in the engineered cells, three positive single
colonies (named as G2 single colony, the abbreviation of the Generation 2 single

colony) of Topl0 56 kb-Purple/lKm from LB (Cm + Amp + Km) plates was picked.
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Every G2 was developed from a transformant (named as G1 transformant). Each G2
were diluted in 1000 pl ddH2O, and 50 pl of cells were plated on LB (no antibiotic),
LB (Cm + Amp), LB (Km) and LB (Cm + Amp + Km) plates. As explained earlier,
the chromosome could not be further edited if any of the plasmid was lost due to the
lack of its corresponding antibiotic pressure during the new plate incubation time. The
growth of colonies was observed after incubation at 37 °C for 48 h (Fig. 4a). On LB
(no antibiotic) or LB (Cm + Amp) plates, cells without KRG genotype could survive.
Among the colonies (named as P3 single colony), about 20% were purple and the
others were white (Fig. 4b and Supplementary Figure 24b). On LB (Km) or LB
(Cm + Amp + Km) plates, only cells with KRG genotype could survive. Among the
colonies (also named as G3 single colony), about 10% were light purple and the
others were white (Supplementary Figure 24b). Every G3 single colony was
developed from a single cell in a G2 single colony, while that G2 single colony was
developed from a G1 transformant. Since 10-20% of G3 single colonies contained the
PPRG, it was obvious that the G1 transformant contained PPRG. Since every G2
single colony was grew on LB (Cm + Amp + Km) plates, the G1 transformant and
every cell in a G2 single colony should have at least one chromosome copy of the
KRG. Taken together, the original G1 transformant contained PPRG and KRG

simultaneously.

Furthermore, the assays in Supplementary Figure 24b were modified by
culturing the G2 single colonies in liquid LB (no antibiotic) or LB (Km) medium for
48 h at 37 °C before plating (Details summarized in Supplementary Figure 25a).
Results in Supplementary Figure 25b and 25c demonstrated that a G2 single colony
originally derived from a single G1 transformant (Top10_56 kb-Purple/Km) showed
phenotypic segregation after culturing under different environmental conditions.
Taken together, the genome of a single cell could contain wild-type, PPRG, and KRG
genotypes in the same locus of the different copies of chromosomes in the replication

fork in E. coli (Fig. 4c).

3.4 Advantages of local polyploidy or “heterozygote” phenomenon in bacteria in
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environmental stress response

In order to explore the role of local polyploidy or “heterozygote” in the bacteria
evolution, we hypothesized that we could adjust the ratio of purple (engineered strain)
to white (wild-type strain) colonies in the bacterial population by changing the
environmental conditions. We further tested whether the shift of the environment
could also lead to the replacement of dominant strains (Fig. 5a). By measuring the
growth of Top10_ 56 kb-Purple under a series of growth conditions (e.g., different pH,
salt concentration, temperature, isobutanol, etc.), we found that Topl10 56 kb-Purple
grew slower than wild type in the absence of stress, but was more tolerant to high
isobutanol concentration. Therefore, the isobutanol pressure could be used as a

selection pressure to enrich the engineered 56 kb deletion strains.

In order to further study the suitability of the local polyploidy or “heterozygous’
purple engineered bacteria Topl0 56 kb-Purple to isobutanol and the selectivity of
isobutanol to the evolution of the strain, 0-15 g/l isobutanol stress gradient was set at
different incubation times to observe the phenotype and growth status of the strain
(Fig. 5b). First, one single colony of the Top10 50 kb-Purple strain was inoculated
into LB (Cm + Amp) liquid medium and cultured at 37 °C as seed culture until ODgno
reached 0.5. The seed culture developed mostly purple colonies with several white
colonies when plated on the LB (no antibiotic) plates, and developed only purple
colonies on the LB (Cm + Amp) plates (Fig. 5b and Supplementary Figure 26).
Then, the seed culture was inoculated into the LB medium containing 0O, 6, 8, 10 and
15 g/l isobutanol, respectively, at arate of 1: 100, and cultured at 37 °C and 200 rpm.
At 0, 3, 6,9, 12 h, sample cultures were plated on LB without antibiotic and LB (Cm
+ Amp) plates at 37 °C to observe the growth of the colonies (Fig. 5b and 5c).
Colonies grown on LB media with or without antibiotics showed similar responses
toward isobutanol stress. In the absence of isobutanol, the purple cells were quickly
replaced by the white ones. In the presence of 6 g/l isobutanol, the purple cells
receded gradually while the white ones continued to increase. In the presence of 8 g/l

