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INTRODUCTION

Bacillus subtilis is the most widely studied
and thoroughly mapped gram-positive microor-
ganism. Studies have focused on many different
aspects of this species, including biochemical
and morphological changes during sporulation,
germination, and outgrowth; mechanisms of ge-
netic exchange in transformation and transduc-
tion; cell wall synthesis and cell growth and
division; enzymatic characterization of many
catabolic pathways; and a host of others. The
isolation and genetic characterization of mutants
defective in these processes have played a key
role in many of these studies. The ease of trans-
formation with this species was very useful in
defining genetic loci, but the limited nature of
genetic linkage by transformation made the con-
struction of an uninterrupted transformation
linkage map impossible. Other techniques were
used in conjunction with transformation that
allowed loci to be roughly localized according to
their time of replication (21, 45, 213, 214). These
investigations allowed a rough framework of loci
to be constructed on the assumption that the
time of replication of a marker is correlated with
its distance from the origin of replication. Bac-
teriophage PBS1 transduction studies allowed
the linkage of large clusters of loci, and recently
all the linkage groups have been linked to one
another (118).

Previous compilations of the B. subtilis map
have essentially utilized the framework con-
structed by time-of-replication studies and have
filled in other loci by using transduction and
transformation data. No particular effort was
made to calibrate these maps by placing loci at
correct physical distances from each other. We
felt that the application of recent theories of
cotransduction frequencies (104, 209) to PBS1
transduction data would allow the construction
of a physically calibrated map. Besides its ob-
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vious utility to researchers in B. subtilis, we felt
that such a map could be validly compared to
the calibrated linkage map of Escherichia coli
(10). Such a comparison would be useful to note
common features of chromosome organization
which have convergently evolved or which have
been maintained since the divergence of these
species, estimated to have been 1.2 to 1.8 billion
years ago (87).

RELATIONSHIP BETWEEN GENETIC
AND PHYSICAL DISTANCES IN
BACTERIOPHAGE PBS1
TRANSDUCTION

Models have been proposed which relate the
frequency of cotransduction of markers to their
physical distance from each other on a transduc-
ing piece of deoxyribonucleic acid (DNA) (104,
209). The basic features of these models include
the possibility that factors other than recombi-
national events will affect the apparent recom-
bination frequency between any two markers.
To be cotransduced, two markers must be con-
tiguous on a single fragment of transducing
DNA,; as the distance between them increases,
their chance of being on the same transduc-
ing fragment decreases. Furthermore, as the
markers become closer to the ends of the trans-
ducing fragment, the size of the pieces of DNA
outside of the markers in which crossing-over
might occur becomes limited, reducing the num-
ber of cotransductants.

The models also make certain assumptions
about the transduction process. They assume
that recombination is linearly proportional to
the length of DNA in which the recombination
can occur and that transducing fragments are of
uniform length and have random endpoints.
None of these assumptions has been verified in
the PBS1 transduction system used to compile
this map, and there is evidence in some other
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transduction systems for violation of these as-
sumptions, e.g., marker-specific effects, nonre-
ciprocal crosses, and preferred endpoints (32,
104). However, the theoretical predictions of the
models have shown good agreement with ob-
served distances in bacteriophage P22 transduc-
tion in Salmonella typhimurium (10, 104). The
validity of the B. subtilis map constructed by
this method will be discussed in more detail
later.

Although there are a variety of genetic map-
ping systems in B. subtilis, the PBS1 transduc-
tion system has been the key to the generation
of a complete, uninterrupted circular map. The
large size of the transducing DNA fragment
allows cotransduction of markers separated by
almost 10% of the chromosome. PBS1 cotrans-
duction values for all available markers were
used to calculate a corrected genetic distance
between markers by Kemper’s formula, C =
(1 —t) + t(In ¢) (104), where C is the cotrans-
duction index of the markers and ¢ is the frac-
tional length of the transducing fragment sepa-
rating the markers. The genetic distance be-
tween markers (t) can be converted to physical
distance (D), if the average length of the trans-
ducing fragment (7') is known, by the formula D
= ¢(T). A plot of the former equation is shown
in Fig. 1. An inspection of this plot shows that
the cotransduction frequency falls quickly as the
physical distance between two markers in-
creases. For example, two markers, A and B,
separated by half the length of a transducing
fragment (0.5¢), would show only 15% cotrans-
duction, not 50%. Also, this model predicts that
recombinatior: values should not be additive.
For example, if marker C is halfway between
markers A and B above, it would be 0.25¢ from
each and show 60% recombination from each.
But the two outside markers, A and B, would
show only 85% recombination, not 120%.

