
Abstract 

The role of the recA and rnhA mutations on the growth of dif-
ferent thermo-sensitive mutants at the non permissive temperature
was studied. The growth of Hfr strains selected by integrative sup-
pression in a dnaA(Ts) mutant was found strongly dependent on
the RecA protein. This latter gene product was also essential for
gyrA(Ts) and gyrB(Ts), rnhA double mutants for growing at 43°C.
This RecA+ dependent cell multiplication was due to the fact that
all the strains studied initiated their DNA synthesis from site(s)
different from the normal gene oriC. This phenomenon causes in
the cell a non-stop production of the bacterial genome with con-
comitant disorders in the bacterial division process. It has been
suggested that when the growth of the microorganism is driven by
an extra-chromosomal genetic element it behaves like a trans-
formed tumor cell. Thus the bacterial model may present many
advantages for studying the mechanisms by which cells lose the
control of their division process because of an infecting foreign
genetic element integrated in their chromosome.

Introduction

F plasmid is a well known extrachromosomal genetic element
because its structure and function have been established with a high
degree of accuracy. Therefore the conjugation system as well as its
stably maintenance in the bacterial host, and the control of DNA
replication remains the paradigm of the behavior of this class of
genetic elements.1-4 Its partition to daughter cells must be strictly
governed when is replicated during the cell cycle as extra-chomoso-
mal genetic element. F plasmid, however, can integrate into the host
genome transforming the bacterial host in Hfr, in this case it is pas-
sively inherited during chromosomal replication and cell division.
Hfr derivatives are also easily selected in dnaA(Ts) mutants when
these strains, carrying a F plasmid, are incubated at the non-permis-
sive temperature. The rare thermo-resistant colonies that appear
derive from cells where the F plasmid is integrated into the host
chromosome.5 In these Hfr strains at high temperature, DNA repli-
cation and cell division are under control of the F plasmid.
Nishimura et al. (1971) and Bazzicalupo and Tocchini-Valentini
(1972)6,7 have shown that rifampin and acridine orange, at 43°C
inhibit cell division in these strains providing evidence that the F
replication system is sensitive to these compounds. In contrast,
when the same experiments were carried out with nalidixic acid no
changes were found in the MIC values of the Hfr strains at both 30
and 42°C.8 These observations suggest that when DNA synthesis is
driven by a plasmid the replication is dependent on the RNA
polimerase (which is susceptible to rifampin) and does not require
the DNA gyrase enzyme (the target of nalidixic acid). Further clues,
which seem to exclude the possibility that this DNA gyrase inhibitor
affects plasmid replication and conjugation, comes from experi-
ments performed with Hfr strains selected by integrative suppres-
sion in gyrA(Ts) and gyrB(Ts) mutants.9,10 In the great majority of
these Hfr strains at high temperature, the bacterial growth is not
affected by rifampin and/or acridine orange and resulted totally
resistant to high doses of nalidixic acid. Conversely, the ability to
transfer genetic material, the generation time and the presence of
elongated cells at the non permissive temperature are similar in all
the Hfr strains irrespectively of the thermo-sensitive mutants they
derived. Another common feature of these Hfrs selected by integra-
tive suppression is the origin of the synthesis of the chromosome, in
these microorganisms at 43°C the duplication of the genome appear
under the control of the F coded enzymatic machinery instead that
of the chromosome. This phenomenon indicates that all the proteins
that interact with the oriC site, where the duplication of the genome
initiates, which play a fundamental role in the regulation of DNA
replication and cell division, are not used in these Hfr strains. This
behavior is reminiscent of that of a RNase H defective strain (rnhA
mutant).11,12 In fact, in this latter microorganism DNA is continu-
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ously synthesized because is no more regulated by the proteins that
interact with oriC while the cell mass increased in a disorder way
leading to filaments formation. In addition, when the rnh gene is
inactivated in a dnaA(Ts) mutant the strain can grow at the non-per-
missive temperature because it does not require the DnaA protein
and it does not use the oriC for initiating DNA synthesis, but it has
been found to occur at several other sites of the chromosome,
designed oriK,11,12 however the growth of this latter double mutant
at 43°C is dependent on the recA gene product.13 Following this,
there are two situations where chromosome replication proceeds
without the regulation of the oriC interacting enzymes: in the rnhA
mutants, as mentioned above, and in the Hfr strains obtained by inte-
gration of a F plasmid in the cited thermo-sensitive strains.