isobutanol, the purple cells were enriched rapidly after an initia decline, and soon
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dominated the whole population at the expense of white cells. In the presence of 10
g/l or 15 g/l isobutanol, the purple cells remained total dominance but the whole
population gradualy died out as incubation continued (Supplementary Figures
26-32). In this study, the engineered 56 kb deleted strains could survive at least 36 h
in 0, 6 and 8 g/l isobutanol, 24 h in 10 g/l of isobutanol, and 12 h in 15 g/l of
isobutanol. When plated on LB plateswithout antibiotic, it was shown that the change
of isobutanol concentration could change the ratio of purple (engineered strain) and
white colonies (wild-type strain) in the bacterial community (Supplementary Figure
26). In the range of 6-8 g/l isobutanol, the number and proportion of purple bacteria
were positively correlated with the concentration of isobutanol and the screening time.
Isobutanol concentration higher than 10 g/L was toxic even to the engineered cells.
We believe that this local polyploid phenomenon of bacteria can act as a protective
mechanism to make the bacteria obtain robust properties, avoiding the damage of
random mutations and short-term environmental changes to the survival of the whole

bacteria population (Fig. 5d).
4. Discussion and conclusion
4.1 Potential impact of multifork on bacterial gene editing

CRISPR/Cas9 technology has been applied to the field of gene editing for just a few
years, but its development and utilization surpassed any other recombinant technology
such as Cre(39), Flp(40), ZFN(41), TALEN(42). In this study, CRISPR/Cas9
technique was used to localize the PPRG at different positions on the bacterial
chromosome, and thus confirming the multifork of bacteria from the single cell level.
Our results indicated that the phenomenon of the fork does not only exist in the rapid
growth period of the bacterial population (Supplementary Figure 33), and the size
and duration of the replication fork may also be greater than our traditional belief.
Through the multi-round CRISPR/Cas9 editing, the same locus of the different copies
of the chromosome in a replication fork in a single-cell genome can have wild-type,
PPRG and KRG, and become local polyploidy or “heterozygous® cells. This observed

phenomenon suggested that we should pay special attention to the “heterozygous’ cell
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phenomenon caused by multifork when we use CRISPR/Cas9 technology to perform

gene editing, especially large fragment gene knockout.

4.2 Impact of local polyploidy or “heterozygous’ cellsin pure homozygote strain

screening

In alocal polyploidy or “heterozygous” cell, different alleles exist in the same locus
and chromosome separation could separate the alleles into two daughter cells. Evenin
cells proceeding four or even eight rounds of replication simultaneously, theoretically
only two or three rounds of chromosome separation could eliminate all local
polyploidy or “heterozygous’ cells. The astonishing stability of local polyploidy or
“heterozygote” phenomenon we observed was most likely due to the HR between
different aleles inside the different branches of the multifork chromosome(24).
Theoretically, cells with “heterozygote” genotype, although represent a very small
proportion of the whole population, could be kept forever in a population through HR.
In our experiments, each visible colony in the first two rounds of plating had
approximately 10’ engineered cells, and were demonstrated to contain some copies of
the wild-type alleles in the chromosome by the colony PCR reactions. Since the
visible colony took more than 20 rounds of cell generations to form, the local
polyploidy or “heterozygous’ cells were demonstrated to be able to last even for
hundreds of cell generations in a strain population in this study (Supplementary
Figure 25). Taken together, this continuous culturing experiment showed that it might
take hundreds of cell generations to form a pure homozygote strain colony containing
absolutely no local polyploidy or “heterozygous” cell, even under the selective
pressure conditions. Multi rounds of single-cell plating assays under selective
pressure conditions might be needed to obtain a pure population of engineered strains
containing absolutely no wild-type allele in the chromosome. In previous genetic
engineering experiments, similar “heterozygous’ problems, if existed, might be
overlooked because the amount of “heterozygous’ cells were too small to affect the

phenotype of the whole strain population.

