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A conjugative F plasmid induces mature biofilm formation by Escherichia coli by promoting F-pili-mediated cell-cell
interactions and increasing the expression of biofilm-related genes. We herein demonstrated another function for the F plasmid
in E. coli biofilms; it contributes to the emergence of genetic and phenotypic variations by spontaneous mutations. Small colony
variants (SCVs) were more frequently generated in a continuous flow-cell biofilm than in the planktonic state of E. coli harboring
the F plasmid. E. coli SCVs represented typical phenotypic changes such as slower growth, less biofilm formation, and greater
resistance to aminoglycoside antibiotics than the parent strain. Genomic and complementation analyses indicated that the small
colony phenotype was caused by the insertion of Tn/000, which was originally localized in the F plasmid, into the hemB gene.
Furthermore, the Tn/000 insertion was removed from semB in the revertant, which showed a normal colony phenotype. This
study revealed that the F plasmid has the potential to increase genetic variations not only by horizontal gene transfer via F pili,

but also by site-specific recombination within a single cell.
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Diversity is one of the strategies that equip organisms with
the ability to protect communities from various environmental
conditions. Phenotypic and genetic variations provide micro-
organisms with the benefit of tolerance against environmental
stresses. It has been increasingly shown that phenotypic
variations occur during biofilm growth or high cell-density
populations, such as the emergence of persister cells (11, 37,
39) and occurrence of colony variants (3, 4). A biofilm is a
matrix-encased microbial population attached to a surface,
and extracellular matrices are composed of polysaccharides,
extracellular DNA, and proteins. Diverse variants have been
isolated from biofilms, but not from planktonic cells under
laboratory-scale conditions (3) and in clinical practice (10,
24, 34). The evolutionary rate of cells in biofilms is known to
be higher than that in the planktonic state, suggesting that
biofilms are a favorable environment for generating variations.

Small colony variants (SCVs) are naturally occurring
mutants with smaller colony sizes and increased resistance to
antibiotics, such as aminoglycosides, typically due to a lower
growth rate than that of normal cells (25). The phenomenon of
SCVs has been reported for a wide range of species including
Staphylococcus spp., Pseudomonas spp., Burkholderia spp.,
and diverse Enterobacteriaceae (6, 12, 15, 25). Previous
studies revealed common characteristics: i.e., SCVs were
isolated under selective growth conditions in the presence of
antibiotics. SCVs may also function as auxotrophs for hemin,
menaquinone, or thiamine (1, 31, 43). Revertants with normal
colony sizes and antibiotic tolerance have been suggested to
emerge from SCVs (13, 14). In some cases, the insertion and
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deletion of transposable genetic elements have been responsible
for the appearance of SCVs and their revertants (14). However,
the mechanisms responsible for the emergence of SCVs and
their revertants currently remain unclear. Since many SCVs
exhibited greater antibiotic resistance and are associated with
chronic infections by pathogens (10, 22, 32), their eradication
is clinically important.

The F (fertility) plasmid is a mobilizable conjugative plasmid
that enables horizontal gene transfer in microbial populations.
It has been suggested to promote the formation of mature
mushroom-like biofilms for E. coli K12 (9, 18, 27); however,
K12 without the F plasmid is not capable of forming robust
biofilms (27). The F plasmid not only synthesizes F-pili and
supports cell-cell interactions, it also induces the expression of
colanic acid and curli amyloid fibers, which comprise part of
the E. coli extracellular matrix (16). Furthermore, a F-pili-specific
phage was shown to inhibit the development of biofilm formation
in E. coli carrying a natural F plasmid (19). Thus, the F plasmid
plays roles in horizontal gene transfer by conjugation and in
the formation of three-dimensional mature biofilms.

Although the importance of the F plasmid in biofilm for-
mation has been discussed in detail, limited information is
available on the relationship between the F plasmid and phe-
notypic variations in biofilms. We herein demonstrated that
SCVs appeared at higher frequencies in biofilms than in the
planktonic state for E. coli K12 strain MG1655 harboring a
natural IncF F plasmid. E. coli SCV possessed distinct features,
including high resistance to aminoglycoside antibiotics and
defective biofilm formation. Genomic and complementation
analyses revealed that the appearance of SCVs was caused by
the insertion of the transposable element Tn/000, originally
localized in the F plasmid, into the hemB gene on the chromo-
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some. Our results suggest that the F plasmid plays important
roles in the generation of variants in biofilms as well as in the
formation of mature biofilms.