In this study the rnhA mutation was introduced in gyrA(Ts),
gyrB(Ts) and, for comparison, in dnaA(Ts), to evaluate the role of
this mutation in the growth of the DNA gyrase mutants. These lat-
ter double mutants were made recA defective to study the influence
of this genetic lesion on the viability of these strains cultured at
43°C. Whether recA gene product is also required for the the
growth of the Hfr selected by integrative suppression in dnaA(Ts)
and thermo-sensitive DNA gyrase mutants was also studied.
Finally a condition of non-stop DNA synthesis was also explored
in all these latter strains.

Materials and Methods

Bacterial strains
Bacterial strains used in this study are listed in Table 1.9,10,14,15

They were previously described.9,10 Plasmid F’lac (F’128) was one
of the F’ kit. F’lac plasmid carrying transposon Tn10 that codes for
tetracycline resistance was used for strain construction. J-53 and
AB1157 were employed as recipient organisms depending on the
experiments.

Media and reagents
The rich medium LB and the M9 minimal medium were

those described by Miller.16 Media were supplemented with
thymine (25 mg/L) when necessary. 5-bromouracil (5-BU),
nalidixic acid (nal), coumermycin (cou), rifampin (rif),
kanamycin (km), chloramphenicol (cm) and tetracycline (tet), as
well as other chemicals were obtained from commercial sources
(Sigma, Milan, Italy) and stock solutions were prepared follow-
ing manufacturer’s instructions.

Strain construction
Thymine-less strains were selected as suggested by Miller.16

The strain was grown in the presence of 10 mg/L of trimethoprim
and 50 mg/L of thymine, after incubation to saturation, culture was
diluted and plated on LB agar with thymine and then tested in M9
minimal medium with and without thymine. 

Conjugation was carried out by standard methods employing
2x108 cells/mL in LB broth.9 The cells were incubated for 90 min-
utes at permissive temperature (32°C) washed in saline and plated
on selective media. The P1 transduction protocol used in strain
construction was described by Miller.16

Growth of Hfr strains at the presence of 5-bromouracil
Bacterial cells were cultured in M9 minimal medium supple-

mented with 0.2% of LB and 50 mg/L of 5-bromouracil (5-BU)
and when necessary 2,5 mg/L of thymine. The evaluation of
CFU/mL was carried out at 0, 3, 6 hours. When necessary chloram-
phenicol (CM) was added (150 mg/L).16

Results
Introduction of the rnhA mutation in dnaA(Ts), gyrA(Ts) and

gyrB(Ts) strains.
Since the requirement of the dnaA gene product can be over-

come by the inactivation of the RNase H enzyme restoring cell
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Table 1. List of E. coli strains used in this study 

Strain                                                                            Main characteristics                                                      Source or reference

CTR4610                                                                                                dnaA46(Ts), leu, thy, thi                                                                  Marchese & Debbia (2016)9

db1983                                                                                                      Hfr from dnaA46(Ts)                                                                    Marchese & Debbia (2016)10

KNK453                                                                                   HF4704 gyrA43(Ts), thyA, polA, uvrA, phx                                                   Marchese & Debbia (2016)9

db1873                                                                                         Hfr from gyrA43(Ts), (AO-s, Rif-s)*                                                      Marchese & Debbia (2016)10

db1874                                                                                         Hfr from gyrA43(Ts) (AO-r, Rif-r)*                                                       Marchese & Debbia (2016)10

N4177                                                                                                 galK, gyrB41(Ts), cou-r, Sm-r                                                              Marchese & Debbia (2016)9

db1607                                                                                         Hfr from gyrB41(Ts) (AO-s, Rif-s)*                                                       Marchese & Debbia (2016)10

db1654                                                                                         Hfr from gyrB41(Ts) (AO-r, Rif-r)*                                                       Marchese & Debbia (2016)10

FB2                                                                                                                rnh-1, lacY, HfrH                                                                                        M. Berlyn14

CAG12148                                                                                                 MG1655 tsx-247::Tn10                                                                                  Singer et al.15