4.3 Relationship between local polyploidy or “heterozygous’ cells and strain
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degeneration

The qualities of the engineered strains are the key to determine the yield and quality
of a fermentation process. The preservation and use of a seed strain, regardless of the
method adopted, will change over time, which is generally regarded as the strain
degeneration. The traditional explanations of the strain degeneration includes gene
recombination, variation of the control of gene expression and enzyme synthesis,
infection of certain viruses, interference with cell normal metabolic activity, long and
frequent asexua reproduction, gradual accumulation of mutations, etc. In this
experiment, we note that the use of CRISPR/Cas9 technology-mediated bacterial gene
editing, could (but not necessarily) lead to local polyploidy or “heterozygous’ cell
phenomenon caused by multifork. The persistence of local polyploidy or
“heterozygous” cell, even at a low abundance, in the cell population could result in
engineered strain degeneration under certain stressed environmental conditions. To
avoid potential risk of strain degeneration, pure homozygote colony without any local
polyploidy or “heterozygoos’ cell should be stored and used regardless of the gene
editing technologies selected for strain engineering.

Taken together, we believed that this bacterial multifork phenomenon provided a
pattern of eukaryotic alleles for prokaryotes. This phenomenon could be an intrinsic
driving force for the periodic change of the dominant bacterial populations, enabling
the bacteria a potential to deal with the unexpected changes in the environment. This
phenomenon provided a protective mechanism for the bacteria and the robustness to
adapt to the environmental changes, and to avoid random mutation and short

environmental changes to damage the bacterial population.


https://doi.org/10.1101/335448

bioRxiv preprint doi: https://doi.org/10.1101/335448; this version posted June 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Reference

1. Bramhill D & Kornberg A (1988) Duplex opening by dnaA protein at novel sequences in
initiation of replication at the origin of the E. coli chromosome. Cell 52(5):743-755.

2. Kaguni JM (2006) DnaA: controlling the initiation of bacterial DNA replication and more. Annu
Rev Microbiol 60:351-375.

3. Sueoka N & Quinn WG (1968) Membrane attachment of the chromosome replication origin
in Bacillus subitilis. Cold Spring Harb Symp Quant Biol 33:695-705.

4, Yoshikawa H & Sueoka N (1963) Sequential replication of Bacillus subtilis chromosome. I.

Comparison of marker frequencies in exponential and stationary growth phases. Proc Nat/
Acad Sci U S A 49:559-566.

5. K Skarstad EB, HB Steen (1986) Timing of initiation of chromosome replication in individual
Escherichia coli cells. Embo j 5(11):3074.

6. Lesterlin C, Mercier R, Boccard F, Barre FX, & Cornet F (2005) Roles for replichores and
macrodomains in segregation of the Escherichia coli chromosome. EMBO Rep 6(6):557-562.

7. Blattner FR, et al. (1997) The complete genome sequence of Escherichia coli K-12. Science
277(5331):1453-1462.

8. Yoshikawa H, O'Sullivan A, & Sueoka N (1964) Sequential replication of the Bacillus subtilis
chromosome, Ill. Regulation of initiation. Proc Nat/ Acad Sci U S A 52:973-980.

9. Cooper SH, C. E. (1968) Chromosome replication and the division cycle of Escherichia coli B/r.
J. Mol. Biol. 31:519-540.

10. Wang JD & Levin PA (2009) OPINION Metabolism, cell growth and the bacterial cell cycle. Nat
Rev Microbiol 7(11):822-827.

11. Nordstrom K, Bernander R, & Dasgupta S (1991) The Escherichia-Coli Cell-Cycle - One Cycle or
Multiple Independent Processes That Are Coordinated. Molecular Microbiology 5(4):769-774.

12. Courbet S, et al. (2008) Replication fork movement sets chromatin loop size and origin choice
in mammalian cells. Nature 455(7212):557-560.

13. Mirkin EV & Mirkin SM (2005) Mechanisms of transcription-replication collisions in bacteria.
Molecular and Cellular Biology 25(3):888-895.

14. Youngren B, Nielsen HJ, Jun S, & Austin S (2014) The multifork Escherichia coli chromosome is
a self-duplicating and self-segregating thermodynamic ring polymer. Genes & Development
28(1):71-84.

15. Wallden M, Fange D, Lundius EG, Baltekin O, & Elf J (2016) The Synchronization of Replication
and Division Cycles in Individual E. coli Cells. Cell 166(3):729-739.

16. Hsu PD, Lander ES, & Zhang F (2014) Development and Applications of CRISPR-Cas9 for

Genome Engineering. Cell 157(6):1262-1278.
17. Doudna JA & Charpentier E (2014) The new frontier of genome engineering with CRISPR-Cas9.
Science 346(6213):1077-+.