Materials and Methods

Bacterial strain, plasmids, and growth conditions

E. coli K12 strain MG1655 (A ilvG rfb-50 rph-1) and strain
MG1655 harboring a natural IncF F plasmid (16) were used in the
present study. A plasmid pCA24N-hemB was obtained from the
Genome Analysis Project in Japan. Bacterial cells were grown in
Difco Antibiotic Medium 3 (AM3) (BD, Franklin Lakes, NJ, USA)
at 37°C. The minimal inhibition concentrations (MIC) of antibiotics
were assessed with AM3 containing 1.5% agar.

Isolation of SCVs

SCVs were isolated from three different growth conditions:
planktonic cultures, microtiter plate biofilms, and continuous flow-
cell biofilms. Under planktonic culture conditions, bacterial cells
were grown in 30 mL AM3 medium in a 50-mL tube with shaking.
After a 24-h incubation, cells were pelleted by centrifugation and
resuspended in 30 mL fresh medium. This was repeated ten times;
therefore, cells were grown for 240 h in total.

Under microtiter plate biofilm conditions, bacterial cells were
statically grown on U-type 96-well polystyrene microtiter plates
(TPP, Trasadingen, Switzerland). Culture medium was replaced
with fresh AM3 medium every 24 h ten times; therefore, bacterial
cells that attached to wall surfaces (=biofilms) were grown for 240 h.
The attached bacterial cells were detached by ultrasonication.

Under continuous flow cell biofilm conditions, bacterial cells
were grown in 1/2 strength AM3 medium using a convertible flow
cell chamber (model CFCAS0004, Stovall, Greensboro, NC, USA).
In order to facilitate bacterial cell attachment to the glass surface of
the chamber, the flow cell was initially operated in the batch mode
for 2 h, and, thereafter, medium flow was initiated at a constant rate
of 0.7 mL min! using a peristaltic pump. After a 240-h incubation,
planktonic cells in the flow cell were discarded and only attached
bacterial cells were collected and grown on agar plates.

Quantification of biofilm formation

Biofilms were quantified according to previously reported methods
(17, 23) with some modifications. Briefly, cells were grown in 100
uL of AM3 medium on U-type 96-well polystyrene microtiter plates
at 37°C. Planktonic cells were removed by washing with 0.85%
NaCl using a microplate washer (ImmunoWash 1575; Bio-Rad,
Hercules, CA, USA), and the remaining biofilm was stained with
0.1% crystal violet. After washing the stained biofilm with 0.85%
NaCl using the microplate washer, biofilm-bound crystal violet was
eluted in acetone:ethanol solution (1:4 by volume) and absorbance
at 570 nm was measured using a microplate reader (ARVO 1420
multilabel counter; Perkin Elmer, Waltham, MA, USA).

Assessment of MICs of antibiotics

Comparative MIC assessments were performed with AM3 medium
agar containing diluted antibiotics. Cells were grown in AM3 medium
until they reached the stationary phase, and were then diluted to an
optical density at 600 nm (ODgy) of 0.1. Five microliters of diluted
cells were spotted onto AM3 medium agar with antibiotics and
grown at 37°C for 24 h. In the case of E. coli cells harboring pCA24N,
25 pug mL! chloramphenicol was added to AM3 medium agar.

Repetitive extragenic palindromic (rep)-PCR

Rep-PCR was conducted to analyze the sequence identity of
strains with the BOX AIR primer (5'-CTACGGCAAGGCGAC
GCTGACG-3'). A PCR mixture was prepared according to a previ-
ously reported method (26). The conditions used for PCR were as
follows: 2 min of initial denaturation at 95°C, followed by 30 cycles
consisting of 94°C for 3 s, 92°C for 30 s, 50°C for 1 min, and 65°C
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for 8 min. Electrophoresis was conducted at 4°C overnight at 70 V
with constant buffer recirculation.

Genome analyses

Genomic DNA was extracted from bacterial pellets using a
PowerSoil DNA Isolation Kit (MO BIO, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Genome sequencing
was conducted using paired-end sequencing on the genome analyzer
Hiseq (Illumina, San Diego, CA, USA) by Hokkaido System
Science (Sapporo, Japan). Sequence reads were assembled using
Velvet ver. 1.2.8 (44). The highest available assembly k-mer param-
eter (hash length) of 95 was used for all Velvet assembles. Reads
were aligned against the E. coli K12 strain MG1655 genome
(GenBank accession no. NC_000913) by using Mauve-Multiple
Genome Alignment Software (7) and mutation sites were detected.