FB2 (tsx-247::Tn10)                                                                                          FB2 Tet-r                                                                           P1 transduction from CAG12148)
J-53                                                                                                                 proB22, metF63                                                                                Laboratory collection
J-53 (Flac::Tn10)                                                                               proB22, metF63, Tn10, Tet-r                                                                      Laboratory collection
HfrH                                                                                                                   Prototroph                                                                                    Laboratory collection
AB1157                                                                    thr-1, leuB6, proA2, argE3, his-4, thi-1, lac Y1, galK2, rpsL31                                         Laboratory collection
AB2463                                                                                  recA13 derivative of AB1157 Tn5::recA Km-r                                                       Laboratory collection
AO, acridine orange; Rif, rifampicin; Cou-r, coumermycin resistance; Sm-r, streptomycin resistance; Tet-r, tetracycline resistance; Km-r, kanamycin resistance; *At the non-permissive temperature.
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growth at the non-permissive temperature, it was of some interest
to verify if the introduction of a rnhA mutation in gyrA(Ts) and
gyrB(Ts) mutants may suppress the use of such enzymes for bac-
terial growth. To do this three crosses were carried out employing
the donor strain FB2 (rnhA) which possesses a tetracycline resist-
ant gene at 9,5 min in E. coli chromosome. Selecting in the recip-
ient strain for the antibiotic resistance determinant a great num-
ber of recombinants should acquire the rnhA mutation. Therefore
FB2 was mated with a spontaneous rifampicin resistant dnaA(Ts)
as control, and gyrA(Ts), and gyrB(Ts), carrying the same spon-
taneous antibiotic resistance. After selection of the recombinants
in the appropriate medium, colonies were purified and tested for
temperature resistance. As reported in Table 2, about the same
number of recombinants originated from the three crosses were
able to grow at 43°C. Therefore the rnhA gene phenotypically
suppress the lethal effect of the temperature, as expected, in
dnaA(Ts), and also in gyrA(Ts) and gyrB(Ts). The results
obtained indicate that inactivation of the RNase H enzyme, abol-
ishes the requirement of a functional DNA gyrase activity. Then
a strain begins DNA synthesis from site(s) different from oriC
needs neither DnaA protein nor DNA gyrase enzyme.

Transduction of recA gene in rnhA derivatives
of mutants in dnaA(Ts), gyrA(Ts) and gyrB(Ts) mutants

Further clues of the fact that the thermo-resistant rnhA deriv-
atives of gyrA(Ts) and gyrB(Ts) can grow at 43°C because RNase

H is inactivated in these strains might be come from the introduc-
tion of the recA gene in these mutants. To do this, P1 phage
grown on AB2463 was used to infect dnaA(Ts) rnhA, gyrA(Ts)
rnhA and gyrB(Ts), rnhA double mutants. In order to confirm the
presence of the recA mutation, after selection for kanamycin
resistance the total transductants of 3 separate experiments were
tested for susceptibility to ultraviolet light (UV), the phenotype
of the recombination-negative strains. As reported in Table 3,
among the UV-susceptible strains found, about the 80% of the
isolates showed a temperature susceptibility phenotype, regard-
less the double mutant they originate. These results showed for
all these strains a very similar behavior, and suggest the require-
ment of the activity of the recA gene product for growth at the
non permissive temperature in these strains. 

Selection of recA mutants in Hfr derivatives
of dnaA(Ts), gyrA(Ts) and gyrB(Ts)

The results obtained in the above experiments suggest many
analogies between the behavior of dnaA(Ts) and DNA gyrase
temperature-sensitive mutants. It appeared of some interest to
verify a property never studied in all these strains, especially in
the Hfr strains selected by F’lac integrative suppression. In these
strains, in particular, the origin of DNA synthesis other than oriC
site, render all the microrganisms dependent on the functional
RecA protein to growth. Following this, the recA gene was trans-
duced in the Hfr derivatives of dnaA(Ts), gyrA(Ts) and gyrB(Ts).

                             Article

Table 2. Construction of rnh- derivatives of dnaA(Ts), gyrA(Ts) and gyrB(Ts) mutants.