18. Jusiak B, Cleto S, Perez-Pinera P, & Lu TK (2016) Engineering Synthetic Gene Circuits in Living
Cells with CRISPR Technology. Trends in Biotechnology 34(7):535-547.

19. Marraffini LA (2015) CRISPR-Cas immunity in prokaryotes. Nature 526(7571):55-61.

20. Barrangou R (2014) RNA events. Cas9 targeting and the CRISPR revolution. Science

344(6185):707-708.
21. Jiang WY, Bikard D, Cox D, Zhang F, & Marraffini LA (2013) RNA-guided editing of bacterial


https://doi.org/10.1101/335448

bioRxiv preprint doi: https://doi.org/10.1101/335448; this version posted June 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

genomes using CRISPR-Cas systems. Nature Biotechnology 31(3):233-239.

22. Selle K & Barrangou R (2015) Harnessing CRISPR-Cas systems for bacterial genome editing.
Trends in Microbiology 23(4):225-232.

23. Cleto S, Jensen JV, Wendisch VF, & Lu TK (2016) Corynebacterium glutamicum Metabolic
Engineering with CRISPR Interference (CRISPRi). ACS Synth Biol 5(5):375-385.

24, Cui L & Bikard D (2016) Consequences of Cas9 cleavage in the chromosome of Escherichia coli.
Nucleic Acids Res 44(9):4243-4251.

25. Bao Z et al. (2015) Homology-integrated CRISPR-Cas (HI-CRISPR) system for one-step
multigene disruption in Saccharomyces cerevisiae. ACS Synth Biol 4(5):585-594.

26. Jakounas T, et al. (2015) Multiplex metabolic pathway engineering using CRISPR/Cas9 in
Saccharomyces cerevisiae. Metabolic Engineering 28:213-222.

27. Cong L, et al. (2013) Multiplex Genome Engineering Using CRISPR/Cas Systems. Science
339(6121):819-823.

28. Yang H, et al. (2013) One-Step Generation of Mice Carrying Reporter and Conditional Alleles
by CRISPR/Cas-Mediated Genome Engineering. Cell 154(6):1370-1379.

29. Li YF, et al. (2015) Metabolic engineering of Escherichia coli using CRISPR-Cas9 meditated
genome editing. Metabolic Engineering 31:13-21.

30. Chung ME, et al. (2017) Enhanced Integration of Large DNA Into E. coli Chromosome by
CRISPR/Cas9. Biotechnology and Bioengineering 114(1):172-183.

31. Gomaa AA, et al. (2014) Programmable Removal of Bacterial Strains by Use of
Genome-Targeting CRISPR-Cas Systems. Mbio 5(1).

32. Wilson TE, Topper LM, & Palmbos PL (2003) Non-homologous end-joining: bacteria join the

chromosome breakdance. Trends in Biochemical Sciences 28(2):62-66.

33. Kowalczykowski SC, Dixon DA, Eggleston AK, Lauder SD, & Rehrauer WM (1994) Biochemistry
of Homologous Recombination in Escherichia-Coli. Microbiological Reviews 58(3):401-465.

34, Datsenko KA & Wanner BL (2000) One-step inactivation of chromosomal genes in Escherichia
coli K-12 using PCR products. Proceedings of the National Academy of Sciences of the United
States of America 97(12):6640-6645.

35. Bryant FR (1988) Construction of a recombinase-deficient mutant recA protein that retains
single-stranded DNA-dependent ATPase activity. J Biol Chem 263(18):8716-8723.

36. Chung CT, Niemela SL, & Miller RH (1989) One-step preparation of competent Escherichia coli:
transformation and storage of bacterial cells in the same solution. Proc Nat! Acad Sci U S A
86(7):2172-2175.

37. Sanders ER (2012) Aseptic Laboratory Techniques: Plating Methods. Jove-Journal of Visualized
Experiments (63).

38. Zheng X, Li SY, Zhao GP, & Wang J (2017) An efficient system for deletion of large DNA
fragments in Escherichia coli via introduction of both Cas9 and the non-homologous end
joining system from Mycobacterium smegmatis. Biochemical and Biophysical Research
Communications 485(4):768-774.

39. Anastassiadis K, et al. (2009) Dre recombinase, like Cre, is a highly efficient site-specific
recombinase in E-coli, mammalian cells and mice. Disease Models & Mechanisms
2(9-10):508-515.