The sequences of the 16S rRNA gene, hemB, and menC were
confirmed by conventional Sanger sequencing. Briefly, each fragment
was amplified using PrimeStar GXL DNA polymerase (Takara,
Otsu, Japan) and the primers 27F (5-AGAGTTTGATCMTGGCT
CAG-3') and 1492R (5-TACGGYTACCTTGTTACGACTT-3’) for
the 16S rRNA gene, hemB-F (5'-AGACAACACTTAGCCTTAA
CGA-3') and hemB-R (5-CTGACATAACGATCATTTCTGG-3)
for hemB, and menC-F (5-GTATACCGCTGGCAGATCCC-3')
and menC-R (5-CCTCCAGCAACAGATTCACC-3") for menC,
respectively. The conditions used for PCR were as follows: initial
denaturation at 98°C for 4 min, and 30 cycles at 98°C for 10 s, 55°C
for 15 s, 68°C for 1 min, and 72°C for 3 min. Purified PCR fragments
were sequenced using a 3730 x/ sequencer (Applied Biosystems) by
the Dragon Genomics Center (Takara).

Results

Emergence of SCVs

In the course of the experiment, we observed the emer-
gence of SCVs from the E. coli MG1655 harboring the F plas-
mid bacterial culture when bacteria were plated on standard
agar (Fig. 1A). SCVs appeared in 0.2% (6/2,935 colonies),
1.4% (24/1,686 colonies), and 3.3% (118/3,587 colonies) of
the planktonic culture, microtiter plate-based biofilm, and flow
cell-based biofilm, respectively (Fig. 1B). Higher frequencies
of SCV emergence under biofilm conditions suggested that
biofilms induced genetic diversity, which was consistent with
previous findings obtained from P. aeruginosa (3, 41).
Although the emergence of wrinkly or large colony variants,
in addition to SCVs, was previously reported in studies on P.
aeruginosa (3, 41), no other colony morphological change
other than SCVs was observed in E. coli MG1655. Moreover,
no SCV was observed in the planktonic culture or biofilm
cultures when E. coli MG1655, which does not harbor the F
plasmid, was used, suggesting that the F plasmid is responsible
for the emergence of SCV.

The 16S rRNA gene sequencing analysis confirmed that
normal colony cells (WT) and SCVs had 100% identical
sequences to that of £. coli MG1655 (GenBank accession no.
NC_000913). Rep-PCR was performed to further corroborate
whether the colony types of WT and SCVs are clonally
related. The results obtained showed that the same band patterns
were observed between WT and SCVs (Fig. 1C), indicating
that SCVs were derived from E. coli K12 strain MG1655.

In order to characterize SCVs, the growth and biofilm for-
mation potentials of WT and SCVs were investigated. The
growth of SCVs appeared to be markedly less than that of
WT under shaking conditions (Fig. 2A). The biofilm formation
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SCVs emerged from E. coli harboring the F plasmid. (A) Normal colony and SCVs (white arrows) on agar produced by a 5-d-old biofilm

in the flow cell. Bar=1 pm. (B) The rates of SCV emergence under planktonic growth and biofilm growth conditions such as the 96-well plate assay
and flow cell assay after a 5-d incubation. (C) Band patterns of rep-PCR results of WT and two SCV cells isolated independently.
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Growth curves and biofilm formation in AM3 medium at 37°C. (A) Growth curves of WT and SCV. (B) Biofilm formation by WT (black)

and SCV (gray) on microtiter plates after 24-h and 48-h incubations. The amounts of biofilms were normalized by cell densities (ODg). Data are the
average of at least six replicate wells and the standard deviations are shown.

potential of SCVs on microtiter plates was lower than that of
WT (Fig. 2B), although SCVs were derived from biofilms at
a high frequency. Thus, SCVs showed a decreased growth
rate and biofilm formation.

SCVs are resistant to aminoglycosides

In order to investigate the relationship between morpho-
logical changes and antibiotic resistance, the MICs of WT
and SCVs were evaluated (Table 1). SCVs showed higher
levels of resistance against aminoglycoside antibiotics including
kanamycin, gentamicin, amikacin, neomycin, and streptomycin,
than WT. On the other hand, WT and SCVs showed similar
resistance levels to non-aminoglycoside antibiotics such as
ampicillin, tetracycline, chloramphenicol, and ofloxacin. Thus,
resistance to aminoglycoside antibiotics markedly differed
between WT and SCVs.

Chromosomal mutations in SCVs

In order to identify mutation sites in SCVs, genome analy-
ses were performed using the [llumina HiSeq 2000 sequencer.
A total of 40,920,072 and 41,573,080 high quality sequence
read pairs of 2x101 nt lengths were obtained for WT and
SCV, respectively, which corresponded to >880% coverage.
Based on de novo assembly, we obtained 162 and 164 contigs
with N5, of 126,004 bp and 132,634 bp for the genomes of
WT and SCV, respectively.

