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A revision of the linkage map of the Bacillus subtilis 168 chromosome has been
undertaken with the use of the generalized transducing phage PBS 1. The
mapping of four new markers (narBl, mtlBl, aroI906, and tre-12) has allowed a

determination of the relative orientation of the purB-dal segment and its linkage
with the lin markers. The chromosomal segment comprised between the sacQ36
and gtaA12 markers has been linked with the narAl, ctrAl, and sacA321
markers. The recAl marker has been mapped relative to the thyA and citB17
markers. Indications of linkage have been found between the tre-12 and catA
markers and the aroG932 and sacQ36 markers. According to these results, a

circular genetic map of the chromosome of B. subtilis 168 is presented. Taken
together, the transduction data and the order of marker replication determined
by Harford in the accompanying paper support strongly the hypothesis of a

symmetrical and fully bidirectional mode of replication for the B. subtilis 168
chromosome.

The elaboration of the chromosomal map of
Bacillus subtilis 168 as it appears in recent
compilations (5, 16, 34, 35, and see Fig. 1) is the
result of the combination of two different ap-
proaches to genetic mapping.

First, transformation by exogenous deoxyri-
bonucleic acid and transduction with the gener-
alized transducing bacteriophage PBS 1 have
been extensively used in locating an increasing
number of genetic markers on what we shall call
linkage groups, or mapping segments. The diffi-
culty in finding appropriate selective markers
for linking these segments to one another has
imposed a limitation to the complete resolution
of the chromosomal map by these methods.

Second, three methods, marker frequency
(31), density transfer (32), and selective excre-
tion of deoxyribonucleic acid (3), have been
used to assess the relative order of replication
of markers on the genetic map, and the results
(3, 7, 13, 18, 20, 26, 31, 32) have been inter-
preted on the basis of two assumptions: (i) the
genome of Bacillus subtilis is composed of only
one replication unit, and (ii) the replication
process is initiated at an origin located close to
the purA locus and proceeds unidirectionally to-
wards a terminus located near the metB locus.
This has resulted in the genetic structure which
is schematized in Fig. 1. It should be pointed
out that these methods have been applied to a
relatively restricted number of markers as-

signed to several independent linkage groups as
defined by co-transduction data, and conflicting
results have been obtained in assessing the
replication position of at least two markers,
hisAl and ura-1 (7, 18, 26, 32).
Two lines of evidence appeared later to invali-

date the unidirectional hypothesis and thus led
to a reevaluation of the conclusions derived
from replication data. On the basis of autoradi-
ographic studies by Wake, direct evidence has
been obtained for physical circularity of the B.
subtilis chromosome and symmetrical bidirec-
tional replication over its total length (10, 28,
29). A bidirectional replication process had
been proposed independently (22) to reconcile
conflicting results obtained by transduction and
density transfer analysis in assessing the posi-
tion of the sacA locus relative to purA16. Three
markers mapped by transformation in the sacA
locus sacAl (22) and sacA21 and sacA24 (J.
Lepesant-Kejzlarova, unpublished data) were
shown to replicate after purA16 and before
purB6 (20, 26). Conversely, transduction map-
ping placed the sacA locus to the left of the
purA16 marker (22). Additional genetic evi-
dence in favor of bidirectionality over a limited
region close to the origin has been reported by
Hara and Yoshikawa (11).

In view of these facts, a revision of the linkage
map was initiated by means of transduction
analysis in order to confirm and to connect the
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known linkage groups to one another by the
mapping of new markers made available from
different sources. A part of this work has been
reported in a preliminary communication (23).

In parallel, a revision of the replication order
of numerous markers by the density transfer
method has been undertaken by Harford (12)
who has also independently confirmed some of
the PBS1 linkage data presented here.

MATERIALS AND METHODS

Bacterial strains. The strains of B. subtilis used in
this study are listed in Table 1.

Phages. The generalized transducing phage PBS1
(27) was used in all transduction crosses, and phage
SPOl (22) was used for the detection of phage-resist-
ant and phage-sensitive recombinant phenotypes.

Media. MM, C, and SP media were as previously
described (22). SPBSA is SP medium supplemented
with 1.5% heat-denatured bovine serum albumin
(BSA fraction V, Nutritional Biochemicals Corp.).
SPBSAG is SPBSA medium supplemented with 2%
glucose.

Transduction procedure. A slight modification in
the preparation of transducing PBS1 lysates was
introduced during the course of this study. Bacteria
were grown in antibiotic medium number 3 (Bacto-
Penassay broth, Difco). When the optical density
(Beckman D. U. spectrophotometer, 1-cm light path-
way, 650 nm) reached 1 (around 5 x 101 cells per ml)
bacteria were diluted to an optical density of 0.2 in
fresh antibiotic medium number 3 supplemented with
2.0 mM MgSO4 and infected with phage at a low
multiplicity of infection. Otherwise, the previous
procedure was followed for the preparation of lysates
and transduction of recipient strains (22).

Selection of recombinants and scoring of recom-
binant classes. After selection on appropriate me-
dium, recombinants were picked as patches onto the
same selective medium and further examined for
unselected markers by replica plating.

In the case of a weak co-transfer (below 10%) or in
the case of clones arising from quadruple crossovers,
the relevant recombinants were purified through sin-
gle-colony isolation on SP medium, and three differ-
ent colonies from each isolate were patched on SP
plates and further checked for unselected markers by
replica plating. Strains bearing the markers involved
in the crosses were included as controls in all master
plates for replica plating analysis. In all transduction
crosses, a reversion control of the recipient was
performed. Revertants were also examined for their
phenotypic characteristics as a further control. Phe-
notypes and selection of recombinants for new mark-
ers introduced in this study are given in Table 2.