An example of the application of this formula
is shown in Fig. 2. The recombination values in
PBS1 transduction were taken from reported
values in the literature, whereas the ¢ value was
extrapolated from the formula C = (1 - ¢) + ¢t(In
t). As one can see in this chosen example, the
sum of the ¢ values of contiguous subintervals
closely approximates the calculated ¢ value for
the larger intervals. The recombination values,
on the other hand, are not additive. We felt that
the ability of this formula to convert cotrans-
duction values into ¢ values, which show such
additivity, is an important point in determining
the validity of this type of analysis. This prop-
erty of additivity suggests that the ¢ value is a
meaningful measurement of physical distance
and as such can be used to generate an internally
consistent map with loci placed according to
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F16. 1. Theoretical relationship between markers.
This figure is the graph of the equation C = (1 — t)
+ t(In t). The variables C and t are defined in the
text. Also indicated is the chromosomal distance (in
degrees) corresponding to a given t value.

their relative physical distances from one an-
other.

SIZE OF THE B. SUBTILIS
CHROMOSOME

The previous arguments support the notion
that the map generated by our analysis is inter-
nally consistent; i.e., the markers are placed
correctly according to their relative physical dis-
tances. We next tried to determine a means of
calibrating the map by absolute physical dis-
tance. The entire distance around the chromo-
some was determined to be 13.05 times the
length of the genetic transducing fragment (7).
If the size of the genetic transducing fragment
were known, we could multiply it by 13.05 and
compare that size with other determined values
of the size of the B. subtilis chromosome. If T
equals the size of the PBS1 genome (190 x 10°
daltons [88]), then the chromosome size would
equal 2.5 X 10° daltons; if T equals the genome
size (150 X 10° daltons [111]) of PBS2 (a virulent
derivative of PBS1), then the chromosome size
would equal 2.0 X 10° daltons. An independent
way to measure T is to measure recombination
values between two markers with an addition or
deletion of known size between them. This has
been essentially accomplished by measuring the
cotransduction of the metB5 and kauAl loci in
strains either carrying (C = 18.1%; ¢t = 0.46) or
cured (C = 77.7%, t = 0.06) of the SPS prophage
(222). These calculations suggest that SPB (62
X 10° daltons) is 0.4 times the length of the
transducing fragment; therefore, T would equal
155 x 10° daltons, giving a chromosome size of
2 X 10° daltons. These genetic determinations of
the chromosome size are in good agreement with
the physical determinations (by viscoelastic
method, 2.0 X 10° daltons [106]; by renaturation
rate, 2.4 X 10° to 2.6 X 10° daltons [11, 56]).
These data suggest that T has a physical length
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F16. 2. PBSI transduction map of the sacQ-cysB region. The numbers on the line are reported recombi-
nation values (X100) for the indicated pairs of loci. The values in parentheses are the calculated t values

(x100).

of approximately 150 X 10° daltons, allowing us
to assign absolute D values to the intervals de-
termined between markers from C values.

ANALYSIS OF THE TRANSFORMATION
PROCESS

A similar analysis of transformation data
might provide evidence about the transforma-
tion process. The two questions we addressed
were: (i) Can we determine a rough estimate of
the physical distance between two markers from
their cotransformation frequency? and (2) Does
the cotransformation of markers in relation to
their distance apart follow the theoretical curve
predicted for cotransduction?