We identified three differences between WT and SCV
chromosomes. One difference was the insertion of the trans-
poson Tn/000, constituting 5,986 bp, from the F plasmid into

Table 1. MIC of E. coli MG1655.
—1
Antibiotics MIC (ug mL )
WT SCV Revertant

Ampicillin 8 4 4
Chloramphenicol 8 4 8
Tetracycline 2 1 2
Ofloxacin 0.25 0.13 0.25
Kanamycin 16 64 16
Gentamicin 8 64 8
Amikacin 8 64 8
Neomycin 4 64 4
Streptomycin 16 64 16

the chromosomal zemB at the position of 112 bp (Fig. 3A).
HemB is a 5-aminolevulinate dehydratase that is required for
hemin synthesis (20). Previous studies reported that the
inactivation of the heme biosynthetic pathway is one possible
cause for the appearance of SCVs, and our results are consis-
tent with previous findings (14, 30). The second mutation was
the insertion of 1S/86, constituting 1349 bp, from the K12
chromosome into chromosomal menC at the position of 139
bp, which is O-succinylbenzoyl-CoA synthase and is required
for menaquinone (vitamin K2) synthesis (33). Since previous
studies indicated that some menaquinone-deficient mutants
had the small colony phenotype (31), the mutation of menC
may also be associated with the SCV phenotype. The inser-
tions of Tn/000 and IS186 into hemB and menC, respectively,
were also confirmed by Sanger sequencing. Thirdly, an
approximately 56-kb region starting at gatC and ending at
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Fig. 3. Two mutation sites in SCV. (A) The insertion of Tn/000 localized in the F plasmid into chromosomal semB. (B) The insertion of IS/86 on

the chromosome into menC.
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Fig. 4. Complementation of hemB recovers growth and colony phenotypes of SCV. (A) Growth curves of WT and SCV harboring the control
plasmid pCA24N or complementation plasmid pCA24N-hemB in AM3 medium containing chloramphenicol at 37°C. (B) Colony phenotypes of
WT/pCA24N, WT/pCA24N-hemB, SCV/pCA24N, and SCV/pCA24N-hemB. Bar=1 um.

Table 2. MIC of E. coli MG1655 harboring pCA24N-series.
MIC (ug mL 1)

Antibiotics WT/pCA24N SCV/pCA24N  SCV/pCA24N-hemB SCV/pCA24N-hemB
Ampicillin 8 8 8 8
Tetracycline 2 2 1 1
Ofloxacin 0.25 0.25 0.125 0.25
Kanamycin 16 16 64 16
Gentamicin 8 8 64 8
Amikacin 8 8 64 8
Neomycin 8 8 64 8
Streptomycin 16 16 64 16

yohP in SCVs was transferred to a different position from that
in WT; however, no mutations were observed in each gene
localized in the transferred region.

Association of hemB with SCV phenotypes

We next investigated whether SCV phenotypes depend on
defective hemB and/or menC. Since a previous study demon-
strated that aminoglycoside resistance increased in a hemin-
deficient mutant (2), we hypothesized that a mutation in
hemB, but not in menC is responsible for the morphological
change from WT to SCV. In order to corroborate this hypoth-
esis, hemB was complemented in SCV using the expression
vector pCA24N containing hemB. The growth of SCV was
recovered by the expression of hemB (Fig. 4A). Although
PCAZ24N has the lac promoter and IPTG is needed to moder-
ately express the gene located downstream of the lac pro-
moter, SCV/pCA24N-hemB showed similar growth to WT/
pCA24N without IPTG, suggesting that the weak of hemB
expression is to restore normal growth in SCVs. When

plasmid-cured cells, in which the plasmid was removed, were
obtained from strain SCV/pCA24N-hemB by culturing with-
out chloramphenicol, the growth rate became slower again,
similar to SCV (data not shown). We also confirmed that
SCV/pCA24N-hemB showed the WT-like normal colony
type (Fig. 4B). Moreover, MIC results revealed that the
expression of hemB recovered aminoglycoside sensitivity in
SCV (Table 2). These results indicate that SCV characteristics
such as slow growth, the small colony phenotype, and amino-
glycoside resistance are attributed to a mutation in hemB.

Characterization of the SCV revertant

We then investigated the effects of the addition of hemin
on SCV growth. A previous study showed that the SCVs of E.
coli were not permeable to hemin (28), and our results are
consistent with these findings: the addition of hemin to the
LB culture did not recover the growth of hemB-deficient
SCVs (data not shown). However, when grown with hemin,
we obtained revertants that showed the normal colony pheno-
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Fig. 5. The revertant showed WT-like phenotypes. (A) Colony phenotypes of the WT, SCV, and revertant. (B) Growth curves of the WT, SCV,
and revertant in AM3 medium at 37°C. (C) Biofilm formation by the WT, SCV, and revertant on microtiter plates after a 48-h incubation in AM3
medium at 37°C. The amounts of biofilms were normalized by cell densities (ODg). Data are the average of at least six replicate wells and standard

deviations are shown.
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Fig. 6. PCR results by amplifying hemB (A) and menC (B) regions in
chromosomes of the WT, revertant, and three SCVs.

type (Fig. SA). Furthermore, the growth of and biofilm formation
by the revertants were similar to those of WT (Fig. 5B and C).
Similar antibiotic resistance was also observed between the
revertant and WT (Table 1).

