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Otherwise isogenic Escherichia coli CP78 (relA") and CP79 (reld") strains are com-
monly used in studies on the stringent control, the bacterial response to amino acid
starvation. We found that these strains are lysogenic for a phage which is spontane-
ously induced with a low frequency, producing virions able to infect other E. coli
strains. Genetic studies, restriction analysis of the phage DNA genome, and electron
microscopy revealed that this phage is very similar to, but not identical with, bacterio-
phage . We called the newly isolated phage " , and found that most of CP78/CP79 an-

cestor strains are lysogenic for this phage.

Stringent control is the bacterial response to
amino acid starvation. This response has been
found to exist in many bacterial species but it
is best characterised in Escherichia coli (for a
recent review see [1]). The first event of the
stringent response is production of high
amounts of a specific alarmone, guanosine-5'-
diphosphate-3'-diphosphate (ppGpp). This nu-
cleotide interacts with RNA polymerase [2]
which results in inhibition of transcription of

many genes, especially those coding for
rRNAs and tRNAs, and activation of some
promoters. Although there are two proteins
capable of synthesizing ppGpp, ppGpp syn-
thetase I (the relA gene product) and ppGpp
synthetase II (the spoT gene product) [3-6],
only the first enzyme is active during amino
acid starvation. Therefore, mutants in the
relA gene do not produce ppGpp in amino
acid-starved cells. This leads to a decrease in
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ppGpp level, and such a phenotype is called
the relaxed response [1].

One of the most widely used, otherwise
isogenie, pairs of the E. coli relA" and relA”
variants are in the background of strains
CP78 and CP79 [7]. These strains are deriva-
tives of E. coli K-12. Although the originally
isolated K-12 strain was reported to be lyso-
genic for bacteriophage 1 [8], its derivatives
were treated many times with UV light and
other mutagens which led to the loss of the
prophage.

Bacteriophage A belongs to the family of
lambdoid phages [9]. All members of this fam-
ily are temperate phages, produce similar viri-
ons and posses several other common fea-
tures, such as similar genome organization
and dependence of their lytic development on
several host heat shock proteins.

In the course of our study on the stringent
response we found that strains CP78 and
CP179 are lysogenic for a phage able to sponta-
neous induction. The aim of this work was to
characterize this phage. We also investigated
all available ancestors of CP78 and CP79 to
find that most of them are lysogenic for this
phage.

MATERIALS AND METHODS

Bacterial strains, phages and plasmids.
Escherichia coli K-12 strains are listed in Table
1. Bacteriophages Apapa, AcIb2 (from our col-
lection), Aimm21 (from W. Szybalski),
AcI85787 [10] and AV (isolated in this work)
were used. Plasmid pKB2 [11] is a plasmid de-
rived from bacteriophage 4 which contains a
replication region of the A genome (from the
PR promoter to the ren gene) and a kanamycin
resistance gene. Plasmid pAS3 [12] was con-
structed by replacement of the pg promoter
with pj,. promoter in plasmid pKB2.

Propagation and purification of phages.
Phages were propagated from induced lyso-
gens, by the plate lysate technique, or by infec-
tion of cells growing in a liquid medium as ear-

lier described [13, 14]. When the plate lysate
technique was used, phages were recovered
from soft agar according to Obuchowski &
Stopa [15]. The virions were purified by ultra-
centrifugation in a cesium chloride gradient
as described by Sambrook et al [14].

DNA manipulations. [solation and purifi-
cation of phage and plasmid DNA as well as
DNA restriction analysis were performed as
described by Sambrook et al. [14].

Efficiency of plating. Efficiency of plating
of phages on E. coli host strains was measured
according to Arber et al. [13].

Efficiency of transformation. Efficiency of
transformation of E. coli cells with plasmid
DNA was estimated as described previously
[16].

Electron microscopy. Phage samples were
prepared for electron microscopy analysis by
negative staining with 4% phosphotungstic
acid, neutralized with KOH, according to Wis-
chnitzer [17] and Bozzola & Russell [18].

RESULTS

We found that supernatants of centrifuged
liquid cultures of E. coli CP78 and CP79
strains, contrary to many other commonly
used laboratory E. coli strains, contain low
concentrations of phages (from 1075 to0 107°
plague forming units per one cell in the cul-
ture) which form plaques on wild-type E. eoli
strains, for example MG1655. The plaques re-
semble those formed by bacteriophage A (not
shown). The presence of phages in a non-
infected bacterial culture indicates that a
strain is lysogenic and phage particles appear
due to spontaneous induction of prophages,
which is a relatively rare but rather usual phe-
nomenon.