Two approaches were used in this analysis.
The first was to find pairs of markers for which
both their cotransformation index and their C
value are known. Values were picked that re-
flected selection of the same marker, and in most
cases, the C value and cotransformation index
for a pair of markers came from data from the
same investigators. These values were converted
to t values, using the previously described equa-
tion, C = (1 — ¢t) + t(In ¢), and then plotted.
Such a plot is shown in Fig. 3. If the Kemper
equation describes the relationship between D
and C, the points should fall along a line whose
slope is the ratio of the size of the transducing
fragment to the size of the transforming frag-
ment. It is obvious that the data points have
very little correlation. The majority of the points
fall near the predicted lines for a ratio of between
10 and 20, suggesting that the transducing frag-
ment is between 10 and 20 times larger than the
transforming fragment. One inherent source of
error in such a comparison of transformation
and transduction is that any markers showing
cotransformation will show extremely high
(greater than 90%) cotransduction. Therefore,
only a small portion of the curve can be exam-
ined, and the confidence levels of the C values
and cotransformation indices are low, since the
number of recombinant colonies will be low in
these crosses.
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FiG. 3. Comparison of C and cotransformation
values for pairs of loci. Each data point indicates the
point corresponding to the ordered pair defined by
the calculated t for cotransduction and the calculated
t for cotransformation for a single pair of loci. The
broken lines are the theoretical lines expected for
transducing fragment-transforming fragment size ra-
tios of 10 and 20.

It is interesting that the data points in Fig. 3
seem to fall into two clusters. An examination of
the pairs of markers within the two clusters did
not show any obvious reason why they might be
clustered. For example, they did not seem to be
in any particular map location, nor were they
any particular kind of marker, nor were the
crosses done by any particular group of workers.
By this analysis, the markers in the cluster to
the right act as though the ratio of the size of
the transducing fragment to the size of the trans-
forming fragment is low, i.e., as though they are
transformed by a larger fragment than the other
markers or, conversely, transduced by a smaller
fragment.

The second approach was to analyze the trans-
formation data for a series of linked markers for
which an estimate of D could be made. We felt
that the tryptophan operon would be amenable
to such an analysis. The six proteins coded by
this operon have been well characterized and
have an aggregate size of 236,000 daltons (80, 81,
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83, 84, 86). If we assume an average amino acid
size of 120, these proteins would need approxi-
mately 6,000 base pairs of coding DNA. Cloning
of this operon from the related species B. lichen-
iformis suggests that this estimate is in the
correct size range (D. Dubnau, personal com-
munication). A series of mutations extending
throughout the trp operon have been ordered by
transformation, and thus their positions and dis-
tances from each other can be approximated
(28). A plot was made of the cotransformation
of these markers versus their approximated dis-
tances from one another (Fig. 4). Also shown are
the theoretical curves that would be generated
for apparent sizes of genetic transforming DNA
of 15-, 30-, or 60-kilobase pairs. The data indicate
that the apparent transforming DNA segment is
approximately 30,000 base pairs.

The comparison of the transduction and trans-
formation data indicated that the transforming
DNA fragment is approximately %o to %o the
size of the transducing fragment, or 11 to 22
kilobase pairs, whereas the analysis of the trp
operon suggests a size of approximately 30 kilo-
base pairs. Although the figures are quite dis-
parate, they are in the size range of the piece of
transforming DNA which is bound to the com-
petent cell, 10 to 20 kilobase pairs (40). The
single-stranded DNA piece which is integrated
seers to be much smaller, about 4.3 kilobase
pairs (39). This analysis indicates that the effec-
tive size of the transforming DNA is much larger
than the actual size of the integrated piece and
is much closer to the size of the piece that binds
to the cell. It has also been found that the
integration of these small single-stranded re-
gions seems to occur in clusters (39, 40). Our
analysis is in agreement with a model that a
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F16. 4. Relationship between the cotransforma-
tion index and physical distance between loci. Each
datum point indicates the point corresponding to the
ordered pair defined by the estimated number of base
pairs separating two loci and the percent cotransfor-
mation of the two loci. The broken lines indicate the
theoretical curves expected for transforming-frag-
ment sizes equal to 15,000, 30,000, or 60,000 base
pairs.
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cluster of single-strand pieces derived from a
single bound piece of DNA is integrated contig-
uously or nearly contiguously.

DETAILED B. SUBTILIS MAP

The guaA locus, which is known to be near
the origin, was chosen as a reference point and
placed at 0° on the circular map. All the other
markers were then placed relative to the guaA
locus. The citK and gltA loci ended up near
180°. These loci have been shown to be repli-
cated very late and are probably near the ter-
minus of replication (65). Figure 5 shows the
placement of selected landmark loci on the map.
There are no surprises in terms of their place-
ment with respect to their placement on pre-
vious maps. This correspondence is in agreement
with the assumption that the physical distances
of markers from the origin determine the times
of replication of markers, i.e., that the rate of
DNA replication is approximately the same at
all intervals of the chromosome.

