
Genet. Res., Camb. (1983), 42, pp. 267-283 2 6 7

Printed in Great Britain

Clear plaque mutation sites linked to the imml region of the
Salmonella phage P22

BY HERMANN H. PRELL,* JOHANNA M. AUER* AND JIRI SOSKAf

* Abt.fur Molekulare Genetik der Gesellschaft fur Strahlen- und Umweltforschung
mbH Miinchen in Gottingen, D-3400 Gottingen, Federal Republic of Germany,
^Institute of Biophysics, Czechoslovak Academy of Sciences, Brno 12, CSSR

(Received 18 October 1982 and in revised form 18 July 1983)

SUMMARY

A complete genetic map has been established for the P22 clear plaque
forming mutations cir4-l, cir5-\ and cir6-l. These are located within or
closely linked to the imml region of P22 and represent a new class of clear
plaque forming mutants located outside and rather distant from the
immC region. They were mapped with respect to the markers mnt, vy and
ant of the imml region and to genes 16 and 9 which span it. The three
cir mutations complement each other and - with one possible exception
- the cl, c2 and c3 mutations of the immC region. P22 cir6-l - like P22
cir5-l (Harvey et al. 1981) - is suppressed by the ant~a,ml9 allele, whereas
P22 cir4-l is not. The results are discussed in terms of the regulation of
early ant expression.

1. INTRODUCTION

The temperate Salmonella-bacteriophage P22 harbours two chromosomal
regions, the immC and the zmwj/-region, which both are involved in the regulation
of superinfection immunity in lysogenic bacteria. Genes within the immC region
regulate establishment and maintenance of lysogeny by the c2-repressor (Levine
1957; for review see Susskind & Botstein, 1978), whereas genes of the imml region
regulate the expression of the antirepressor gene ant, which is an antagonist of the
c2-repressor (Levine et al. 1975; Botstein et al. 1975; Susskind & Botstein, 1978).
The expression of ant occurs very early after infection (Harvey, Heil & Prell, 1979;
Harvey et al. 1981) and is negatively regulated by two repressors, the products
of genes cir5 (Harvey et al. 1981; cir = control of immunity 1 region) and mnt
(Gough, 1968). A defect in either of these regulatory products shifts the infection
response predominantly (with P22 cir5~) or completely (with P22 mnt~) to lysis
resulting in the formation of a more or less clear plaque in contrast to the turbid
plaque formed by P22 wild type. The mnt-repressor is required to maintain the
lysogenic state. It is synthesized by the P22 prophage and prevents the expression
of ant by attaching to its operator site 0 A N T thus preventing transcription of gene
ant and finally the inactivation of the c2-repressor by the antirepressor protein.
On the other hand the cir5-repressor is synthesized very early after infection before
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mnt-repression is established thus turning off ant expression after a short burst
of synthesis from 3 to 6 min after phage infection (Harvey et al. 1981).

The mutant P22 dr5-l (Harvey et al. 1981) is defective in this early ant
repression and exhibits only a low frequency of lysogenization as compared with
P22 wild type. P22 cir5-l was one of several clear plaque isolates carrying a
mutation mapping within or closely linked to the imml region of P22. In this
communication we report the map position of cir4-l, cir5-l and dr6-l with respect
to other genes within or to both sides of the imml region. The three mutants
complement (with one exception) each other as well as the immC clear plaque
mutants P22 cl, P22 c2 and P22 c3 to turbid plaque formation. Results of other
experimental approaches (to be published: different other phenotypes of the cir
mutants and their suppression, synthesis kinetics of ant protein and of phage DNA
in the different P22 cir-mutants) suggest the conclusion that not only the immC
region of P22 but also the chromosomal segment harbouring the imml region is
involved in processes essential for lytic and lysogenic phage development. The
construction of a detailed genetic map as reported in this communication furnishes
the basic frame work for further analysis of the gene functions in this chromosomal
region of phage P22.

2. MATERIALS AND METHODS

(a) Bacteria: Strains used are listed in Table 1 (a).
(b) Phages: Strains used are listed in Table 1 (b).
(c) Media: As described by Prell (1973).
(d) Isolation of mutants: The mutant P22 dr4-l, isolated by Dr Bezdeck, was

picked after nitrosoguanidine mutagenesis of P22 c+. Mutant P22 cir6-l (isolated
by Dr Hava) arose spontaneously. Both mutations are located outside the immC
region since after growth of P22 dr4-i and P22 cir6-\ in LT2 (Pxl) lysogenic
bacteria (Fig. 1; Prell, 1970a, b) the lysates contain a fraction of less then 10~3

turbid plaque formers. On the contrary P22 c2 which harbours within its immC
region genetic material homologous to the Pxl prophage (Fig. 1) yields under the
same conditions a fraction of 2 — 4 x 10~2 turbid plaque formers by marker rescue
from the prophage. This strongly suggests that the mutation in P22 cir4-l and in
P22 cir6-l - like that of P22 dr5-\ (Harvey et al. 1981) - maps outside the immC
region. Preliminary deletion mapping (Harvey et al. 1981) using lysogenic bacteria
with partly deleted P22 prophages strongly suggested that the mutations map

Recombination immC DNA Lysis imml

| 7~^~l 1 ITT7T TT-rH 1 1 1 +^M h
int erf c324Jc2ic, 18 1223119 1 20 16 mnt vy ant 9