The phage was propagated to obtain a high
titer lysate and purified by ultracentrifuga-
tion in a cesium chloride gradient. When the
centrifugation was performed to the equilib-
rium state, we found that the buoyant density
of virions of this phage was exactly the same



as that of bacteriophage A virions (on the basis
of measurement of the refractive index of frac-
tions containing phage particles). Electron mi-
croscopy indicated that the size and morphol-
ogy of the virions are very similar to those of
bacteriophage A (Fig. 1). Assuming that the in-
vestigated phage may belong to the family of
lambdoid phages we called it A",

We isolated DNA from AW virions and ana-
lysed it using restriction endonucleases. We
found the restriction pattern of 1 DNA to be
indistinguishable (at least using the method of
agarose gel electrophoresis for separation of
restriction fragments) from that of A DNA for
BamHI, BstXI, Dral, EcoRI, HindIll, Kpnl,
Sall, Smal, Nhyl, Notl and Xhol endonucle-
ases (not shown). These results confirm that
AW is closely related to A and perhaps belongs
to the family of lambdoid phages.

Replication of bacteriophage 4 DNA is de-
pendent on functions of host genes coding for
DnaB helicase and DnaK, DnaJ and GrpE
heat shock proteins which act also as molecu-
lar chaperones (for reviews see [19, 20]). Mu-
tants in these genes are not permissive hosts
for development of lambdoid phages. We also
found that phage AV was unable to form
plaques on such mutants (Table 2).

The malT gene product of E. coli is a mem-
brane receptor for bacteriophage A. We found
that phage A% did not form plagues on the
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Figure 1. Flectron micro-
graphs of virions of phages
4eI85787(A) and " (B) nega-
tively stained with phospho-
tungstic acid.

Bars represent 100 nm.

malTl mutant (the PR100 strain), whereas it
did on the otherwise isogenic malT" host (not
shown). Therefore, it seems that A and 1" use
the same receptor on the surface of E. ecoli
cells.

All the results presented above might sug-
gest that the phage isolated from the cultures
of CP78 and CP79 strains, called 1", is identi-
cal with bacteriophage A. There are, however,
differences between these two phages. Lamb-
doid prophages are inducible with UV light,
thus lysogenic bacteria are sensitive to low
dosage of UV irradiation due to prophage exci-
sion and subsequent lytic development lead-
ing to production of mature virions and cell ly-
sis. We found that while E. coli strains lyso-
genic for A or Aimm21 are sensitive to UV dos-
age as low as 5 meE, strains CP78 and CP79
can grow normally even after UV irradiation
at20J/m> (not shown). Moreover, UV irradia-
tion of CP78 and CP79 cultures resulted in an
increase in the concentration of A% plaque
forming units in the supernatants after cul-
ture centrifugation only by about one order of
magnitude, while similar irradiation of cul-
tures of bacteria bearing other lambdoid pro-
phages gave by several orders of magnitude
more (not shown).

E. coli strains lysogenic for a lambdoid
phage are immune to superinfection by the
same phage, but are sensitive to other lamb-
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Table 1. Escherichia coli strains

‘Strain Known genotype Source/reference/construction

MG1655 rph [22]

BM857 A areh bu yvagendr, for This work, by lysogenization

BM21 o SL055 bk kymogende foe This work, by lysogenization

800 ﬂ:pﬂﬂ? hsdR thi-I thr-1 leuB6 lacY1 [23]

BM29 As C600 but dnaB15 (groPA15) [24]

BM237 As C600 but grpE280 2fh::Tnl0 [25]

BM238 As C800 but dnaK 756 zaa::Tnl0 [25]

BM239 As C600 but dnaJ259 thrTnl0 [25]

PR100 thr-1 leuB6 lacY] rpsL132 xylA7 From E. coli Genetic Stock Center
mtlA2 thi-1 malTl (GSC)

BM100 As PR100 but malT' 'F“:héalgﬁoﬁrk, by P1 transduction from

WG1 Wild-type K-12 / F1-1 [8], from GSC

679 As WG but thr-I / Fl1-1 [8], from GSC

G6T9-680 As 679 but leuB6 rfoDI F~ [8], from GSC

Y10 As 679680 but supE44 thi-1 [8], from GSC

Y53 As Y10 but lacYl [8], from GSC

Wi As Y53 but malT1 [8], from GSC

W480 As W1 but fhuA2 [8], from GSC

W583 As W480 but galTl xl-7 ara-13 [8], from GSC

Wa95 As WE583 but mtlA2 osmZ ] [8], from GSC

W660 As W595 but gal’ [8], from GSC

We77 As WE60 but gal-3 fie-1 [8], from GSC

CP78 As W6TT but his-65 argH46 relX il

CP79 As CP78 but relA2 (71

doid phages. This is due to the fact that all
lambdoid phages bear different immunity re-
gion, with the ¢l gene coding for the repressor
which is the main protein responsible for
blocking the activity of early promoters of
both the prophage (which leads to its mainte-
nance) and the infecting phage (which inhibits
its development). The CI repressor, which is
extensively produced by the prophage, recog-
nizes the respective operator sequences de-
rived from the same, but not from other
phages. We found that 2" was able to grow
on the Aimm21 lysogen but not on 4 lysogen
(Table 3), which might suggest that it contains