Recombinants for auxotrophic markers were se-
lected on MM medium supplemented with 0.1%
glycerol as a carbon source and 20 ,g of the appropri-
ate auxotrophic requirements per ml, except L-argi-
nine, which was added to a final concentration of 500
Mg/ml.
The selection procedure for lincomycin-resistant

(Linr) recombinants (13) was modified according to

Harford (personal communication): 0.1 ml of an
appropriate dilution of the transduction mixture was
diluted in 5 ml of MM medium supplemented with
0.1% glycerol, 10 Mg of auxotrophic requirement per
ml, 250 ug of Casamino Acids per ml (Difco), and 1%
Bacto-agar (Difco). This mixture was plated on a
10-ml base layer of the same medium. After an
incubation of 6 to 7 h at 37 C for expression of the Linr
recombinants, the plates were overlayered with 5 ml
of semisolid tryptose blood agar base (22 g/liter
[Difcol) containing 220 Mug of lincomycin per ml (Up-
john). After a 48-h incubation at 37 C, the recom-
binants were picked as patches onto tryptose blood
agar base (33 g/liter) plates supplemented with 55 Mg
of lincomycin per ml and further tested for unselected
markers by replica plating.
The streptomycin-resistant phenotype (Strr) was

checked by replica plating on TBAB plates supple-
mented with 1500 Mg of streptomycin per ml (Specia)
(13).

Dal+ recombinants were selected according to Dul
and Young (8), and Suc+ recombinants were selected
as previously described (22).
The Rec- phenotype (recAl marker) was examined

on MM plus 0.1% glucose medium plates supple-
mented with 0.05 Mg of mitomycin C per ml (Sigma)
(15).

Uvrr (uvr-1 marker) (15), Phar (gtaA12 [33] and
pha-1 markers confering resistance to B. subtilis
phage SPO1) and Succ (sacT30 marker, constitutive
synthesis of sucrase [22]) phenotypes were tested as
previously described (22).
The hyperproduction of extracellular levansucrase

(Lvsh) and extracellular proteases (Prth) phenotypes
confered by the pleiotropic sacQ and sacU mutations
(F. Kunst, J. Lepesant-Kejzlarova, J.-A. Lepesant,
M. Pascal, A. Billault, and R. Dedonder, Biochimie,
in press; 22) were checked in parallel; Lvsh pheno-
type was checked by using a color test as previously
reported (22) and Prth phenotype was checked by
replica plating on SPBSA medium by the method of
Michel et al. (24). Clones were scored as Prth when
surrounded by a clear halo of hydrolysis after incu-
bation for 16 h at 37 C.
The Prth phenotype confered by the catA marker

(19) was examined by replica plating on SPBSAG and
by scoring the presence of the halo after 36 to 40 h of
incubation at 37 C.

Expression of results. Mapping results are ex-
pressed as percentage of recombination by the follow-
ing convention: percentage of recombination = 1 -
(co-transfer) (2).

For the sake of simplicity in the presentation of the
results, all the co-transfer data determined in the
course of this study have been summarized (see Table
3).

RESULTS
Position of the sacQ36 to gtaAl2 segment.

The position of this segment on the map shown
in Fig. 1 has been deduced from the relative
order of replication of the thr-5, hisA and argC
loci obtained by Dubnau et al. with strain W23
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TABLE 1. List of B. subtilis strains

Strain Genotype Origin

Reference
PG594
BD71
VUB12
VUB23
VUB29
VUB30
VUB34

GSY111
GSY 250
GSY1025
GSY1057
BD92
PG642
GSY292
JH417
WB906a
WB932a
CU479
CU495
CU636
60229
60935
SCR1026
SB5
168Tr
Mu8 u5 u16 u12
BD34
BD53
BC369

Constructed"
QB1
QB7
QB14
QB15
QB16
QB39
QB95
QB103
QB123
QB300
QB316
QB320
QB322
QB511
QB518
QB526
QB537
QB539
QB637
QB668
QB683
QB684
QB685
QB687
QB691
QB692
QB693
QB698
QB782

trpC2 metC3 mtlBl
hisAl argC4 ura-1
trpC2 thyA thyB nov-1
trpC2 thyA thyB lin-2 spcB2
lin-2
lin-4
thyA thyB pac-3 strA1 spcB2

lin-2
trpC2 ilvA 1
trpC2 argA2
trpC2 metB4 recAl
hisAl ura-1 uvr-1
cysB3 hisA1 trpC2
purB6 sorRl
trpC2gltAI
trpC2 citB17
aroI906
aroG932
trpC2 ctrAI
trpC2 narA 1
trpC2 narBl
trpC2 aid
trpC2 metC dal
lys phe arg catA
ura-1 hisAl trpC2
thyA thyB trpC2
leu8 metB5 purA16 tre-12
thr-5 leu-8 metB5
purB6 metB5 leu8
hisAl argC4 metDl pha-1

sacA321 trpC2
sacA321 purB6
sacA321 his Al
sacA 78
sacA78 ilvA1
sacT30 trpC2
sacS3 trpC2
sacA321 trpC2 hisA1
sacA321 ctrAi trpC2
sacQ36 trpC2
sacU25 trpC2
sacU37 trpC2
sacU200 trpC2
gtaA12 hisA1
gtaAi2 sacU25
trpC2 hisA1 thr-5
trpC2 cysB3
trpC2 cysB3 thr-5
sacQ36 trpC2 thr-5
sacA321 leu8 metB5 hisA I
sacU25 metDl argC4 pha-1
sacU37 metDl argC4 pha-1
sacU200 metDl argC4 pha-1
sacA321 trpC2 tre-12
hisAl narA1
sacA321 narAl
purB6 tre-12
trpC2 sacQ36 ald
thyA ilvAl

H. Chalumeau
D. Dubnau
N. Harford
N. Harford
N. Harford
N. Harford
N. Harford

C. Anagnostopoulos
C. Anagnostopoulos
C. Anagnostopoulos
C. Anagnostopoulos
C. Anagnostopoulos
P. Gay
J. A. Hoch
J. A. Hoch
J. A. Hoch
J. A. Hoch
S. A. Zahler-P. Winter
S. A. Zahler-P. Winter
S. A. Zahler-P. Winter
E. Freese
E. Freese
J. Ito
J. Lederberg
F. Rothman
N. Sueoka
N. Sueoka
N. Sueoka
F. E. Young