PL °L °R PR PR

P 22 DNA PyDNA p x l

Fig. 1. Map of P22 wild-type prophage and of Pxl prophage. Pxl is a hybrid between
phages P22 and Py (Prell, 1970). The marker distances shown in the figure correspond
approximately to the distances on the genetic map.
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within or closely linked to the imml region. P22 dr4-l and P22 dr6-l mutants
belong to sets of two or more independently isolated mutants (Hava, Soska &
Bezdek, unpublished; Harvey, unpublished) which exhibit a semiclear temperature-
sensitive phenotype: plaques are clear at 37 or 40 °C but more or less turbid at
25 °C. Selection of clear plaque-forming mutants released spontaneously from
lysogenic LT2 recA~ (P22 sieA~) bacteria and having their mutations within the
imml region yielded exclusively dr6 mutant types. P22 sieA~ prophages are unable
to exclude homoimmune superinfecting P22 mutants (Rao, 1968; Susskind, Wright
& Botstein, 1971; Susskind, Botstein & Wright, 1974). Such lysogens can be used
to test for the presence and/or specificity of the imml and immC regions of a
superinfecting phage without interference with superinfection immunity (Gough,
1968; Bezdek & Amati, 1968; Levine et al. 1975; Botstein et al. 1975).

3. RESULTS
(i) Mapping by three- and four-factor crosses of the cir4-2, cir5-l and cir6-2

mutant sites

The corresponding crosses were performed using conditional lethal mutations
(amber, ts) of genes 16 and 9 as selective markers. Non-selective markers were cir4-l,
cir5-\, dr6-\ and the mutations mnt, vy and int. The map positions of the latter
three mutations have been established earlier (for review see Susskind & Botstein,
1978). Each individual non-selective marker of a pair to be mapped was combined
with either the 16" or with the 9~ mutation. Reciprocal crosses were performed
with such double mutants and 16+9+ recombinants were selected. Among them the
frequency of different non-selective marker combinations was scored (for details
see Table 2). The frequencies of different recombinant types were expected to be
different in reciprocal crosses depending on marker sequence and number of
crossovers required for their formation.

In Table 2 four-factor crosses for mapping of cir5-l and cir6-l with respect to
mnt-tsl, vy\, and cir4-\ are shown. In all the crosses the frequencies of non-selective
+ + (turbid) recombinants among the selected 16+9+ progeny phages were scored.
In some crosses the frequencies of (clear) recombinants were also scored.
Harvey et al. (1981) established the marker sequence as 16-mnt-(vy/cir5-l)-ant-9.
We find according to the scheme of Table 2 the sequence is 16^vyl-cir5-l-9
(reciprocal cross A, Table 2). There is a very close linkage between vy\ and cir5-\,
since we find in crosses A (a) and (b) 169 and 136% 16+9+, but only 0096 and
0066 % 16+ cir5~ vy~ 9+ and 16+ cir5+ vy+ 9+ recombinants, respectively. The
latter two recombinants are formed by one crossover between vy and cir5 and the
low frequency suggests the close linkage. Taking into account, that vyl maps to
the right of mnt (Levine et al. 1975; Botstein et al. 1975), crosses B, C and D were
performed to map cir6-l. These crosses establish the sequence 16—mnt-^vy—cir5-
l-cir6-l-9. The position of cir6-l with respect to 9 is based on the finding, that
cir6-l maps to the left of ant (see below) and ant to the left of 9 (Botstein et al.
1975). Note that the linkage vyl—cir5-l is much closer than vy—cir6-l (comparison
of the frequencies of recombinations among unselected markers; Table 2, crosses
A and B) confirming the map position of cir6-\.
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(a) Bacteria

LT2
su+527
DB5009
DB123

(b) Phages: mutant strains
Pxl
P22c+

P22anraml9
P22 cl 7
P22 c25
P22 c?amO8
P22 cir4-l
P22 cirS-l
P22 cir6-l
P22 inrNl6
P22 mntta
P22vyl (=P22virA)
P22
P22 0-
P22
P22 2<Tam34
P22 16~ts25.2 (= P22tsx)

Constructed recombinants:
P22 cir4-lant-&ml9
P22 dr6-lanr&ml9
P22
P22 9-
P22 9-
P22
P22

P22 9-taV38cir6-l
P22
P22

P22 12s,mS0cir4-l
P22 2
P22 16-&m34cir4-l
P22 16~nm34:cir5-l
P22 1
P22 7

7<?-ts25.2cir4-l
26-ts25.2cir5-l

2c2

P22 16~ts25. 2vy\

Table 1.

Prell (1973)
Whitfield el al. (1968)
Chan & Botstein, (1972)
Chan & Bothstein, (1972)

Prell (1970 a)
Dr M. Demerek
Levinee<aZ. (1975)
Levine (1957)
Levine (1957)
Dopatka& Prell (1973)
This paper
Harvey et al. (1981)
This paper
Prell (1973)
Gough (1968)
Bronson & Levine (1971)
Botstein et al. (1972)
Dr J. King
Kolstadt & Prell (1969)
Botstein et al. (1972)
Bezdek & Soska (1970)

This paper

Prell (1973)

This paper

https://doi.org/10.1017/S0016672300021765 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300021765


T
ab

le
 2

. 
F

ou
r-

fa
ct

or
 c

ro
ss

es
 fo

r 
m

ap
pi

ng
 o

f t
he

 m
ut

an
t 

m
nt

ts
, 

v
y

i ,
 c

ir
4-

2,
 c

ir
5-

i 
an

d 
ci

r6
-2

16

B

(b
)

(b
)