Cross                                   N° recombinants tested                    N° of thermo-resistant strains found                  Percentage

FB2 X dnaA(ts)                                                     50                                                                                         19                                                                        38
FB2 X gyrA(Ts)                                                      50                                                                                         16                                                                        32
FB2 X gyrB(Ts)                                                     50                                                                                         13                                                                        26
Average of 3 separate experiments. 

Table 3. Transduction of recA gene into rnh- derivatives of dnaA(Ts), gyrA(Ts) and gyrB(Ts) mutants.

Strain                               N° of transductants                        UVs                          Percentage                         N° of                     Percentage
                                                   studieda                                                                                            temperature-susceptibleb              

dnaA(Ts), rnh                                              152                                                  144                                            93                                             124                                        86
gyrA(Ts), rnh                                               150                                                  142                                            89                                             110                                        77
gyrB(Ts), rnh                                               178                                                  164                                            92                                             134                                        82
aCumulative data of 3 separate experiments; Selection for Km-r; bamong UVs transductants.

Table 4. Transduction of recA gene into Hfr derivatives of dnaA(Ts), gyrA(Ts) and gyrB(Ts).

Hfr derivatives                                N° tested*                                                Susceptibility to                                     Frequency
                                                                                                                                    43°C                                                       

db1983 dnaA(Ts)                                                   50                                                                                       28                                                                        56
db1873 gyrA(Ts)                                                     50                                                                                       22                                                                        44
db1874 gyrA(Ts)                                                     50                                                                                       26                                                                        52
db1607 gyrB(Ts)                                                     50                                                                                       16                                                                        32
db1654 gyrB(Ts)                                                     50                                                                                       21                                                                        42
*Strains selected among those susceptible to UV light.
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As reported in Table 4, from 32 to 56% of the UV susceptible iso-
lates demonstrated a growth inhibition at the non-permissive
temperature. 

Growth of Hfr strains at the presence
of 5-bromouracil, a base analogue

Considering all the data obtained here, the Hfr derivatives of
the thermo-sensitive mutants present many analogies with RNAse
H- defective mutant, in particular, as mentioned above, the initia-
tion of new DNA synthesis starts from sites other than oriC. This
unique situation renders possible in this mutant a continue DNA
replication in the absence of normally required protein synthesis.
Therefore it is possible to verify this assumption using 5-BU, a
base analogue that is incorporated into the DNA during the synthe-
sis of the genome in substitution of thymine. This incorporation is
lethal for the cells because it induce alteration in the sequence of
the DNA leading to mutations and errors in gene expression. The
bacteria were then cultured in the presence of this mutagen for 6
hours at the non permissive temperature with and without cm. The
Hfr studied included strains both acridine orange and rifampin sus-
ceptible or resistant at the non permissive temperature. The results
obtained are depicted in Figure 1. The HfrH used as control stop to
grow and to incorporate 5-BU when cm was added to the culture.
On the contrary all the Hfr derivatives of thermo-sensitive mutants
show a certain degree of lethality under the same experimental
conditions.

Discussion and Conclusions

The results obtained in this work can be resumed as follows:
a) the introduction of the rnhA gene in dnaA(Ts) for control and
in gyrA(Ts) and gyrB(Ts) restores the growth of these strains at
the non-permissive temperature; b) the growth of these double
mutants at 43°C is dependent on the recA+ gene product c) the
growth of the Hfr strains obtained by integrative suppression of
F plasmid in dnaA(Ts) and in gyrA(Ts) and gyrB(Ts) at 43°C is
abolished by the introduction of the recA-defective gene; d) the
5-BU is lethal in these latter strains at the non permissive temper-
ature even if chloramphenicol is added. The present findings sug-
gest some observations. The E. coli rnhA mutants lacking RNase
H activity are capable of recA+ depending DNA synthesis which
is called stable DNA replication11-13. In a rnhA, dnaA(Ts) double
mutant at 43°C initiation of DNA synthesis at the oriC site is not
used and the reproductive DNA replication cycle begins from
site(s) spread along the chromosome named oriK. The same
behavior was observed here in the gyrA(Ts) and gyrB(Ts), rnhA
double mutants which demonstrated the requirement of the RecA
protein for growth at the non permissive temperature. In this con-
text, the fact that the multiplication of the Hfr strains selected by
F integration in dnaA(Ts) mutant is dependent on the recA gene
product, is another interesting finding achieved in this work. In
this strain, in fact, genetic evidence demonstrates that the F plas-
mid drives DNA synthesis and cell growth. The susceptibility to
rifampin supports the first point, and the recA+ dependent bacte-
rial division suggests that DNA synthesis initiates from site other
than oriC Therefore by a genetic point of view in these Hfr
strains there is a stable DNA replication. Studies from this labo-
ratory demonstrated the integration of F plasmid in gyrA(Ts) and
gyrB(Ts) background lead to the formation of Hfr strains with
concomitant ability of these derivatives to survive at 43°C.9,17