Reference 22
BD53 -t-f QB1
BD71 tf QB7
Reference 22
QB tftGSY111
Reference 22
Reference 22
Reference 22
CU479 tf QB103
Reference 22
Reference 22
Reference 22
Reference 22
Reference 22
QB316 - QB511
BD34 - BD92
BD34 -4BD92
QB537 td-*QB536
QB300 tf- QB539
BD34 -ifQB103
QB316 - BC369
QB320 td BC369
QB322 td BC369
MU8U5U16U12 tf QB103
QB14 CU495
QB14 tf oCU495
Mu8u5u16u2 QB7
60229M85 QB637
QB16029 - 168TT
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TABLE 1-Continued

Strain Genotype Origin

QB788 thyB trpC2 BD34 tf 168TT
QB790 thyA thyB citB17trpC2recA1 citB17 from JH417 and recAl from

GSY1025 introduced by transformation
in several steps in 168TT

QB800 hisAl pha-1 SCR1026 - BC369
QB803 hisA 1 metDl argC4 sacA321 BC369 tdQB103
QB804 hisA1 pha-1 catA SCR1026. td BC369
QB805 trpC2 metC purB6 dal sorRI PG642 td p60935
QB811 leu-8 metB5 sacA321 dal 60935 tfL QB668
QB815 trpC2 narBl lin-2 VUB23 tCU636
QB817 metB5 sacA321 dal narB1 CU636 tf QB811
QB818 leu-8 metB5 sacA321 argA2 GSY250 tfL-QB668
QB819 sacA321 narBl mtlBl PG594 td +QB817
QB820 metB5 dal sacA321 aroI906 WB906 tf *QB811
a The strain carries also a strr marker.
Strains were constructed in this laboratory by congression of markers at saturating concentrations of

deoxyribonucleic acid ( tf ) or by PBS1 transduction ( td ) Arrows point from the donor to the recipient.

TABLE 2. Description of the new genetic markers introduced in this study

Genetic Phenotype Selection of recombinantsmarker

Ald-: Lack of L-alanine dehydrogenase. Absence of
growth on L-alanine as a carbon source (Trowsdale et
al., submitted for publication).

Aro-: Lack of shikimate kinase (17). Auxotrophic re-
quirement for tryptophan, phenylalanine, and tyro-
sine.

Prth: Hyperproduction of exocellular proteases even in
the presence of glucose (Ito and Spizizen [19] and
personal communication).

Cit-: Lack of aconitase. Auxotrophic requirement for
glutamate (16).

Ctr-: Absolute requirement for cytidine in the absence of
ammonium (Winter and Zahler, personal communica-
tion; [35]).

Glt-: Lack of glutamine 2-ketoglutarate aminotransfer-
ase (16). Auxotrophic requirement for either gluta-
mate or asparate (Hoch, personal communication).

Mtl-: Lack of mannitol-1-phosphate dehydrogenase.
Inability to use mannitol as a carbon source and
inhibition of growth by mannitol (Chalumeau, per-
sonal communication).

Nar-: Lack of nitrate reductase. No growth with nitrate
as sole nitrogen source (Winter and Zahler personal
communication; [35]).

Phar: Resistance to SPO1; resistance to other B. subtilis
phages has not yet been tested.

Lvsh, Prth: Pleiotropic phenotype; hyperproduction of
exocellular levansucrase and proteases (Kunst et al.,
in press; [22]).

Tre-: Inability to use a-a trehalose as a carbon source
(20).

a ____________________________________ L

MM medium + 0.1% L-alanine
(Merck) + 0.0015% Casamino Acids.

MM medium + 0.1% glycerol.

Nonselective marker.

MM medium + 0.1% glucose.

MM medium in which (NH4)2SO4 is
replaced by 0.2% KNO3 + 0.1% glu-
cose.

MM medium + 0.1% glucose.

C medium + 0.1% mannitol (Merck).

The same as Ctr+. Addition of cations
[10- 5 M MnSO4, 10-3 M Ca(NO3)2, 5
Ag of ferric ammonium citrate per
ml] improves growth of Nar+ recom-
binants.

Nonselective marker in PBS1 trans-
duction crosses.

Nonselective markers.

MM medium + 0.1% a-a trehalose
(Merck + 0.0015% Casamino Acids
(Difco).

826

ald

aroI906

catA

citB1 7

ctrAl

gltA1

mtlBl

narA 1
narBl

pha-1

sacU25
sacQ36

tre-12



GENETIC MAP OF B. SUBTILIS

.7

4
0.

I. CD g

40

FIG. 1. Simplified linkage map of the B. subtilis
168 chromosome based on recent compilations (5, 16,
34, 35).

(7) and Borenstein and Ephrati-Elizur with
strain 168TT (3).

Genetic continuity between the hisAl and
argC4 markers was first proposed by Dubnau et
al., who found a co-transfer between those two
markers (7). Later, Grant and Simon (9), Young
et al. (33), and Boylan et al. (4) questioned the
validity of this demonstration, since they failed
to obtain a significant co-transfer of hisAl or
several markers linked to it with the argC4 or
metDl markers, except in specific strains such
as BC369 (33).

Similarly, in the course of mapping the sacU
locus, several attempts to link either the hisAl
or sacU markers in two-factor crosses with both
metDl or argC4 were negative even in the strain
BC369 (22) (Table 3). It should be noted that in
these crosses the phage-resistant marker har-
bored by the strain BC369, which could be
assessed to be gtaC51 (see Table 10 of reference
33), behaved as a non-co-transducible marker
with either metD1, argC4, or hisAl (Table 3).
Since this marker appears to be enzymatically
and genetically distinct from any known phage-
resistant marker (see Discussion), it will be
referred provisorily to as pha-1. An extension of
the segment including argC4 was recently ob-
tained by mapping of the catA locus (see Table
9; [19]). However, this marker again did not
appear to be co-transducible with hisAl (Table
3).
These negative results have been ascribed to

abnormalities of the recombination process in

the argC to hisA region (4, 33). It also appeared
possible that the sacQ to gtaA segment was
misplaced. Arguments in favor of the latter
assumption are provided by the replication data
of Harford (12) which confirm the previous
results of O'Sullivan and Sueoka (26) and
Huang et al. (18), who found the hisAl marker
replicating ahead of thr-5.
Taking these facts into account and assuming

that replication is bidirectional, we investigated
a new position for the sacQ to gtaA segment by
testing the linkage of sacQ36 or gtaA12 with
markers at the ends of other segments (Table 3).
A definite co-transfer was detected between the
gtaA12 marker and the narAl marker mapped
by Winter and Zahler (personal communica-
tion; [34]) beyond the sacA locus.
A series of three- or four-factor crosses involv-

ing the hisAl, uvr-1, sacU25, ctrAl, and sacA-
321 markers located previously on both sides of
the gtaA12 to narAl region were performed
(Table 4; [23]). The results of these crosses
were all compatible with the order represented
on the map of Fig. 2. Similar results were ob-
tained with two additional sacU markers, sacU-
37 and sacU200.