40. Lacroix C, et al. (2011) FLP/FRT-mediated conditional mutagenesis in pre-erythrocytic stages
of Plasmodium berghei. Nature Protocols 6(9):1412-1428.


https://doi.org/10.1101/335448

bioRxiv preprint doi: https://doi.org/10.1101/335448; this version posted June 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

41, Miller JC, et al. (2007) An improved zinc-finger nuclease architecture for highly specific
genome editing. Nature Biotechnology 25(7):778-785.
42, Boch J (2011) TALEs of genome targeting. Nature Biotechnology 29(2):135-136.


https://doi.org/10.1101/335448

bioRxiv preprint doi: https://doi.org/10.1101/335448; this version posted June 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure Legends

Figure 1. The hypothesis of multifork to local polyploidy or “heterozygote’
during the bacterial reproduction. Multifork replication refers to the re-initiation of
a new round of replication per chromosome before the first round of termination,
ensures that a least one round of replication is finished before cytokinesis, to
guarantee that each daughter cell receives at least one complete genome. The same
locus at the different copies of chromosomes in the replication fork of a single cell
could have different genotypes, such as wild-type, PPRG, and KRG, forming a local
polyploidy or “heterozygote” phenomenon. These three genotypes could be
segregated to different progeny cells in different combinations, so that the offspring
cells have different phenotypes and exhibit different growth conditions under different

environmental conditions.

Figure 2. Generation of 56 kb (NO. 9) fragment deletion and the Prancer purple

reporter gene (PPRG) knock-in at the genomein E. coli.

a. Schematics of the donor DNA and targeting strategy for CRISPR/Cas9-mediated
homology recombination, which integrated the PPRG into the chromosome at the
position of the 56 kb fragment deletion. Black lines indicated sections of homology
between the genomic locus and the donor DNA. Positions of PCR primers used for

detecting of the PPRG knock-in were shown.

b. Top10pCasOcur competent cells were co-transformed with
pFp-sgRNA_Control/56 kb (100 ng) and Donor-PPRG DNA (200 ng), and images
were obtained at 48 h post transformation (PPRG knock-in colored in purple; WT

colored in white).

¢. Recombination screening of left arm (5’ homologous arm) by PCR. Genotyping of
the 56 kb fragment deletion in the genome and the screening of PPRG knock-in
candidate colonies with F4/R4 primers (at least on PCR products with correct size
were purified and verified by sequencing, results not shown). See aso

Supplementary Table 4.
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d. Recombination screening of left arm (3' homologous arm) by PCR. Genotyping of
the 56 kb fragment deletion in the genome and the screening of PPRG knock-in
candidate colonies with PCR (F5/R5 primers) (at least on PCR products with correct
size were purified and verified by sequencing, results not shown). See also

Supplementary Table 4.

e. Wild-type screening of the 5" boundary sequence of wild-type 56 kb fragment by
PCR (FL/R3 primers) (at least on PCR products with correct size were purified and

verified by sequencing, results not shown). See also Supplementary Table 4.

f. Wild-type screening of the inside sequence of the wild-type 56 kb fragment by PCR
(F4/R4 primers) (at least on PCR products with correct size were purified and verified

by sequencing, results not shown). See also Supplementary Table 4.

g. Wild-type screening of the 3' boundary sequence of the wild-type 95 kb fragment
by PCR (F3/R1 primers) (at least on PCR products with correct size were purified and

verified by sequencing, results not shown). See also Supplementary Table 4.

Figure 3. Multifork to bacterial local polyploidy or “heterozygote” triggered by

iterative genome editing.

a. Schematic of multifork to bacterial local polyploidy or “heterozygote” triggered by
iterative genome editing. A single cell could contain three different genotypes of
wild-type, PPRG, and KRG at the same locus of the different copies of chromosomes
inside the replication fork, and became a local polyploidy or “heterozygote”. After
cells divided, these genotypes could be allocated into the daughter cells in different

combinations, so that the daughter cells have different phenotypes.
b. Step-by-step schematics of the iterative genome editing.

c. Topl0 56 kb-Purple competent cells were transformed with Donor-KRG DNA
(200 ng), and images were obtained a 48h post transformation. See also
Supplementary Figure 12.

d. KRG knock-in screening of left arm (5° and 3 homologous arm) by PCR.