In order to identify the genetic changes that induced the
phenotypes of the revertant, we analyzed the sequences of the
hemB and menC regions in the chromosomes of WT, SCV,
and the revertant. The insertion of Tn/000 in hemB, which
was observed in SCVs, was not detected in the revertant (Fig.
6A). In addition, the hemB sequence of the revertant was
identical to that of WT. In contrast, menC of the revertant was
the same as that of SCV (Fig. 6B). Collectively, these results
indicated that the emergence of the revertant was at least
associated with the deletion of Tn/000 from hemB.

Discussion

Although F plasmids, which are widespread in E. coli and
other enterobacteria, are important for mature biofilm forma-
tion (9, 16, 27), the influence of the F plasmid on the emer-
gence of variants in biofilms remains largely unknown. In the
present study performed using E. coli MG1655 harboring a
natural IncF F plasmid, we found that i) SCVs more fre-
quently appeared in biofilms than under planktonic growth
conditions; ii) the growth of and biofilm formation by SCVs
were lower than those of the parent strain; iii) SCV's showed

greater aminoglycoside antibiotic resistance than the parent
strain, and iv) the small colony phenotype was caused by the
insertion of Tn/000, which was originally localized in the F
plasmid, into the hemB gene. This is the first study to show
that the F plasmid yields phenotypic variations at the single
cell level in E. coli.

Diverse genetic or phenotypic variants have been gener-
ated during biofilm growth in a wide range of bacterial spe-
cies. The emergence of P. aeruginosa SCVs has frequently
been reported (3, 36, 40). One study demonstrated that
endogenous oxidative stress, which increases under biofilm
conditions, caused double-stranded DNA breaks in some
biofilm cells, and genetic variants were generated when
breaks were repaired (4).

Prophage excitation has so far been reported as the trans-
position of DNA elements in the biofilms of E. coli and P.
aeruginosa (38, 40). Prophage genes are more strongly
induced in biofilms than in the planktonic state in E. coli, P
aeruginosa, and Bacillus subtilis (8, 35, 42). Prophage exci-
sion increases the generation of variants including SCVs in P.
aeruginosa (40); however, regulatory mechanisms for
prophage excision in this bacterium currently remain unclear.
In E. coli, the global regulator, Hha induces the excitation of
prophages by enhancing their transcription (38). Since the
frequency of SCV emergence was higher in biofilms than in
the planktonic state, Tn/000 also appears to be more trans-
posable in biofilms than in the planktonic state. A clearer
understanding of the behavior of transposons in biofilms will
result in the mechanisms underlying variant generation in
biofilms being elucidated, and, thus, warrants further study.

The results of the whole genome analysis showed that
there were two genetic mutation sites in E. coli SCVs: the
insertion of Tn/000 from the F plasmid into semB and the
insertion of IS/86 from the chromosome into menC. When
hemB was expressed by the expression vector pCA24N-
hemB in SCVs, unique SCV characteristics including growth,
antibiotic resistance, and colony morphology were comple-
mented, indicating that the mutation of hemB is the primary
factor to induce the emergence of SCVs. Similar to our study,
previous genetic analyses also showed that the deletion of
hemB was associated with the SCV phenotype (14, 20, 30).
We found that the insertion in hemB was removed in the
revertant, whereas the insertion in menC remained. These
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results also reinforce the emergence of SCVs being due to the
mutation of hemB. The hemB gene is considered to be a hot
spot for spontaneous mutations in E. coli K12 because more
than 80% of 150 independently isolated respiratory-deficient
mutants were found to have mutations in hemB (13). In a
previous study, IS2 was inserted into the hemB gene in SCV
derived from E. coli K12 (14). We analyzed 10 SCV colonies
isolated from independent cultures in our experiments; how-
ever, all SCVs had the insertion of Tn/000 in hemB (data not
shown), suggesting that hzemB is more sensitive to the inser-
tion of Tn/000 than other transposable elements in the presence
of the F plasmid. We focused on SCVs in the present study;
however, it is important to note that genetic variants other
than SCVs may have been generated in E. coli biofilms, and
SCVs may only account for a very small percentage of the
large amount of variations occurring in biofilms.