Direct co-transduction between narAl and
hisAl was observed by using three different
strains: SB5, BC369, and QB103.
Extension of the segment including purB

and demonstration of genetic continuity be-
tween the lin and dal markers. Until recently,
a relatively small number of markers had been
located in the vicinity of the purB locus (34).
Dul and Young reported an extension of this
region with the mapping of the dal marker, but
no linkage with other known outside markers
was found (8). Indications that the position of
this region on the chromosome was correct were
obtained by Anagnostopoulos (personal com-
munication), who found a weak linkage between
the lin locus and two suppressor mutations
which were co-transducible with the purB locus.
However, the orientation of this segment could
be only arbitrarily fixed on the basis of these
data (Fig. 1).

Several indications prompted us to examine
the location of a set of new markers (tre-12,
aroI906, narBl, and mtlBl) relative to purB6
and dal. According to the results of Harford
(12), aroI906 and narBl were shown to replicate
in front of purB6, while tre-12 replicates after it
as first reported by Kennett and Sueoka (20).
The mtlBl marker was investigated, since a
failure to link this marker to any known marker
was encountered by Chalumeau (personal com-
munication).
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TABLE 3. Summary of the co-transduction frequencies measured in the course of this studya
unselected markers

,; o 108
n 4*1C -U H H

u I
.C 0.G. ce -O

49 4 FO
m I; z ;

AL - a -5

0

240

0

417

0

thr 5 191

222 1974284* 1 0 0 0* 0* 0*
hisA1 588 17 273 400 800 702 702

0 15If173' 220* 30 0*

narAl 37 1339798 jg3 317
1012

ctrAl ~~~~~~69104 204 68 0

Ct) ctrAl 04J2 4 62 9 167

sacA321
0* 6 222 212 0

Al?~~~~~~~~~~~ 1468 66-84922- 5

0*

purA16 5

E 489
lin2 e840 293

n arol906 °0 0 0 505 423* 145 52250) 250250 832 332 32

o) 0 0 0 0 0 941* 0 0 0~
G) narB1 2o35 225 2M5 216 450 1627 403 232 603

0) 0 0* 0 46 186*864* 471* 39* 0* 0

(1)dal 271 572 369 347 559 1268 1409 458 217

0* 0 0 195* 25 0*
purB6 338 232 250 1268 875 875 432

0* 0 0 0 0 18 370 8*
tre12 426 343 210 225 301 319 1271 945

metDl
~~0 0* 0* 0 * 0 402 21

met D1 243 10-°1-8 1018 243 1004125*

0* 0* 0* 0 188*19
argC4 242 1233 4 477 379 726 2210

0* 0

hyA 678 500
l

0* 0 0 0 0 0 0 i79*
c,1B17 860 324 92 192

gitAl
~ 00 0 0 0

gitAl 3433 323

a Markers have been placed according to their relative position on the two replication arms symbolized by the

arrows. *, Pooled values from several independent determinations; identical value has been obtained with
lin4.

The co-transfer of tre-12 with markers repli-
cating approximately at the time of purB6 was

tested in two-factor crosses (Table 3), and a

linkage was found with purB6. As tre-12 is not
co-transducible with dal, it was placed on the
opposite side of the purB segment. The finding
that the pha-1 marker is localized in between
the purB and dal loci (Table 5) enabled us to
perform a series of three-factor crosses which
confirmed the supposed sequence of markers in
the segment (Table 5 and Fig. 3).

Conversely, the narBl, aroI906 and mtlBl
markers appeared in two-factor crosses to be
co-transducible with the dal marker although
narBI and mtlBl were unlinked with purB6
(Table 3). Three-factor crosses involving either
dal, narBl, and mtlBl or dal, aroI906, and
mtlBl were performed (Table 6).The results of
these crosses show clearly the position of mtlBl
between narBl and dal or between aroI906 and
dal. The relative position of aroI906 and narBl
markers could not be established in the second

cross of Table 6, since the QB820 recipient
strain displays a Nar- phenotype. It should be
pointed out that the original strain WB906 and
all strains in which aroI906 has been introduced
by congression at saturating concentrations of
deoxyribonucleic acid show equally this Nar-
phenotype. The tentative order aroI906, narBl,
dal (Fig. 3) is proposed on the basis of co-trans-

fer values found in separate two-factor crosses

(Table 3).
Since aroI906, narBl, and mtlBl appeared to

be distant from dal, their linkage with the lin
locus was tested. A definite linkage was ob-
tained between lin-2 and the narBl, aroI906,
and mtlBl markers, but no indications of co-

transfer between dal and lin-2 could be found

(Tables 3 and 6). Essentially, identical results
have been obtained by Harford (12), and the

two sets of data are compatible with the order

shown on the map of Fig. 3.