C
ro

ss
es

(P
22

i<
T

ts
25

-2
ci

Y
5-

l
*

P
22

 9
"t

sU
38

 v
y\

(P
22

 1
6~

ts
 2

5-
2 

vy
\

x
P

22
 9

-t
sU

38
«V

5-
l

P
22

 r
ts

U
3

8 
vy

i

P
22

 7
6-

ts
 2

5-
2 

vy
i

x

P
22

 9
-t,

sT
73

8 
«

16
"

9"

U
ns

el
ec

te
d 

m
ar

ke
rs

9"

16
+
9+

 r
ec

om
bi

na
nt

 p
la

qu
es

 s
co

re
d

w
it

h 
un

se
le

ct
ed

 m
ar

ke
rs

a+
b+

 (
tu

rb
id

)
{a

~
b~

) 
(c

le
ar

 v
ir

ul
en

t)
T

ot
al

 
no

. 
fr

eq
ue

nc
y 

(%
)

vy
i

ci
r5

10
55

14
39

(6
)

7 d)

57
40

0*
 

42
7

57
4 

(4
0)

vy
i

dr
6

71
0

30 (4
)

<
0

0
9

(0
-5

7)

0-
49

(0
-0

7)

0-
74

(7
-0

)

4-
2

(0
-5

6)

D
ed

uc
ed

 s
eq

ue
nc

e

£ s- s

https://doi.org/10.1017/S0016672300021765 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300021765


D E F

(a
)

C
ro

ss
es

P
22

 ;
<

?-
am

34
 c

ir
6-

l
x

P
22

 9
"a

m
N

9 
m

nt
ts

P
22

 7
6"

am
34

 m
nt

ts
x

P
22

 9
~a

m
N

9 
ci

r6
-\

P
22

 7
6~

am
34

 
dr

6-
l

X

P2
2 

ra
m

N
9 

ci
r5

-\

ci
r5

-l

ir
6-

\
(P

22
 1

P
22

 9

(P
22

 7
<T

ts
25

-2
 c

i
x

P
22

 0
-t

sU
38

 v
yi

(P
22

 7
<T

ts
25

-2
 v

y\
x

P
22

 9
"t

sU
38

 c
ir

4-
\

[ 
P

22
 i

6~
am

34
 c

ir
^-

1
{ 

x
\ 

P2
2 

S
~
am

N
9

 c
ir

j-
l

IP2
2 

/6
-a

m
3

4 
ci

r5
-l

x
P2

2  
.9

"a
m

34
 c

ir
4
-\

T
ab

le
 2

. (
co

n*
.)

U
ns

el
ec

te
d 

m
ar

ke
rs

+
9+

 r
ec

om
bi

na
nt

 p
la

qu
es

 s
co

re
d

w
it

h 
un

se
le

ct
ed

 m
ar

ke
rs

a+
b+

 (
tu

rb
id

)
{a

~
b 

) 
(c

le
ar

 v
ir

ul
en

t)
b  

T
ot

al
 

no
. 

fr
eq

ue
nc

y 
(%

)

26
36

 
35

 
1-

3

m
nt

 
ci

r6

dr
5 

dr
6

vy
l 

dr
4

ci
r5

 
ci

r4

20
32

 
17

2

30
15

 
31

31
13

 
15

0

74
6 

81

73
7
 
3
7
5

52
80
 
4
3
7

58
80
 
16
68

8-
5

1
0

4-
8

10
-9

50
-9 8-
3

28
-4

D
ed

uc
ed

 s
eq

ue
nc

e

1
6
-c

ir
5
-c

ir
6
-9

1
6
-c

ir
5
-(

ci
r4

/9
)

4 O 1-
3 K H W 03

https://doi.org/10.1017/S0016672300021765 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300021765


G

(P
22

 7
6"

am
3

x

cir
<?

41
63

 
32

6

35
08

 
80

1

7-
8

22
-8

16
-c

ir
6-

(c
ir

4/
9)

* 
T

o 
co

un
t 

th
e 

w
il

d 
ty

pe
 r

ec
om

bi
na

nt
s 

th
e 

ly
sa

te
 o

f 
pr

og
en

y 
ph

ag
es

 h
ad

 t
o 

be
 p

la
te

d 
in

 1
00

 ti
m

es
 h

ig
he

r 
co

nc
en

tr
at

io
n 

as
 w

as
 r

eq
ui

re
d

fo
r 

co
un

tin
g 

vy
l 

dr
6 

re
co

m
bi

na
nt

s.
B

ac
te

ri
a 

gr
ow

in
g 

ex
po

ne
nt

ia
lly

 i
n 

a 
ro

lle
r 

at
 3

7 
°C

 a
nd

 h
av

in
g 

re
ac

he
d 

a 
ti

tr
e 

of
 4

-1
08  m

l w
er

e 
in

fe
ct

ed
 i

n 
m

.o
.i.

 3
 w

ith
 e

ac
h 

of
 th

e 
pa

re
nt

al
ph

ag
es

 i
nd

ic
at

ed
 i

n 
th

e 
ta

bl
e.

 T
he

 p
ha

ge
s 

w
er

e 
U

V
-i

rr
ad

ia
te

d 
be

fo
re

 i
nf

ec
tio

n 
(d

os
e 

33
0 

er
g.

 m
m

"8 ) 
to

 e
nh

an
ce

 r
ec

om
bi

na
tio

n.
 A

fte
r 

a 
10

m
in

 a
ds

or
pt

io
n 

pe
ri

od
 a

t  3
7 

°C
 th

e 
m

ix
tu

re
 w

as
 d

ilu
te

d 
1/

50
 in

 n
ut

ri
en

t 
br

ot
h 

an
d 

in
cu

ba
te

d 
fo

r 
55

 m
in

 a
t 

37
 °C

. T
he

n 
tw

o 
dr

op
s 

of
 c

hl
or

of
or

m
w

er
e 

ad
de

d 
to

 a
id

 l
ys

is
 a

nd
 i

nc
ub

at
io

n 
w

as
 c

on
tin

ue
d 

fo
r 

30
 m

in
. 