an immunity region identical to that of 1. How-
ever, subsequent experiments revealed that
this is not true. Since CP78 and CP79 strains
bear the malT1 mutation, we were not able to
investigate their sensitivity toAd. Nevertheless,
similar test could be performed using plas-
mids derived from bacteriophage A. Standard
A plasmids bear the replication region of bac-
teriophage A genome which contains all genes
and regulatory sequences necessary for initia-
tion of DNA replication. The replication
genes, O and P, are under control of the pg
promoter, Transcription initiated from this
promoter is necessary not only for production
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Table 2. Efficiency of plating of bacteriophages iefb2 and A" on different E. coli host mutants

Host strain ﬂelmnt genotype Efficiency of plating

Aclh2 AN o
600 “Wild type” (control) * P® o
BM29 dnaB15 <107® <107®
BM237 gpE280 <107® <1078
BM238 dnaK756 <107® <107®
BM239 dnaJ259 <10°® <107

®Efficiency of plating value of 1 corresponds to 1 x 10" plaque forming units per ml; *Efficiency of plating value of 1 corre-

sponds to 2 X 10" plaque forming units per ml.

of mRNA required for synthesis of O and P
proteins, but also serves in the so called tran-
scriptional activation of orid, which seems to
be the main process regulating the frequency
of replication initiation [21). Since pg pro-
moter is strongly repressed by the CI protein,

phage A promoters. It is clear, therefore, that
the immunity regions of 4 and lw, althnu%Jh
very similar, are not identical. Moreover, 4

cannot be identical with any other known
lambdoid phage as all of them are able to grow

Iytically on A lysogens.

Table 3. Efficiency of plating of bacteriophages icIb2, iimm2I and i on E. coli hosts lysogenic for

AcI85787 (Limmd) and limm21 phages

Host strain Prophage Eﬁdﬁnc;.r of plating

Aelb2 Aimm21 v
MG 1655 None (control) e 1°
BM857 AcI85787 <1078 0.9 <107®
BM21 Aimm21 <107® 0.8

*Efficiency of plating value of 1 corresponds to 1 x 10" plaque forming units per ml for (&) and (b), and 2 * 10" plague

forming units per ml for (c).

wild-type 4 plasmids (as pKB2) cannot repli-
cate in strains lysogenic for A (Table 4). In con-
trol experiments we used a derivative of wild-
type A plasmid (pAS3) which contains the py,,.
promoter instead of pg. Since py,. is not re-
pressed by the CI protein, bacteria lysogenic
for A could be easily transformed with this
plasmid (Table 4). However, strains CP78 and
CP79 (Iysogenic for ™) could be transformed
efficiently with both pKB2 and pAS3 (Table
4). These results suggest that the CI repressor
produced by A can inhibit the activity of early
promoters of both 4 andiw, but an analogous
protein produced hsrﬂ;w is not able to repress

We tried to check whether CP78 and CP79
are the only strains bearing the iAW prophage
or is it present also in the ancestor strain(s).
Knowing the pedigree of CP78 and CP79 ([7,
8], Mary Berlyn, personal communication) we
collected all the ancestor strains available
from the E. coli Genetic Stock Center (Yale
University). Using all the tests presented in
preceding paragraphs, we have found that
most of the strains from the Hneag:g{leading to
CP78 and CP79 are lysogenic fori" (Table 5).
The prophage appeared in the lineage rela-
tively early, with the strain named 679-680 be-
ing the first lysogenic for 1™,
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Table 4, Efficiency of transformation of E. coli hosts lysogenic for AcI85787 (limml) and Ll phages

with A plasmids

Host strain Prophage Efficiency of t-rﬂ.nsfurmaﬁon.
pKBEb pASa©

MG1656 None (control) 7.3 x 10* 5.0 x 10*

BMB857 Ael85787 <10 2.4 % 10*

CP78 ‘1 3.5 % 10 5.0 x 10°

CP79 ; ud 3.4 x 10 5.1 x 10*

lEfﬁmennjr of transformation is caleulated in transformants per 1 ug of plasmid DNA; pKBﬂ is a wild-type A plasmid;
‘pAS3 is a derivative of pKB2 in which the A Py, promoter was replaced with the p,, promoter.