Reassessment of the structure of the metD 1

to thyA linkage group. The genetic continuity

828



VOL. 121, 1975 GENETIC MAP 4

inside the segment extending from metD to
thyA appears to be firmly established on the
basis of co-transduction data reported in the
literature, except on one particular point con-
cerning the linkage of recA with argA. (For
reviews see references 5, 16, 34, and 35. The
mapping of thyA by Neubauer and Zahler is as
yet unpublished and is cited in reference 34.)
Hoch and Anagnostopoulos (14) first reported

a weak co-transfer of recAl with argA10. In
addition, Le Hegarat and Anagnostopoulos (21)

OF B. SUBTILIS 829

and Le Hegarat (These de doctorat d'Etat,
Universite Paris XI, Paris, France, 1973) found
a weak linkage of recAl with both the argAll
and phoP markers.
The replication data obtained by Harford

(12) conflict with the structure of the metD to
thyA linkage group suggested by these mapping
results, since argA2 appears to replicate at the
same time as argC4 in front of leu-8, pheAl,
metC3 and well before ura-1. These results were
suggestive of another configuration for the argA

TABLE 4. Four-factor transduction crosses involving markers located in the hisAl-sacA321 region

Recombinants
Recipient genotype Donor genotype Implied order

Selection Clases No.

hisAl narAl (QB691) sacU25 gtaA12 (QB518) His+ His+LvshPharNar+ 33 hisAl sacU25
His+LvshPharNar- 143 gtaA 12 narA 1
His+LvshPhasNar+ 0
His+LvshPhasNar- 79
His+Lvs+PharNar+ 0
His+Lvs+PharNar- 1
His+Lvs+PhagNar+ 1
His+Lvs+Pha5Nar- 78

narAl sacA321 sacU25 gtaA12 (QB518) Suc& Suc+Nar+PharLvsh 0 sacU25gtaA12
(QB692) Suc+Nar+PharLvs+ 5 narAl sacA321

Suc+Nar+PhasLvsh 0
Suc+Nar+Pha'Lvs+ 129
Suc+Nar-PharLvsh 0
Suc+Nar-PharLvs+ 1
Suc+Nar-Pha8Lvsh 0
Suc+Nar-Pha8Lvs+ 333

ctrAl sacA321 trpC2 sacU25 gtaA12 (QB518) Ctr+ Ctr+Suc+PharLvsh 0 sacU25 gtaA12
(QB123) Ctr+Suc+PharLvs+ 8 ctrAl sacA321

Ctr+Suc+Pha8Lvsh 0
Ctr+Suc+Pha"Lvs+ 139
Ctr+Suc-PharLvsh 68
Ctr+Suc-PharLvs+ 28
Ctr+Suc-PhasLvsh 1
Ctr+Suc-PhasLvs+ 218

sacU25
hisAl uvr1 gtaAl2

l a a I

-8
38

narAl ctrAl
a,

78

89

52 I -1. 78 L

_89
85

sacA321 sacT30
3 m __

68

57

666
67

84

FIG. 2. Genetic map of the hisA to sacT region. Distances are expressed as percentage of recombination in
PBS1 transduction; values are taken from Table 3. The arrows point from the selected to the unselected
markers.
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TABLE 5. Mapping of tre-12 and pha-1 markers relative to purB6 by three-factor crosses

Recombinants
Recipient genotype Donor genotype Implied order

Selection Classes No.

purB6 dal trpC2 metB5 pha-1 hisA I catA Ade+ Ade+ Phardal+ 77 dalpha-1 purB6
sorR (QB805) (QB804) Ade+Phardal 90

Ade+Phasdal+ 1
Ade+Pha8dal 125

purB6 tre-12 (QB693) Tre+ Tre+Ade+Phar 18 pha-i purB6 tre-12
Tre+Ade+Phas 78
Tre+Ade Phar 0
Tre+Ade-Pha8 223

lin2 aroI906 narBi mtlBl
a a .

39

42

39

73
4 84

56 I

100

dal

48

67

87

100

pha I purB6
a a

678

85

. 85

37

1001

tre12

71 .

71

94

FIG. 3. Genetic map of the lin to tre region. Distances are expressed as percentage of recombination in PBS1
transduction; values are taken from Table 3. The arrows point from selected to the unselected markers.

TABLE 6. Mapping of aroI906, narB1, and mtlBl markers relative to dal by three-factor transduction crosses
and linkage of narBi with lin-2

Recombinants
Recipient genotype Donor genotype Implied order

Selection Classes No.

narBl dal metB5 trpC2 metC3 mtlBl Dal+ Dal+Mtl+Nar+ 3 narBi mtlBl dal
sacA321 (QB817) (PG594) Dal+Mtl+Nar- 76

Dal+Mtl-Nar+ 131
Dal+Mtl-Nar 87

aroI906 dal (QB820) mtlBl narBl sacA321 Dal+ Dal+Mtl+Aro+ 2 aroI906 mtlB1 dala
(QB819) Dal+Mtl+Aro- 161

Dal+Mtl-Aro+ 44
Dal+Mtl-Aro- 122

narBl trpC2 (CU636) lin-2 strA1 pac-3 spcB2 Nar+ Nar+LinrStrr 0 strA1 lin-2 narB1
thyAB (VUB34) Nar+LinrStrs 229

Nar+LinsStrr 0
Nar+ LinsStrs 221

Linr LinrNar+ Strr 0
LinrNar+ Strs 218
LinrNar Strr 7
LinrNar- Strs 177

a The position of narBl was not deduced from this cross (see text).

to thyA segment, placing argC and argA on
opposite replication arms of the chromosomes
and creating a gap delimited by the thyA and
recAl markers.

In order to confirm this assumption the link-
age of recAl with thyA was tested in three-fac-
tor crosses involving recA 1, thyA, and citBi 7 in

strain QB790 (recAl, thyA, thyB, citB17,
trpC2). It is a well-established fact that in B.
subtilis th,e Thy+ phenotype is conferred by the
simultaneous presence of two mutations affect-
ing the unlinked thyA and thyB loci, the thyA +
thyB- and thyA- thyB+ strains being pheno-
typically Thy+ (1, 30). As a consequence, the



GENETIC MAP OF B. SUBTILIS

QB788 strain (thyB trpC2) has been used as a

donor in order to avoid the appearance of thyA
thyB+ recombinants when selection was made
for Thy+ recombinants. The thyA+ thyB- con-

stitution of strain QB788 was checked by trans-
duction into strain QB82 (ilvAl thyA) with
selection for Ilv+. As expected from the linkage
of thyB with ilvAl (1, 30) thyA- thyB- (thy-
mine-requiring) colonies were recovered in this
cross (Table 7).
The results of the cross of QB790 with QB788

demonstrate a linkage of recAl with thyA (80%
recombination) and are in agreement with the
order citBl7, thyA, recA1 (Table 7). Sensitivity
to aminopterin (1, 30) of donor, recipient, and
recombinant strains was not examined in this
study. Independent results of Harford (12) tend
to confirm the recAl-thyA linkage.
The linkage of citB with gltA has been found

by Hoch and Zahler but is as yet unpublished
(personal communications, [16, 34]). Other-
wise, the linkage of recAl with ura-1 has been
reported by three different authors (6, 12, 14).