T
he

 c
ro

ss
es

 b
et

w
ee

n 
th

e 
P2

2 
ts

 m
ut

an
ts

 w
er

e 
pe

rf
or

m
ed

 a
t 

37
 °C

, 
si

nc
e

at
 2

5 
°C

 th
e 

fr
eq

ue
nc

y 
of

 r
ec

om
bi

na
tio

n 
is

 r
at

he
r 

lo
w

. A
cc

or
di

ng
 to

 t
he

 a
ve

ra
ge

 b
ur

st
 s

iz
e 

an
d 

th
e 

fr
eq

ue
nc

y 
of

 r
ec

om
bi

na
tio

n 
ob

ta
in

ed
 t

he
re

is
 g

oo
d 

co
m

pl
em

en
ta

tio
n 

at
 3

7 
°C

 b
et

w
ee

n 
th

e 
ts

 m
ut

an
ts

. T
he

 y
ie

ld
 o

f 
pa

re
nt

al
 1

6~
 a

nd
 9

" 
(a

m
be

r 
or

 t
s)

 g
en

ot
yp

es
 in

 a
ll 

cr
os

se
s 

w
as

 s
im

ila
r

an
d 

va
ri

ed
 a

t 
m

os
t b

y 
a 

fa
ct

or
 o

f f
ou

r. 
16

+
9+

 r
ec

om
bi

na
nt

s 
w

er
e 

se
le

ct
ed

 b
y 

pr
ea

ds
or

bi
ng

 t
he

 p
ro

ge
ny

 o
f 

th
e 

cr
os

s 
on

 lo
ga

ri
th

m
ic

al
ly

 g
ro

w
in

g
L

T
2 

ba
ct

er
ia

 (
4 

x 
10

8 /m
l)

 a
t 

37
 °C

 (i
n 

th
e 

cr
os

se
s 

w
ith

 a
m

be
r 

m
ut

an
ts

) 
or

 a
t 

39
- 5°

C
 (

in
 t

he
 c

ro
ss

es
 w

ith
 t

s 
m

ut
an

ts
).

 T
he

 c
om

pl
ex

es
 f

or
m

ed
w

er
e 

pl
at

ed
 o

n 
ov

er
ni

gh
t 

gr
ow

n 
L

T
2 

in
di

ca
to

r 
ba

ct
er

ia
 a

nd
 i

nc
ub

at
ed

 a
t 

37
 a

nd
 4

0  
°C

 re
sp

ec
tiv

el
y.

 T
he

 ta
bl

e 
sh

ow
s 

th
e 

nu
m

be
rs

 o
f 

16
+
 a

nd
9*

 re
co

m
bi

na
nt

s 
sc

or
ed

 f
or

 w
ild

-t
yp

e 
al

le
le

s 
am

on
g 

th
e 

un
se

le
ct

ed
 m

ar
ke

rs
. D

ep
en

di
ng

 o
n 

th
e 

se
qu

en
ce

 o
f 

th
e 

no
n-

se
le

ct
iv

e 
m

ar
ke

rs
 o

ne
 o

r
th

re
e 

cr
os

so
ve

rs
 a

re
 r

eq
ui

re
d 

fo
r 

th
e 

fo
rm

at
io

n 
of

 w
ild

 t
yp

e  
(1

6+
9+

a+
b+

) 
or

 t
he

 r
ec

ip
ro

ca
l 

re
co

m
bi

na
nt

 t
yp

e 
(]

6+
9+

a~
b~

).
 W

he
ne

ve
r 

po
ss

ib
le

ot
he

r 
co

m
bi

na
tio

ns
 o

f 
un

se
le

ct
iv

e 
m

ar
ke

rs
 w

er
e 

al
so

 c
ou

nt
ed

. T
he

ir
 n

um
be

rs
 w

er
e 

co
ns

is
te

nt
 w

ith
 t

he
 n

um
be

r 
of

 c
ro

ss
ov

er
s 

re
qu

ir
ed

 f
or

 t
he

ir
fo

rm
at

io
n.

 I
n 

cr
os

se
s 

A
 a

nd
 B

 w
ith

 l
ow

 n
um

be
rs

 o
f 

w
ild

-t
yp

e 
re

co
m

bi
na

nt
s  

th
e 

nu
m

be
r 

of
 r

ec
ip

ro
ca

l 
re

co
m

bi
na

nt
 t

yp
es

 a
re

 a
ls

o 
sh

ow
n 

in
pa

re
nt

he
se

s 
in

 t
he

 t
ab

le
.