SCVs isolated in this study showed decreased biofilm
formation, although SCVs emerged at a high frequency under
biofilm conditions. In earlier studies performed with P.
aeruginosa, two types of SCVs were isolated: one type
lacked the ability to form biofilms and easily detached from
biofilms (3), while the another type showed an enhanced
ability to form biofilms (15, 36, 40). Thus, SCVs isolated
under different conditions have distinct characteristics even
when they originate from the same species. Hyper-biofilm-
forming P. aeruginosa SCVs are capable of overproducing
extracellular polysaccharides (15, 36), while E. coli SCVs
showed decreased biofilm formation (Fig. 2B). A role for
SCVs in biofilm development has not yet been established in
E. coli, with the exception of antibiotic resistance; however,
further investigations will contribute to our understanding of
the importance of SCV emergence in biofilm development.

Resistance to aminoglycoside antibiotics in SCVs has been
reported in several bacterial species including E. coli and S.
mutans (13, 25). In any of these bacterial species, the appear-
ance of SCVs has been associated with the inactivation of the
heme biosynthetic pathway. Hemin has been suggested to be
associated with aminoglycoside susceptibility, rapid growth,
and large colonies (25). It is also required for the synthesis of
cytochrome, which directly activates the synthesis of F(F;-
ATPase. A decrease in FyF,-ATPase causes a membrane
potential (AY) and AY is known to facilitate aminoglycoside
uptake (5, 21). Aminoglycoside resistance in SCVs has been
attributed to a specific defect in electron transport. A decrease
in ATP in the cytoplasm may also be caused by a defect in
FoF-ATPase. A decrease in ATP may repress cell-wall bio-
synthesis and protein synthesis, causing slower growth and
smaller colony sizes of SCVs than those of WT. On the other
hand, a hemB mutation was not reported in P. aeruginosa
SCVs, but also shows aminoglycoside resistance (41). Since
the overexpression of efflux pumps may increase aminogly-
coside resistance in P. aeruginosa SCVs, the mechanisms
underlying the aminoglycoside resistance of SCVs are not
common among bacteria.

A recent study indicated that the mutation of /ipA, which is
the lipoic acid synthase gene, leads to the SCV phenotype and
slow growth in E. coli BW25113 (29). This mutant showed
high resistance to several stresses including acid, hydrogen
peroxide, heat, and osmotic stresses. Since the expression of
genes involved in glycolysis, the TCA cycle, and electron
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transport are repressed in the /ip4 mutant, a low cellular ATP
level leads to slow growth and high resistance. Thus, our
results are consistent with previous findings showing that a
defect in an auxotrophic molecule is one of the reasons for the
appearance of SCVs with higher resistance to several stresses.

In conclusion, the results of the present study indicate that
a biofilm-promoting F plasmid contributes to the emergence
of genetic variants by transferring transposon Tn/000 to
chromosomal hemB in E. coli. Thus, the F plasmid has the
potential to increase genetic variations not only by horizontal
gene transfer using F pili, but also by site-specific recombina-
tion within a single cell. The F plasmid is essential for mature
biofilm formation in which genetic variants are concomi-
tantly generated. Bacteria present in biofilms have the advan-
tage over planktonic cells of tolerance against environmental
perturbations. This study provides new insights into the gen-
eration of variants in microbial biofilm communities.

Acknowledgements

We are grateful to the Genome Analysis Project in Japan for
providing ASKA strains. This study was partially supported by the
Japan Science and Technology Agency through Core Research for
Evolutionary Science and Technology (CREST) to S. O. and by
JSPS KAKENHI Grant Numbers JP15K21043 and JP15H01315 to
Y. T.

References

1. Acar, J.F, F.W. Goldstein, and P. Lagrange. 1978. Human infections
caused by thiamine- or menadione-requiring Staphylococcus aureus.
J. Clin. Microbiol. 8:142—147.

2. Balwit, J.M., P.v. Langevelde, J.M. Vann, and R.A. Proctor. 1994.
Gentamicin-resistant menadione and hemin auxotrophic Staphylococcus
aureus persist within cultured endothelial cells. J. Infect. Dis. 170:
1033-1037.

3. Boles, B.R.,, M. Thoendel, and P.K. Singh. 2004. Self-generated
diversity produces “insurance effects” in biofilm communities. Proc.
Natl. Acad. Sci. U.S.A. 101:16630-16635.

4. Boles, B.R., and P.K. Singh. 2008. Endogenous oxidative stress pro-
duces diversity and adaptability in biofilm communities. Proc. Natl.
Acad. Sci. U.S.A. 105:12503-12508.

5. Bryan, L.E., and S. Kwan. 1981. Aminoglycoside-resistant mutants of
Pseudomonas aeruginosa deficient in cytochrome d, nitrite reductase,
and aerobic transport. Antimicrob. Agents Chemother. 19:958-964.