Indications for circularity of the genetic
map. The new data reported here, together with
co-transduction results reported by other au-

thors (34), establish the continuity of two large
linkage groups. One extends from tre to sacQ
and the other extends from metD to argA.

Positive indications were obtained for linking
these two groups to one another. In repeated
crosses (Table 8) aroG932 was found to be
weakly linked with both sacQ36 and ald (a
marker recently mapped between the thr-5 and
sacQ36 markers and very close to the latter
marker [J. Trowsdale, D. A. Smith, G. W.
Gould, submitted for publication]).

Since the mapping of aroG relative to argA

TABLE 7. Three-factor transduction crosses involving recAl, thyA, and citB17; verification of the ThyA+
ThyB- constitution of strain QB788

Recombinants
Recipient genotype Donor genotype Implied order

Selection Classes No.

recAl thyA thyB thyB trpC2 (QB788) Thy+ Thy+Cit+Rec- 196 recAl thyA citB17
citBl7 trpC2 Thy+Cit+Rec+ 49
(QB790) Thy+Cit-Rec- 75

Thy+Cit-Rec+ 28
Cit+ Cit+Thy-Rec- 165

Cit+Thy-Rec+ 2
Cit+Thy+Rec- 431
Cit+Thy+Rec+ 77

thyA ilvAl (QB782) thyB trpC2 (QB788) I1va+ Ilva+Thy-Trp+ 30 ilvAl thyBI trpC2
Ilva+Thy-Trp- 52
Ilva+Thy+Trp+ 13
Ilva+Thy+Trp 1

TABLE 8. Linkage of aroG932 with ald and sacQ36 and mapping of aroG932 relative to argA2 and leu-8 by
three-factor transduction crosses

Recombinants
Recipient genotype Donor genotype Implied order

Selection Classes No.

aroG932 (WB932) sacQ36 ald trpC2 (QB698) Aro+ Aro+LvshAld- 4 aroG932 sacQ36 ald
Aro+LvshAld+ 12
Aro+Lvs+Ald- 0
Aro+Lvs+Ald+ 453

sacQ36 aid trpC2 aroG932 (WB932) Ald+ Ald+LvshAro+ 62
(QB698) Ald+LvshAro- 0

Ald+Lvs+Aro+ 329
Ald+Lvs+Aro- 5

aroG932 (QB932) leu-8 argA2 metB5 sacA321 Aro+ Aro+Arg-Leu- 32 leu-8 argA2 aroG932
(QB818) Aro+Arg-Leu+ 131

Aro+Arg+Leu- 1
Aro+Arg+Leu+ 94
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TABLE 9. Three-factor transduction crosses involving catA, metDl, argC4 markers

Recombinants
Recipient genotype Donor genotype Implied order

Selection Classes No.

hisAl argC4 metD1 catA lysphe arg Arg+ Arg+Met±Prth 54 catA metDl argC4
pha-1 (BC369) (SCR1026) Arg+Met+Prtt 215

Arg+Met-Prth 0
Arg+Met-Prt 58

has not been reported in detail (17), the position
of aroG932 was further examined in a three-fac-
tor cross involving leu-8, argA2, and aroG932.
Results of this cross confirmed the order,
aroG932, argA2, leu-8 (Table 8). On the opposite
chromosome arm a very weak linkage was found
between the tre-12 and catA markers in re-

peated two-factor crosses (Table 3).
The mapping of catA has not been reported in

full detail by Ito and Spizizen (19) and its
position relative to metD1 and argC4 was ascer-

tained by three-factor transduction crosses of
the type summarized in Table 9. Results of
these crosses were in agreement with the order
catA, metDl, and argC4. It should be noted
that no co-transfer of catA was found with other
markers except tre-12, metDl, and argC4 (Ta-
ble 3).

DISCUSSION

The transductional mapping data reported
above lead to important revisions and exten-
sions of the linkage map of the B. subtilis 168

chromosome as compared to former representa-
tions.
The segment comprised of the region between

the sacQ36 and gtaA12 markers has been in-
verted and transposed into a new position.
Genetic continuity between this segment and
the segment commencing with narAl and in-
cluding purA appears to be firmly established
on the basis of the co-transfers found between
markers extending from hisAl to sacA321.
The segment comprising the purB locus has

been extended by the mapping of tre-12 at one

end and three new markers, mtlBl, aroI906, and
narBi, at the other. The relative orientation of
this segment and continuity with the purA
segment is clearly established on the basis of the
co-transfer of mtlBl, aroI906, and narBl with
the lin-2 marker. This has been confirmed by
Harford (12).