Id
en

tif
ic

at
io

n 
of

 r
ec

om
bi

na
nt

 g
en

ot
yp

es
:

C
ro

ss
es

 A
, 

B
, 

E
: 

ac
co

rd
in

g 
to

 p
la

qu
e 

m
or

ph
ol

og
y:

 c
+
 (

w
ild

 t
yp

e)
: 

tu
rb

id
; 

vy
: 

se
m

itu
rb

id
; 

ci
r4

-\
, 

dr
5-

\ 
or

 d
r6

-\
: 

ea
ch

 n
ea

rl
y 

cl
ea

r.
Id

en
tif

ic
at

io
n 

of
 d

r4
-\

 v
y,

 d
r5

-l
 v

yl
, 

dr
6-

l 
vy

: 
m

or
e 

or
 le

ss
 c

le
ar

 p
la

qu
e s

 w
er

e 
pi

ck
ed

 o
n 

L
T

2 
in

di
ca

to
r 

pl
at

es
 a

nd
 r

ep
lic

at
ed

 o
n 

pl
at

es
 s

ee
de

d
w

ith
 L

T
2 

(P
22

 s
ie

A
~i

nt
~N

l6
),

 w
he

re
 p

la
qu

es
 c

on
ta

in
in

g 
th

e 
vy

l 
al

le
le

 r
ep

lic
at

e 
an

d 
fo

rm
 a

 s
em

i-c
le

ar
 l

ys
is

 a
re

a.
C

ro
ss

es
 F

 a
nd

 O
: 

ac
co

rd
in

g 
to

 p
la

qu
e 

m
or

ph
ol

og
y:

 c
+
: t

ur
bi

d 
;c

ir
4-

l,c
ir

5-
l 

dr
6-

l, 
dr

4-
l 

dr
5-

l 
or

 c
ir

4-
l c

ir
6-

l:
 n

ea
rl

y 
cl

ea
r, 

no
 d

is
cr

im
in

at
io

n
be

tw
ee

n 
th

e 
pa

rt
ic

ul
ar

 c
le

ar
 p

he
no

ty
pe

s 
at

te
m

pt
ed

.
C

ro
ss

es
 D

: a
cc

or
di

ng
 t

o 
pl

aq
ue

 m
or

ph
ol

og
y:

 c
+
: t

ur
bi

d;
 c

ir
5-

l:
 c

le
ar

 w
ith

 a
 s

m
al

l s
pa

rs
e 

ce
nt

re
 o

f b
ac

te
ri

al
 g

ro
w

th
; d

r6
-1

 a
n d

 d
r6

-1
 c

ir
5-

1:
bo

th
 c

le
ar

, 
no

 d
is

cr
im

in
at

io
n 

at
te

m
pt

ed
.

C
ro

ss
es

 C
: a

cc
or

di
ng

 t
o 

pl
aq

ue
 m

or
ph

ol
og

y:
 c

+
 t

ur
bi

d;
 m

nt
: 

bu
lls

-e
ye

-li
ke

 p
la

qu
e;

 c
ir

6-
l"

. 
cl

ea
r.

Co I. o 3 IS
O to w

https://doi.org/10.1017/S0016672300021765 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300021765


274 H. H. PBBLL AND OTHERS

(ii) The map position of cir4-l as established by three- and four-factor crosses

Crosses E, F and G in Table 2 place cir4-l to the right of vyl, dr5-l and dr6-l,
but its position with respect to gene 9 cannot be derived from these data. To map
cir4-l with respect to gene 9, two three-factor crosses were performed. In the first
cross (Table 3, cross H) the sequence of 9~am and 9~ts with respect to cir6-l was
established and in the second cross (Table 3, cross I) the position of cir 4-1 with

Table 3. Three-factor crosses for mapping of the mutant sites 9~ tsU38, 9~amN9
and cir4-2

The crosses were performed as described in Table 1. Among the 9+ recombinants
selected at 40°C the number of clear and turbid plaques was estimated. According to
the scheme on top of the table the ratio of clear to turbid plaques, which depends on
the number of crossovers formed, allows us to deduce the marker sequence.

(H) c < t

cir6 9"ts

9 "am

c > t

9 "am

(I) c < t

9"ts 9"ts

c > t

H

. Crosses
P22 9"tsU38 dr6-\

x
P22 9~amN9

P22 9-amN9cir4-l
x

P22:

9+ recombinant plaques
scored with

unselected markers

Total
Unselected markers no. Clear Turbid Deduced sequence

dr6

dr4

Wild
type

Wild
type

824 661 163 dr6-9~ a.m-9-ts

2405 1760 645 9-&m-9~ts-cir4

respect to both markers in gene 9. In both crosses the one 9 parental phage had
an amber (or a ts) mutation whereas the other parent of the genotype cir6-l (or
cir4-l) carried in addition a 9ts (or 9 amber) allele (see diagrams in Table 3). 9+

wild-type recombinants were selected and among them the ratio of turbid (wild
type) and clear (cir6-l or dr4-l) plaques was estimated. This ratio reflects the
number of crossovers required according to the marker sequence. Cross H in Table
3 establishes the marker sequence as cir6-l-9~&m-9~ts. Based on this sequence,
cross I shows, that cir4-\ maps at the other side of gene 9 and hence the sequence
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reads as dr6-l—9~am—9~ts—cir4-l. This marker sequence is confirmed by the
reciprocal three factor crosses K in Table 4: among the turbid plaque forming
recombinants scored, the percentage ratio of (non-selected) 9~amN9 and 9+

genotypes obtained in both crosses was reciprocal (16:84 and 67:33), suggesting
that dr6-l and dr4-i span gene 9, and cir6-\ is more closely linked to the 9~amN9
site than cir4-l.