6. Cui, L., H.-m. Neoh, A. Iwamoto, and K. Hiramatsu. 2012. Coordinated
phenotype switching with large-scale chromosome flip-flop inversion
observed in bacteria. Proc. Natl. Acad. Sci. U.S.A. 109:1647-1656.

7. Darling, A.C.E., B. Mau, F.R. Blattner, and N.T. Perna. 2004. Mauve:
Multiple alignment of conserved genomic sequence with rearrange-
ments. Genome Res. 14:1394-1403.

8. Domka, J., J. Lee, T. Bansal, and T.K. Wood. 2007. Temporal gene-
expression in Escherichia coli K-12 biofilms. Environ. Microbiol.
9:332-346.

9. Ghigo, J.M. 2001. Natural conjugative plasmids induce bacterial bio-
film development. Nature 412:442-445.

10. HéuBler, S., B. Tiimmler, H. Wei3brodt, M. Rohde, and I. Steinmetz.
1999. Small-colony variants of Pseudomonas aeruginosa in cystic
fibrosis. Clin. Infect. Dis. 29:621-625.

11. Ito, A., A. Taniuchi, T. May, K. Kawata, and S. Okabe. 2009. An
increase in antibiotic resistance of Escherichia coli in mature biofilms.
Appl. Environ. Microbiol. 75:4093-4100.

12. Kahl, B.C. 2014. Small colony variants (SCVs) of Staphylococcus
aureus—A bacterial survival strategy. Infect., Genet. Evol. 21:515-522.

13. Lewis, L.A., K. Li, A. Gousse, F. Pereira, N. Pacheco, S. Pierre, P.
Kodaman, and S. Lawson. 1991. Genetic and molecular analysis of
spontaneous respiratory deficient (res”) mutants of Escherichia coli
K-12. Microbiol. Immunol. 35:289-301.



46

14.

15.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lewis, L.A., D. Lewis, V. Persaud, S. Gopaul, and B. Turner. 1994.
Transposition of IS2 into the hemB gene of Escherichia coli K-12. J.
Bacteriol. 176:2114-2120.

Malone, J.G., T. Jaeger, P. Manfredi, A. Dotsch, A. Blanka, R. Bos,
G.R. Cornelis, S. Haussler, and U. Jenal. 2012. The YfiBNR signal
transduction mechanism reveals novel targets for the evolution of
persistent Pseudomonas aeruginosa in cystic fibrosis airways. PLoS
Pathog. 8:¢1002760.

. May, T., and S. Okabe. 2008. Escherichia coli harboring a natural

IncF conjugative F plasmid develops complex mature biofilms by
stimulating synthesis of colanic acid and curli. J. Bacteriol. 190:7479—
7490.

May, T., A. Ito, and S. Okabe. 2009. Induction of multidrug resistance
mechanism in Escherichia coli biofilms by interplay between tetracy-
cline and ampicillin resistance genes. Antimicrob. Agents Chemother.
53:4628-4639.

. May, T., A. Ito, and S. Okabe. 2010. Characterization and global gene

expression of F~ phenocopies during Escherichia coli biofilm forma-
tion. Mol. Genet. Genomics 284:333-342.

. May, T., K. Tsuruta, and S. Okabe. 2011. Exposure of conjugative

plasmid carrying Escherichia coli biofilms to male-specific bacterio-
phages. ISME J. 5:771-775.

McConville, M.L., and H.P. Charles. 1979. Isolation of haemin-
requiring mutants of Escherichia coli K12. J. Gen. Microbiol.
113:155-164.

Miller, M.H., S.C. Edberg, L.J. Mandel, C.F. Behar, and N.H. Steigbigel.
1980. Gentamicin uptake in wild-type and aminoglycoside-resistant
small-colony mutants of Staphylococcus aureus. Antimicrob. Agents
Chemother. 18:722-729.

Mulcahy, L.R., J.L. Burns, S. Lory, and K. Lewis. 2010. Emergence of
Pseudomonas aeruginosa strains producing high levels of persister
cells in patients with cystic fibrosis. J. Bacteriol. 192:6191-6199.
O’Toole, G., and R. Kolter. 1998. Flagellar and twitching motility are
necessary for Pseudomonas aeruginosa biofilm development. Mol.
Microbiol. 30:295-304.

Oliver, A., R. Cantén, P. Campo, F. Baquero, and J. Blazquez. 2000.
High frequency of hypermutable Pseudomonas aeruginosa in cystic
fibrosis lung infection. Science 288:1251-1253.

Proctor, R.A., C. von Eiff, B.C. Kahl, K. Becker, P. McNamara, M.
Herrmann, and G. Peters. 2006. Small colony variants: a pathogenic
form of bacteria that facilitates persistent and recurrent infections.
Nat. Rev. Microbiol. 4:295-305.