In this study, the pha-1 marker has been
located between the dal and purB6 markers. No
deficiency in phosphoglucomatase activity was

observed in all strains bearing pha-1 (unpub-
lished results). Thus pha-1 appears to affect a

gene regulating phage resistance which is differ-

ent from the gtaA, gtaB, and gtaC loci previ-
ously characterized and mapped by Young et al.
(33). Two other markers, sorRl (obtained from
Chalumeau; regulatory gene of the sorbitol
operon) and furB (obtained from Zahler; resist-
ance to 5-fluorouracil), have been also located
between the dal and purB6 markers. A detailed
report of these data will be published elsewhere.
These new results together with results re-

ported by other authors (see reference 35 for a
compilation of transduction data) define a large
linkage group extending from tre-12 to sacQ36.
Co-transfer values between markers inside this
segment are high with the exception of the sacS
to purA distance which is over 90% recombina-
tion (22).
The finding of a linkage between recAl and

thyA leads to the inversion of the thyA-aroG
segment as it is shown in Fig. 4 and the
definition of a second large linkage group ex-
tending from catA to aroG. It is possible that
the measurement of the recAl to thyAl distance
could have been influenced by the conditions
under which the selection of Thy+ recombinants
was made. Wilson et al. noted that up to one-
third of Thy+ recombinants die if placed di-
rectly onto selective medium (30). However, it
can be noted that in this series of crosses the
citB to thyA distance appears to be approxi-
mately the same when the primary selection is
made either for Cit+ or Thy+ recombinants (75
and 70% co-transfer, respectively). Neubauer
and Zahler obtained a somewhat smaller value
of 45% co-transfer (cited in reference 34 and
personal communication). The linkage of recA1
with citB17 or thyA has not been tested in the
reverse direction since no primary selection for
Rec+ recombinants has yet been made.

In this context, further testing of markers
located close to recAl like aspA (16) for linkage
with thyA and citBI 7 would help in confirming
these preliminary results.

Otherwise the genetic continuity over the
catA to aroG segment appears to be clearly
established on the basis of several sets of
independent results. (For a review see reference
34. The unpublished map position of the citB
and gltA loci has been personally communi-
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cated to us by Hoch and Zahler.) We are
currently examining the linkage relationship
between the citK,. g1tA, citB, thyA, and recA
loci.
The weak linkages found between aroG932

and sacQ36 and between tre-12 and catA indi-
cate that the two major linkage groups are

joined together with the circular configuration
shown in Fig. 4. However, these indications of
genetic circularity should not be regarded as

definitive and the mapping of additional mark-
ers in the areas of weak co-transfer is crucially
needed in order to substantiate these results.
An argument in favor of the validity of the

tre-12-catA linkage can be taken from a recent
report of Naumov et al. (25). These authors
mapped by phage AR9 transduction an adeno-
sine triphosphate-dependent nuclease marker
(rec342) and a thiamine marker thi78 between
purB6 and a glycine marker, gly133. They
established the sequence purB6, rec342, thi78,

gly133, and observed also a weak co-transfer
(4%) between gly133 and argC4. The mapping
of rec342, thi78, and gly133 relative to tre, catA,
metD, and argC4 is currently under investiga-
tion with the use of PBS1 transduction.
This assumption of circularity of the genetic

map on the basis of the present data is strongly
supported by the autoradiographic evidence of
Wake which demonstrates physical circularity
of the chromosome (10, 28, 29). The density
transfer results of Harford (12) suggest that
since argA2 and argC4 replicate relatively soon

after tre-12 and thr-5, the genetic distances
separating these markers are probably not more

FIG. 4. Revised genetic map of the B. subtilis 168
chromosome. For simplicity, only markers used in this
study and a few other markers are presented.
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than 100 to 200 transduction map units in
extent.
The new linkage assignments on the revised

map of Fig. 4 and the replication orders deter-
mined by Harford in the accompanying paper
(12) strongly support the hypothesis of a circu-
lar chromosome which replicates bidirectionally
over two arms of approximately equal length
from an origin located close to the purA16
marker. These findings corroborate the conclu-
sions of Wake deduced from the autoradio-
graphic visualization of the replication of the B.
subtilis 168 chromosome (29).

ACKNOWLEDGMENTS
We are greatly indebted to Nigel Harford for his collabora-

tion during the development and completion of this work. We
wish to thank Frank Kunst and our colleagues of the Unite de
Biochimie Cellulaire for helpful suggestions and stimulating
discussions. The communication of unpublished results and
generous gifts of essential bacterial strains from C. Anagnos-
topoulos, S. Baumberg, D. Dubnau, E. Freese, J. A. Hoch, J.
Ito, R. Neubauer, J. Spizizen, N. Sueoka, J. Trowsdale, P.
Winter, F. E. Young, and S. A. Zahler are gratefully
acknowledged.

LITERATURE CITED

1. Anagnostopoulos, C., and A. M. Schneider-Champagne.
1966. Determinisme g6n6tique de l'exigence en thymine
chez certains mutants de Bacillus subtilis. C. R. Acad.
Sci. 262:1311-1314.

2. Barat, M., C. Anagnostopoulos, and A. M. Schneider.
1965. Linkage relationships of genes controlling isoleu-
cine, valine, and leucine biosynthesis in Bacillus sub-
tilis. J. Bacteriol. 90:357-369.

3. Borenstein, S., and F. Ephrati-Elizur. 1969. Spontaneous
release ofDNA in sequential order by Bacillus subtilis.
J. Mol. Biol. 45:137-152.

4. Boylan, R. J., N. H. Mendelson, D. Brooks, and F. E.
Young. 1972. Regulation of the bacterial cell wall:
analysis of a mutant of Bacillus subtilis defective in
biosynthesis of teichoic acid. J. Bacteriol. 110:281-290.

5. Dubnau, D. 1970. Linkage map of Bacillus subtilis, p.
34-45. In H. A. Sober (ed.), Handbook of biochemistry,
selected data for molecular biology, 2nd ed. Chemical
Rubber Co. Press, Cleveland.

6. Dubnau, D., and C. Cirigliano. 1974. Genetic character-
ization of recombination-deficient mutants of Bacillus
subtilis. J. Bacteriol. 117:488-493.

7. Dubnau, D., C. Goldthwaite, I. Smith, and J. Marmur.
1967. Genetic mapping in Bacillus subtilis. J. Mol.
Biol., 27:163-185.

8. Dul, M. J., and F. E. Young. 1973. Genetic mapping of a
mutant defective in D,L-alanine racemase in Bacillus
subtilis 168. J. Bacteriol. 115:1212-1214.

9. Grant, G. F., and M. I. Simon. 1969. Synthesis of
bacterial flagella. II. PBS1 transduction of flagella-
specific markers in Bacillus subtilis. J. Bacteriol.
"9:116-124.