The location of dr4-l outside the imml region to the right of gene 9 was an
unexpected result, since so far only the al (antigen conversion) gene has been shown
to map (Gough & Scott, 1972) between gene 9 and the right arm end of the P22

K

Table 4. Three factor crosses to map cir6-i and cir4-7 with respect to gene 9
The crosses were performed as described in Table 2. Turbid recombinant plaques

appearing on su+ indicator plates were picked in parallel on plates seeded with su+ and
with LT2 bacteria to test for 9 amber of wild type.

cir6 cir6

(a)

Crosses

I Y>22cir6-\ 9
x

P22 cir4-\

|>22 cir4-\ 9-amN9
(b)\ x

(P22cirtS-l

9* cir4 0 9" cir4

No. of turbid 9+ 9~
9+ and 9~ recom

binants scored Plaques % Plaques %

172 144 84 28 16

153 51 33 102 67

Deduced
sequence

cir6-9-cir4

prophage at att. However, during vegetative replication P22 forms a circle by
joining the right and left arms of the prophage map. Therefore we asked if cir4-\
is located even further from 9, namely to the right of gene int, which is the last
gene so far known on the left arm of the prophage map. In order to map cir4-l
with respect to int the reciprocal four-factor crosses L in Table 5 were performed
using as selective markers 9~tsU38 and 22~am80. Among the 9+12+ recombinants
two kinds of analysis were performed considering frequencies of recombinants for
the non-selective markers. The first analysis involves scoring the frequency of
recombination expected for the formation of turbid plaques (irrespective to being
int+ or int~) by one crossover (evaluation like a three-factor cross; stippled lines
in the scheme on top of Table 5). Depending on the location of cir4-l, this could
occur either by general (low-frequency) recombination or by int-promoted, site
specific (high-frequency; cross hatched area) recombination. According to this
evaluation the marker sequence is 9-cir4-i-^int-12 since in cross L (b) the frequency
of turbid recombinants is much higher than in (a).

The second analysis was performed like that of a four-factor cross by looking
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at the ratio oiint+/int~ recombinants among the turbid plaques. If the map order
is 9—cir4-\-4nt-12 in cross (a) (scheme on top of Table 5) three crossovers are
required (two by general and one by site-specific recombination; straight line) for
formation of an int+, and one crossover (general recombination; dashed line) for
an int~ recombinant. This would lead to a very low ratio of int+/int~ recombinants.
For the same map order in the reciprocal cross (6), a higher int+/int~ ratio is
expected, since both recombinants require only one crossover (for int+ by site
specific recombination; for int~ by general recombination between the rather
distant genes int and 12). The ratio int+/int~ = 5/122 in cross (a) and 43/86 in cross
(b) supports the map order proposed above. In summary: the results presented
suggest the following marker sequence:

16-mnt--vy-l-cir5-l-cir6-l-9-a,mN9-9-tsUS8-cir4-l^int-12.

(iii) Map position of ant with respect to the cir mutant sites

Double mutants dr4-l ant~a,ml9 and cir6-l ant~a,ml9 were constructed in order
to map ant with respect to dr4-l and dr6-l. The crosses P22 16~ts25.2
arcraml9 x P22 9-tsU38 cir4-l and P22 i6~ts25.2 anraml9 x P22 9~tsU38 dr6-l
were performed and 16+9+ recombinants selected. These were scored for the
unselected marker combination cir~ant~ &m\9.

P22 dr4-l cm<~aml9 forms clear plaques on LT2 but (like P22 ant~) no plaques
on LT2(Pxl) indicator bacteria, since, in this lysogen, the c2-repressor of P22-
specificity (Prell, 1970a,b) prevents replication of a superinfecting P22 ant~ phage
(Prell, 1977). Clear plaque formation is observed with su+(Pxl) indicator bacteria
because active ant product is synthesized by suppression of the aw<~aml9
mutation thereby inactivating the c2-repressor in the lysogenic bacteria. Hence
this test verifies the presence of the an<~aml9 mutation.

When performing the cross P22 /6~ts25 .2 a» raml9 x P22 9~tsU38 cir4-l we
were surprised to find only 02 % cir4-l ant~a,ml9 genotypes among the 16+9+

recombinants. This was much less than expected supposing that cir4-l maps like
cir6-l to the left of gene 9. Later on, when the correct map position of dr4-l was
established to the right of 9 (see paragraph 3 (ii)), this result was easily explained.
The possibility that the constructed P22 dr4-l era<~aml9 mutant forms clear
plaques only because it harbours an additional mutation responsible for the clear
plaque phenotype was excluded since, in a backcross with P22 cir4-l, P22 dr4-\
ant~ &ml9 gave the same frequency of turbid plaques as a control infection with
P22 dr4-l alone (about 10~4).

In contrast to P22 dr4-l em<~aml9, P22 dr€-l an<~aml9 forms turbid plaques
on LT2 indicator bacteria of somewhat different morphology than P22 wild type.
Also P22 cir6-l ant~a,ml9 does not form plaques on LT2 (Pxl) but will form turbid
plaques on su+ (Pxl). After backcrossing of P22 cir6-l ara<~aml9 with P22 c+, clear
plaque forming P22 cir6-l segregants are formed with a frequency of about 10~2.

To map the cir mutations with respect to ant, three-factor crosses were
performed (Table 6). Each of the double recombinants P22 cir4-\ an<~aml9 and
P22 cw-6-1 <mraml9 was crossed with either P22 16~ts25 .1 or P22 9tsU38. Among
the selected 16+ and 9+ progeny phages the frequency of segregated ant+cir~ was
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estimated. The latter depends on the number of crossovers required (one or two;
scheme of Table 6). Crosses M in Table 6 suggest the marker sequence 16-ant-
(dr4/9) which together with the results of cross I (Table 3; marker sequence 9~am—
9~ts—cir4) and crosses K (Table 4 marker sequence cir6—9—cir4) is actually 16—ant—
9~cir4. The segregation frequencies obtained in crosses N in Table 6 suggest that
the sequence is 16-cir6-ant-9.