Taken together these observations indicate that in strains where
proteins such as DnaA, GyrA, and GyrB, which interact with
oriC, are inactivated by the temperature, the growth of the bacte-
ria can be restored by the introduction of a rnhA gene or by inte-
gration of a F plasmid into chromosome. Both phenomena have
in common that oriC is no more used by the cell to initiate DNA
replication. Although the above data are preliminary observations
about a mechanism by which bacteria can survive under restric-
tive conditions some additive considerations can be done. The
growth of a bacterial cell is a perfect equilibrium among a large
number of metabolic reactions. DNA replication initiated to a
fixed site because many enzymes interact with this locus only
when the cell needs to balance the genome duplication with that
of the other components of the cell. If DNA and macromolecular
production are not coupled to each other, bacteria may survive,
but the cell division process is no more under control. For exam-
ple, in strains where DNA synthesis originate from site(s) other
than oriC the genome is continuously produced irrespectively of
the mass content of the cell, then bacteria tends to form filaments
and divide in cells of various size. In considering the role of the
recA gene functions in the growth of the above mutants at non-
permissive temperature, further observations have to be added. It
is know that in a certain bacterial population spontaneous
mutants can arise, with different incidence. This phenomenon
reflects the introduction of errors during DNA synthesis. Many of
these mistakes are repaired by induction of the recA gene depend-
ing functions and, during this period, bacteria are unable to
divide.18,19 Thus, strains unable to induce a proficient DNA repair
system, such as lexA/recA-defective mutants, tend to die immedi-
ately if the emerging mutations involve essential genes. A recent
report of Dimude et al.,20 underlined that when chromosome
duplication starts from oriC it moves in two opposite directions
until terA site. In the same time many genes are transcribed in the
same directions avoiding any collisions between the two synthe-
sis. In bacterial cells where the initiation of DNA duplication is
other than oriC a significant number of the resulting forks pro-
ceed in the opposite direction from that normally dictated by the
replication arrangement, leading to more frequent collisions with
ongoing transcription complexes. These replication-transcription
encounters might be responsible of a high number of error in
DNA replication, and in the case of an impaired SOS repair
mechanism, the viability of the bacteria is compromised, as
occurs in the strains studied here. In trying to extrapolate these
considerations, it is a general assumption that when an extrachro-
mosomal genetic element, plasmid or bacteriophage, is inserted
onto genome this is passively duplicate as any other segment of
the DNA. If the phage occasionally expresses some genes this
lead to virus production and cell death. On the contrary there are
no studies about the identification of bacteria that grow under
plasmid control. For example among a population of wild-type
Hfr bacteria (excluding thus the mutants studied here) may be of
some interest to discover a strain where the integrate plasmid
presents some of their genes activated and so the life of the cell
depend on these genetic information. Conversely, it is known that
some animal viruses (oncogenic viruses) when infected the
eukaryotic cell integrate its genome into cellular DNA leading to
a continuous division of the cell (tumor cell). Although the above
phenomenon is not fully elucidated it is a general idea that this
occurs by the same mechanism by which bacteriophages lyso-
genise bacteria. Therefore any extrachromosomal genetic ele-
ment which transforms bacteria may be a simple model to study
the development of tumor cells.
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Figure 1. Hfr derivatives and the control incubated at restrictive temperature (43°C), in the presence of chloramphenicol (50 mg/L)
CM, or 5-bromouracil (50 mg/L) 5-BU, or both. A) HfrH; B) dnaA(Ts); C) gyrA(Ts); D) gyrB(Ts). The best of at least 6 separate exper-
iments are plotted here.
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