10. Gyurasits, E. B., and R. G. Wake. 1973. Bidirectional
chromosome replication in Bacillus subtilis. J. Mol.
Biol. 73:55-63.

11. Hara, H., and H. Yoshikawa. 1973. Asymetric bidirec-
tional replication of Bacillus subtilis chromosome.
Nature (London) New Biol. 244:200-203.

12. Harford, N. 1975. Bidirectional chromosome replication
in Bacillus subtilis 168. J. Bacteriol. 121:835-847.

13. Harford, N., and N. Sueoka. 1970. Chromosomal location



LEPESANT-KEJZLAROVA ET AL.

of antibiotic resistance markers in Bacillus subtilis. J.
Mol. Biol. 51:267-286.

14. Hoch, J. A., and C. Anagnostopoulos. 1970. Chromosomal
location and properties of radiation sensitivity muta-
tions in Bacillus subtilis. J. Bacteriol. 103:295-301.

15. Hoch, J. A., M. Barat, and C. Anagnostopoulos. 1967.
Transformation and transduction in recombination-
defective mutants of Bacillus subtilis. J. Bacteriol.
93:1925-1937.

16. Hoch, J. A., and J. Mathews. 1972. Genetic studies in
Bacillus subtilis, p. 113-116. In H. 0. Halvorson, R.
Hanson, and L. L. Campbell (ed.), Spores V. Ameri-
can Society for Microbiology, Washington, D.C.

17. Hoch, J. A., and E. W. Nester. 1973. Gene-enzyme
relationships of aromatic acid biosynthesis in Bacillus
subtilis. J. Bacteriol. 116:59-66.

18. Huang, P. C., H. Eberle, L. B. Boice, and W. R. Romig.
1968. Replication of Bacillus subtilis DNA during
germination in 5-bromouracil containing medium and
marker mapping. Genetics 60:661-672.

19. Ito, J., and J. Spizizen. 1973. Genetic studies of catabolite
repression insensitive sporulation mutants of Bacillus
subtilis, p. 81-82. In Regulation de la sporulation
microbienne. Colloq. Int. C. N. R. S. Centre National
de la Recherche Scientifique, Paris.

20. Kennett, R. H., and N. Sueoka. 1971. Gene expression
during outgrowth of Bacillus subtilis spores. The rela-
tionship between gene order on the chromosome and
temporal sequence of enzyme synthesis. J. Mol. Biol.
60:31-44.

21. Le Hegarat, J. C., and C. Anagnostopoulos. 1969. Locali-
sation chromosomique d'un gene gouvernant la syn-
these d'une phosphatase alcaline chez Bacillus subtilis.
C. R. Acad. Sci. 269:2048-2050.

22. Lepesant, J.-A., F. Kunst, J. Lepesant-Kejzlarova, and
R. Dedonder. 1972. Chromosomal location of mutation
affecting sucrose metabolism in Bacillus subtilis Mar-
burg. Mol. Gen. Genet. 118:135-160.

23. Lepesant-Kejzlarova, J., J. Walle, A. Billault, F. Kunst,
J.-A. Lepesant, and R. Dedonder. 1974. Etablissement
de la carte genetique de Bacillus subtilis: reexamen de
la localisation du segment chromosomique compris
entre les marqueurs sacQ36 et gtaA12. C. R. Acad. Sci.
278:1911-1914.

24. Michel, J. F., B. Cami, and P. Schaeffer. 1968. Selection

de mutants de Bacillus subtilis bloques au debut de la
sporulation. I. Mutants asporogenes pleiotropes
selectionnes par croissance en milieu au nitrate. Ann.
Inst. Pasteur Paris 114:11-20.

25. Naumov, L. C., G. V. Savchenko, and A. A. Prozorov.
1974. Mapping of Bacillus subtilis chromosomal region
carrying the rec342 mutation which decrease the activ-
ity of ATP-dependent DNase. Genetika 10:126-131.

26. O'Sullivan, A., and N. Sueoka. 1967. Sequential replica-
tion of the Bacillus subtilis chromosome. IV. Genetic
mapping by density transfer experiment. J. Mol. Biol.
27:349-368.

27. Takahashi, I. 1963. Transducing phages for Bacillus
subtilis. J. Gen. Microbiol. 31:211-217.

28. Wake, R. G. 1973. Circularity of the Bacillus subtilis
chromosome and further studies on its bidirectional
replication. J. Mol. Biol. 77:569-575.

29. Wake, R. G. 1974. Termination of Bacillus subtilis
chromosome replication as visualized by autoradiogra-
phy. J. Mol. Biol. 86:223-231.

30. Wilson, M. C., J. L. Farmer, and F. Rothman. 1966.
Thymidylate synthesis and aminopterin resistance in
Bacillus subtilis. J. Bacteriol. 92:186-196.

31. Yoshikawa, H., and N. Sueoka. 1963. Sequential replica-
tion of Bacillus subtilis chromosome. I. Comparison of
marker frequencies in exponential and stationary
growth phases. Proc. Nat. Acad. Sci. U.S.A.
49:559-566.

32. Yoshikawa, H., and N. Sueoka. 1963. Sequential replica-
tion of the Bacillus subtilis chromosome. II. Isotopic
transfer experiments. Proc. Nat. Acad. Sci. U.S.A.
49:806-813.

33. Young, F. E., 0. Smith, and B. E. Reily. 1969. Chromo-
somal location of genes regulating resistance to bacte-
riophage in Bacillus subtilis. J. Bacteriol.
98:1087-1097.

34. Young, F. E., and G. A. Wilson. 1972. Genetics of Bacillus
subtilis and other gram-positive sporulating bacilli, p.
77-106. In H. 0. Halvorson, R. Hanson, and L. L.
Campbell (ed.), Spores V. American Society for Micro-
biology, Washington, D.C.

35. Young, F. E., and G. A. Wilson. 1973. Practical guide to
techniques for genetic analysis of Bacillus subtilis, p.
69-114. In R. C. King (ed.), Handbook of genetics, vol
1. Plenum Publishing Corp., New York.

834 J. BACTERIOL.