In summary, all the mapping data of the last three paragraphs establish the
following map order:

ant—9—cir4—int—12.

(iv) Complementation tests

The mutants P22 dr4-\ and P22 dr6-\ were recognized by their clear plaque
morphology. This phenotype reflects a reduced ability to lysogenize the infected
bacterium. Accordingly only a few surviving lysogenic bacteria can be isolated
from the clear plaque area. After infection at high m.o.i. in liquid medium, bacteria
lysogenic with P22 dr4-l or P22 dr6-l are easily isolated, although with much
lower frequency than after infection with P22 wild type. The exact frequency of
lysogenization after infection in m.o.i. 6 with the P22 cir~ mutants was estimated
by scoring the number of lytic responses and, in an aliquot of the infection mixture,
the number of surviving colony formers after a challenge with P22 c2 int~ at high
m.o.i. For details see description of Table 7. The frequency of lysogenization was
used as a criterion for complementation among the mutants P22 cir4-l, cir5-l and
cir6-l and the P22 mutants cl, c2 and c3 (Table 7). Complementation of P22 cir4-l

Table 7. Complementation between the P22 mutants cir4-l, cir5-2, cir6-2, cl, c2
and c3

LT2 log bacteria were prepared as described in Table 2. They were infected in a
total m.o.i. of six with either one type of phage or the pair of phages (each m.o.i. of
three) to be tested for complementation. After 10 min adsorption period at 37 °C one
aliquot was withdrawn, diluted and plated with LT2 indicator bacteria in soft agar
for the estimation of lytic infections. To score lysogenic infections the other aliquot
was treated for a total period of 70 min with anti-P22 serum to inactivate phages
produced by lytic responses. The suspension was then diluted and plated on soft agar
plates containing 8 x 108 P22 c2 5 in/~N16 phages in the soft agar layer. This challenge
with superinfecting P22 c2 int~ survive only immune and/or excluding lysogenic
bacteria together with a very low fraction of phage resistant or 'infection refractory'
bacteria. This fraction ranges between 0-2 and 0-4 % of the bacteria as estimated from
an infection with P22 c2 5 and was neglected in the calculation. The frequency of
lysogenization was calculated as the fraction in percent of surviving colonies among
the total amount of lytic infections and surviving colonies recovered.

c+ cl c2 c3 cir4 cir5 cir6

50-9
cl

291
0-39
c2

13-8
18-2
0-21
c3

171
10-5
9-7
0-75
ciri

38-8
19-8
160
12-5
0-54
cir5

55-8
27-2
14-7
29-4
32-9

2-4
cir6

39-4
30-2
13-5
19-7
27-9
221
12-4
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and of P22 cir5-l by all mutants and by each other is clearly to be seen. The
outcome of the complementation tests of P22 cir6-l with some of the clear plaque
mutants is less clear. P22 cir6-l exhibits in single infection with 12*4 % , already
a rather high frequency of lysogenization, whereas P22 cir4-l and P22 cir5-l yield
frequencies of only 054 and 24%. The 'complementation level' among all P22
clear plaque mutants tested ranges between 10 and 30 percent (Table 7). P22
dr6-l, with a frequency of lysogenization of 12-4% is already within this range

Table 8. Complementation of P22 cir4-2 and of P22 cir6-2 by P22 12~16- c2 for

increased frequency of lysogenization

The complementation tests were performed as described in Tables 8. The P22 cir4-l
or P22 cir6-l prophages in lysogenic bacteria were identified in a separate experiment,
in which colony formers were plated on agar plates without superinfection with P22
c2 int~. Colonies were streaked twice for purification and the P22 immune among them
were tested for the type of phage production on LT2 indicator plates under non-
permissive conditions.

Frequency of
lysogenization

Infecting phages (%)

P22 c+ 480
P22 dr4-l 1-4
P22 dr6-\ 80
P22 i2"am80 i6"ts25-2 c2 <0-8

P22 c+ |
+ f 250

P22 i2-am80 i6"ts25-2 c2 J

P22 dr4-l )
+ | 100*

P22 72-am80 7<rts25-2 c2 J

P22 cir6-l ]
+ \ 16-3f

P22 i2"am80 2<rts25-2 c2 J

• 50% lysogenic for P22 dr4-l (the remainder were wild-type recombinants).
f 85% lysogenic for P22 cir6-l (the remainder were wild-type recombinants).

making assessment of complementation in some cases weak or even questionable.
Complementation of P22 cir6-l with P22 cl and P22 cir4-\ (302 and 279 %) seems
beyond question while complementation with P22 cir5-l and P22 c3 (22-1 and
197 %) is somewhat weak. However, even the lysogenization frequency of 132 %
for the mixed infection P22 cir6-l x P22 c2 does not exclude complementation,
since P22 c2 also yields rather low values with P22 cir4-l and P22 cir5-l (160 and
14-7%). Apparently, this type of complementation test is unfit for testing
complementation between P22 cir6-\ and P22 c2.