DISCUSSION

We described a lambdoid phage, -called 1",
isolated after spontaneous induction of appro-
priate prophage from the E. coli strains CP78
and CP79, commonly used in studies on the
stringent response. This phage is very similar
to 4 (for example: the same size and morphol-
ogy of virions, the restriction pattern of the

phage DNA indistinguishable from that of A
DNA after digestion with several enzymes),
but reveals twn important differences: the UV-
mediated 1V prophage induction is of a very
low efficiency relative to other lambdoid
phages, and although A" cannot grow on A ly-
sogens, A plasmid replication (and thus tran-
scription frum at least A pg promoter) is al-
lowed in AW lysogens. It is perhaps difficult to

Table 5. The pedigree of E. coli strains CP78 and CP79 (on the basis of ref. [8] and Mary Berlyn, per-
sonal communication), and the presence or absence of the .lw prophage in the ancestor strains

Strain® Treatment” Availability in GSC® Presence of A" prophage’
WGl X-ray Yes No - -
679 Xray Yes No

679-680 X-ray Yes Yes

Y10 uv Yes Yes

Y53 N-mustard Yes Yes

w1 T1 selection Yes Yes

W480 uv Yes Yes

Ws66 uv No Not determined
Wsaz uv No Not determined
W583 uv Yes Yes

Wh595 None Yes Yes

We60 uv Yes Yes

WaT77 uv Yes Yes

CP76 uv No Not determined
CP77 Cross with Hfr Cavalli No Not determined
CP78 uv Yes Yes

CP79 None Yes Yes

"Each strain is a derivative of its ancestor presented in the pracedmg line; "Indicated treatment of each strain resulted in
the appearance of ita derivative presented in the next line; “Availability of atrains in the E. roli Genetic Stock Center (GCS)

is indicated; S traina were checked for the presence of 4 prophage as described in the text.
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decide whether A" should be considered a
newly discovered lambdoid phage or a mutant
of bacteriophage A. In fact, mutants of A pro-
ducing prophages resistant to UV induction
are already known (so called ind ™ phenotype).
On the other hand, our results suggest that CI
repressor produced by A can inhibit the activ-
ity of early promoters of both A and .IW, but an
analogous protein produced by AW is not able
to repress phage 4 “?mmuters Such a pheno-
type is unique toA" suggesting that it may be
considered a separate phage (related much
closely to A than other lambdoid phages)
rather than a mutant of 4.

The AW prophage could appear in the 679
680 strain (t.he first strain in the lineage being
lysogenic for AW ; see Table 5) due to infection
and lysogenization. This scenario should be
preferred if AV is indeed a newly discovered
phage, which separated from A relatively late
during evolution. Alternatively, one may sus-
pect that early mutagenesis of the wild-type E.
coli K-12 strain (which was lysogenic for 1) re-
sulted in the appearance of a mutation leading
to the ind™ p‘%enotype in the prophage (still ob-
served in "), and subsequent mutagenesis
events produced changes in the immunity re-
gion (including the ¢l gene) which are now
characteristic of AW, It is worth noting, how-
ever, that although the CI protein produced by
AW is not able to repress bacteriophage A pro-
moter(s) (at least the pg promoter and per-
haps also pa’), it must be fully functional in re-
pressing A" early promoters as the A" pro-
phage is stably maintained and its spontane-
ous induction is relatwely rare. Moreover, if
the hypothesis that4" is a mutant of the A pro-
phage present in the original K-12 strain were
true, two results would be hard to explain.
First, we did not find the prophage in ances-
tors of the strain 679-680 (its lack in the strain
679 is the most intriguing). Second, if the
changes in the immunity region of A" accumu-
lated due to mutations in aA prophage at later
steps of strains’ construction, one might ex-
pect that at least some strains in the linneage
should not be permissive for A plasmid replica-

tion due to production of the unchanged A CI
repressor. Contrary to this prediction, we
found that all tested strains of the lineage (in-
cluding 679 and 679-680) can be efficiently
transformed by wildtype 4 plasmid, pKB2
(not shown] These results may again suggest
that AW can be considered a newly discovered
lambdoid phage rather than a mutant of bacte-
riophage A. On the other hand, it would be
tempting to speculate that a kind of micro-
evolution (from 4 tolw}, accelerated by many
mutagenesis events, could be provoked and
observed during construction of E. coli K-12
derivative strains.

We are very grateful to Grazyna Konopa for
advice regarding electron microscopy tech-
niques, to Michael Cashel for discussions, and
to Mary Berlyn for providing many strains
and for information about the pedigree of
strains CP78 and CP79.
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