https://doi.org/10.1101/335448

bioRxiv preprint doi: https://doi.org/10.1101/335448; this version posted June 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Genotyping of the 56 kb fragment deletion in the genome and the screening of PPRG
knock-in candidate colonies with F1/R5 or F5/R2 primers (at least on PCR products
with correct size were purified and verified by sequencing, results not shown). See

also Supplementary Table 4.

e. PPRG knock-in screening of left aaim (5° and 3' homologous arm) by PCR.
Genotyping of the 56 kb fragment deletion in the genome and the screening of PPRG
knock-in candidate colonies with F1/R1 or F2/R2 primers (at least on PCR products
with correct size were purified and verified by sequencing, results not shown). See

also Supplementary Table 4.

f. Wild-type screening of the inside sequence of the wild-type 56 kb fragment by PCR
(F4/R4 primers) (at least on PCR products with correct size were purified and verified

by sequencing, results not shown). See also Supplementary Table 4.
Figure 4. The phenomenon of bacterial local polyploidy or “ heter ozygote”.

a. An illugtration of the Topl0 56kb-Purple/Kana spotted on different resistance
plates to test the local polyploidy or “heterozygote” phenomenon in bacteria. A single
colony from LB (Cm + Amp + Km) plate was picked and diluted in 1000 pl ddH,O,
and 50 pl of cells were plated on plates with different antibiotics and cultivated at
37 °C.

b. Topl0 56 kb-Purple/Kana single colony could have different phenotypes in the
daughter cells. Three positive colonies from LB (Cm + Amp + Km) plate was
randomly picked and plated on plates with different antibiotics. After incubation at
37 °C for 48 h, it was evident that about 80% of the colonies grown on LB (no
antibiotic) plates were white colonies and 20% of the colonies on the same plate were
purple. Among the colonies on the LB (Cm + Amp + Km) plates, 10% of the colonies
were purple colonies and 90% of the colonies were white colonies. See also

Supplementary Figure 24.

c. Hypothesis of bacterial local polyploidy or “heterozygote” caused by multifork

replication. A single cell genome replication forks in the same locus in the different
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chromosome copy can type different genes at the same time, such as wild-type, PPRG
and KRG, and become a local polyploidy or “heterozygote”. Thus, in the single
colonies formed by cell division and progeny single cells, both white and purple
single colonies appear simultaneously (WT indicates wild-type strain; KO indicates

engineered strain).

Figure 5. Bacterial local polyploidy or “heterozygote” responded to

environmental stress.

a. An illustration of the Topl0_56 kb-Purple inoculated in LB medium containing
different concentration of isobutanol to measure response capacity of bacterial or local
polyploidy or “heterozygote” to environmental stress. A single colony from LB (Amp
+ Cm) plate was randomly picked and inoculated in 5 ml LB (Amp + Cm) liquid
medium. Cells were cultivated at 37 °C for 12 h. 1% (vol/vol) of the culture was
inoculated in 30 ml LB medium in 250-ml baffled shake flasks and grew at 37 °C,
followed by the addition of isobutanol with desired concentrations. 1 ul of the culture
was taken out and diluted in 1000 ul ddH2O. Then, 50 ul of cells were spread on
plates with different antibiotics, and cultivated at 37°C.

b. Topl0_56 kb-Purple single colony inoculated in LB medium containing different
concentration of isobutanol (closed triangles) could have different phenotypes in the
daughter cells. ISOB_6 g/l (See also Supplementary Figure 27), 8 g/l (See aso
Supplementary Figure 28), 10 g/l (See also Supplementary Figure 29), and 15 g/|
(See also Supplementary Figure 30).

¢. Comparison of growth with isobutanol stress. Cells were incubated in LB at 37 °C.
Time courses for the growth of Topl0 56 kb-Purple in the absence of isobutanol
(closed triangles) or in the presence of 6 g/l (closed triangles), 8 g/l (closed circles),
10 g/l (closed diamond), and 15 g/l (closed square) isobutanol.

d. Schematic of bacterial local polyploidy or “heterozygote” responding to isobutanol
stress. Described as bacterial local polyploidy or “heterozygote” phenomenon, the

same locus at the different copies of chromosomes in the replication fork of a single
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cell could have different genotypes, such as PPRG and wild-type. In the presence of
isobutanol stress, these genes could be allocated into the daughter cells in different
combinations, so that the daughter cells have different phenotypes (WT indicates
wild-type strain; KO indicates engineered strain).
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