Recently Harvey et al. (1981) showed that P22 cir5-l is defective in early turn
off of ant synthesis and that it can be complemented by a co-infecting P22 cir+

phage. This was taken as evidence for the synthesis of the so-called cir5 repressor
and its action in trans on ant regulation. The same conclusion might also be drawn
from Table 7, namely that gene cir5 synthesizes a product active in trans. It is not
clear from Table 6 if either P22 cir4-l or P22 cir6-\ synthesize products or if they
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suffer from a non-complementable cis-dominant defect and only the co-infecting
mutant is complemented to yield an increased frequency of lysogenization. To test
this hypothesis the experiments in Table 8 were performed. The results show that
P22 dr4-l is efficiently complemented for lysogeny by the highly defective mutant
P22 12~16~c2, which itself cannot lysogenize. For P22 dr6-l the same conclusion
seems to hold true but the high lysogenization frequency of P22 cir6-\ in single
infection makes this conclusion less stringent.

4. DISCUSSION

A couple of clear and semiclear mutants of phage P22 were isolated. Their sites
of mutation were found to map within or closely linked to the imml region of P22
(Harvey et al. 1981; this communication). Except for mutants P22 mnt (Gough,
1968) and P22 vy (Bronson & Levine, 1971), all other clear plaque P22 isolates have
been found to carry mutations within the immC region (for review: Susskind &
Botstein, 1978). The new mutants were named P22 cir (for: control of immunity
/ region), since preliminary experiments suggested that all of them had their
mutations within the imml region (Harvey et al. 1981).

To map the cir-mutants, reference markers within or closely linked to the imml
region were used. The map established by three- and four-factor crosses shows that
the mutant sites cir5-l and cir6-l map between gene ant and the operator site vy
which regulates the expression of ant. The mutation dr4-l on the other hand maps
outside the imml region to the right of gene 9. The complete map appears as:

16—mnt-^vy—cir5—cir6—ant—9—cir4—int—12.

We have shown by complementation tests that the clear plaque mutants P22
cir4-l, P22 dr5-\ and P22 cir6-l complement each other, albeit complementation
between P22 dr6-1 and P22 cir5-1 is weaker than between P22 dr6-1 and P22 cir4-1.
Each mutation might thus belong to a unique gene, each synthesizing its own
polypeptide. This is without doubt the case with mutations dr5-\ and cir4-l since
at least two genes, ant and 9, map between them. On the other hand, mutant site
dr6-l might map either within gene cir5, thus allowing for intragenic comple-
mentation with P22 cir5-i or belong to a separate gene cir6. As long as neither
possibility has been ruled out we shall refer to complementation groups cir5 and
cir6.

Complementation groups cir5 and cir6 seem to be involved in the expression of
gene ant, since an ant~ mutation suppresses the clear plaque phenotypes as well
as the low frequency of lysogenization of both P22 cir5-\ and P22 cird-\ (Harvey
et al. 1981; Prell, to be published). This conclusion is supported by the map position
of both mutations, namely between the promotor/operator for ant expression, vy
and gene ant. On the contrary, complementation group cir4 seems not to be
involved in ant expression since the double mutant P22 cir4-\ ant~a,ml9 forms clear
plaques. Accordingly we found the cir4-\ site mapping outside the imml region
to the right of genes ant and 9. Thus the genetic map as established in this
communication for the P22 clear plaque mutants cir4-l, cir5-l and cir6-l is
consistent with their relationship to the expression of gene ant. Next we will discuss
what is known so far about the functions of the three genes.
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Gene dr5 was shown to specify a repressor for early shut-off of ant synthesis
(Harvey etal. 1981). A second repressor of ant synthesis is the mnt-protein (Gough,
1968; Levine et al. 1975; Botstein et al. 1975), which is required for the main-
tenance of lysogeny. Harvey et al. (1981) have shown that mnt-repression is
epistatic to cir5-repression. The authors demonstrated that P22 virB dr5 phages
do not express ant when multiplying in P22 sieA" lysogens, very likely because
the mnt-repressor of the lysogenic cell prevents ant transcription on the superin-
fecting phage DNA.

Recently Susskind (1980) described a conditional lethal amber mutant P22 arc~
which corresponds in most of its phenotypes to our P22 cir5-l mutant: Both
mutations map between vy and ant, they exhibit an unregulated overproduction
of antirepressor and the wild type alleles of the arc and cir5 genes allow for the
synthesis of a trans-acting protein, most likely a repressor. The cir5 and arc
mutants exhibit some minor differences in other phenotypes which we believe
depend on the procedure employed for isolation and the type of mutant recovered
(cir5-l, missence, clear plaque, viable in su+ and su~; arc, amber, conditional lethal
in su~). Thus we like to suggest that both, cir5 and arc mutations belong to the
same gene.

The particular function of complementation group cir6 and how it acts in the
regulation of ant expression is still unknown. However, since complementation
group cir6 maps between genes cir5 (= arc) and ant, the transcript originating at
Pant ( = VV) a n d terminating at the end of gene ant (Susskind & Youderian, 1982)
should also include the cir6 message. Furthermore, since the cir5 (= arc) protein
seems to regulate its own synthesis as well as that of antirepressor (Youderian,
Chadwick & Susskind 1982) complemenation group cir6 is also expected to be
included in this self-regulatory circuit.

For gene cir4 no specific function has been identified yet. Its map position
between genes 9 and int may correspond to a gene coding for the early protein EaB
(Youderian & Susskind, 1980). This protein was identified on SDS polyacrylamide
gels without knowing the gene coding for it. Since gene cir4 maps to the right of
gene 9, i.e. outside of the imml region and no relationship to ant expression has
been found (see above) the designation 'cir' (control of immunity / region) might
be unjustified. However, as long as the real cir4 function is unknown, we prefer
to keep this designation.
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