Rademaker, J.L.W., and F.J. de Brujin. 1997. Characterization and
classification of microbes by rep-PCR genomic fingerprinting and
computer-assisted pattern analysis, p. 151-171. In G. Caetano-Anollés,
and P. M. Gresshoff (ed.), DNA markers: Protocols, Applications, and
Overviews. J. Wiley and Sons, New York.

Reisner, A., J.A.J. Haagensen, M.A. Schembri, E.L. Zechner, and S.
Molin. 2003. Development and maturation of Escherichia coli K-12
biofilms. Mol. Microbiol. 48:933-946.

Roggenkamp, A., A. Sing, M. Hornef, U. Brunner, 1.B. Autenrieth,
and J. Heesemann. 1998. Chronic prosthetic Hip infection caused by a
small-colony variant of Escherichia coli. J. Clin. Microbiol. 36:2530—
2534.

29.

30.

31.

32.

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

44,

TASHIRO et al.

Santos, V., and 1. Hirshfield. 2016. The physiological and molecular
characterization of a small colony variant of Escherichia coli and its
phenotypic rescue. PLoS One 11:¢0157578.

Sasarman, A., M. Surdeanu, G. Szégli, T. Horodniceanu, V. Greceanu,
and A. Dumitrescu. 1968. Hemin-deficient mutants of Escherichia
coli K-12. J. Bacteriol. 96:570-572.

SaSarman, A., M. Surdeanu, V. Portelance, R. Dobardzic, and S.
Sonea. 1971. Classification of vitamin K-deficient mutants of
Staphylococcus aureus. J. Gen. Microbiol. 65:125-130.

Schneider, M., K. Mithlemann, S. Droz, S. Couzinet, C. Casaulta, and
S. Zimmerli. 2008. Clinical characteristics associated with isolation of
small-colony variants of Staphylococcus aureus and Pseudomonas
aeruginosa from respiratory secretions of patients with cystic fibrosis.
J. Clin. Microbiol. 46:1832—-1834.

Shaw, D.J., J.R. Guest, R. Meganathan, and R. Bentley. 1982.
Characterization of Escherichia coli men mutants defective in conver-
sion of o-succinylbenzoate to 1,4-dihydroxy-2-naphthoate. J. Bacteriol.
152:1132-1137.

Sheehan, D.J., J.M. Janda, and E.J. Bottone. 1982. Pseudomonas
aeruginosa: changes in antibiotic susceptibility, enzymatic activity,
and antigenicity among colonial morphotypes. J. Clin. Microbiol.
15:926-930.

Stanley, N.R., R.A. Britton, A.D. Grossman, and B.A. Lazazzera.
2003. Identification of catabolite repression as a physiological regulator
of biofilm formation by Bacillus subtilis by use of DNA microarrays.
J. Bacteriol. 185:1951-1957.

Starkey, M., J.H. Hickman, L. Ma, et al. 2009. Pseudomonas aeruginosa
rugose small-colony variants have adaptations that likely promote
persistence in the cystic fibrosis lung. J. Bacteriol. 191:3492-3503.

. Tashiro, Y., K. Kawata, A. Taniuchi, K. Kakinuma, T. May, and S.

Okabe. 2012. RelE-mediated dormancy is enhanced at high cell density
in Escherichia coli. J. Bacteriol. 194:1169-1176.

Wang, X., Y. Kim, and T.K. Wood. 2009. Control and benefits of
CP4-57 prophage excision in Escherichia coli biofilms. ISME J.
3:1164-1179.

Wang, X., and T.K. Wood. 2011. Toxin-antitoxinsystems influence
biofilm and persister cell formation and the general stress response.
Appl. Environ. Microbiol. 77:5577-5583.

Webb, J.S., M. Lau, and S. Kjelleberg. 2004. Bacteriophage and phe-
notypic variation in Pseudomonas aeruginosa biofilm development. J.
Bacteriol. 186:8066—8073.

Wei, Q., S. Tarighi, A. Détsch, ef al. 2011. Phenotypic and genome-
wide analysis of an antibiotic-resistant small colony variant (SCV) of
Pseudomonas aeruginosa. PLoS One 6:€29276.

Whiteley, M., M.G. Bangera, R.E. Bumgarner, M.R. Parsek, G.M.
Teitzel, S. Lory, and E.P. Greenberg. 2001. Gene expression in
Pseudomonas aeruginosa biofilms. Nature 413:860-864.

Yegian, D., G. Gallo, and M.W. Toll. 1959. Kanamycin resistant
Staphylococcus mutant requiring heme for growth. J. Bacteriol.
78:10-12.

Zerbino, D. R., and E. Birney. 2008. Velvet: Algorithms for de novo
short read assembly using de Bruijn graphs. Genome Res. 18:821-829.