The detailed map is shown in Fig. 6. Sporu-
lation and germination loci are shown on the
inner circle, whereas all the other loci are shown
on the outer circle. For convenience in locating
markers, the map is divided into degree inter-
vals; the positions of markers in Table 1 are
given in degrees. Not all of the markers in the
origin region (approximately 355 to 15°) are
placed on Fig. 6 due to lack of space. A more
detailed map of the origin is presented below
(see Fig. 7).

We have tried to use the nomenclature that
we feel is most generally accepted. Certain loci
commonly known by alternate designations are
presented in Table 1 with cross-references to
their present designations on this map. We have
used the designations for the spo loci suggested
in the review by Piggot and Coote (160). The rec
nomenclature in B. subtilis is particularly con-
fusing. We have attempted to use the designa-
tions proposed by Mazza and Gallizi (133), with
one exception. We have used the recE designa-
tion for the rec-4 mutation of Dubnau and Cir-
igliano (41), rather than the recE5 of Doly et al.
(38). We feel that this rec-4 mutation has been
commonly identified in the literature as recE. In
Table 1 no attempt has been made to give orig-
inal designations for cross-reference purposes,
and until a uniform nomenclature is accepted,
particular care will be needed to keep this area
of B. subtilis genetics from further entangle-
ment.

There are a few areas of the map which show
questionable linkages and need further com-
ment. The region of the map from metD to metC
(100 to 115°) is one of the most troublesome
areas. The reported cotransduction frequencies
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Fi16. 5. Landmark loci of the B. subtilis chromosome.

and order of markers in this region vary greatly
in different reports. There are probably multiple
arginine loci in this region which share the same
phenotype. The defective prophage, PBS-X, is
located in this region and could also play a role
in the confused genetics. The general order of
markers shown is from data provided by S.
Zahler (personal communication).

The citK-gltA interval (180°) also shows var-
iable linkages. The cotransduction of these two
markers can vary from 34 to 66% (Zahler, per-
sonal communication). It is interesting that this
region of the chromosome also contains a pro-
phage, SPB. Two of the large silent regions in
the B. subtilis chromosome, one at 27° and one
at 340°, have distances defined by a very limited
amount of transduction data, leaving the actual
size of the interval open to some question. There
were certain markers whose mapping data were
either nonexistent or insufficient to place them
on the map. These markers are presented in
Table 1 along with relevant mapping data. Al-
though the fla markers and related loci (ifm and
hag) have been mapped, the data did not seem
consistent and the markers were therefore only

placed in their general area. Similarly, some
sporulation markers are shown localized only to
a general area. In this vein, one must remember
that during the process of constructing this map
two markers might end up adjacent to each
other without having been mapped relative to
each other. The complexity of the present map
precluded identifying such areas with brackets.
We have incorporated the data from three-factor
transduction and transformation crosses wher-
ever possible to order markers, and we have
found that our basic method of map construction
usually gave good agreement with such data, but
certainly the exact order of some markers could
be incorrect.

DETAILED MAP OF THE ORIGIN
REGION

The genetics of the region of the chromosome
near the origin of replication has been the sub-
ject of much study in this laboratory. A detailed
map of this area has been recently published
(188). We have analyzed the transduction data
to construct a calibrated framework for the
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TABLE 1. Genetic markers of B. subtilis

MicRroBIOL. REV.

Gene

Phenotype, enzyme deficiency, or other

symbol Mnemonic Map position® characteristic References®

abrA Antibiotic resistance 325 Partial suppressor of stage 0 mutant A
phenotypes

abrB Antibiotic resistance 5 Partial suppressor of stage 0 mutant 194, 196
phenotypes

absA Antibiotic sensitivity Partial suppressor of stage 0 mutant 92, 93
phenotypes, see abrB

absB Antibiotic sensitivity Partial suppressor of stage 0 mutant 92,93
phenotypes, see abrB

ace Acetate ucC Pyruvate dehydrogenase defect, C
linked to pycA

acf Acriflavine 235 Acriflavine resistance 13,91

aecA Aminoethylcysteine 250 Aminoethylcysteine resistance, regu- 13, B
lation of aspartokinase II

aecB Aminoethylcysteine 290 Aminoethylcysteine resistance, 131, B
structural gene for aspartokinase II

ahrA Arginine hydroxa- Arginine hydroxamate resistance, 68, D

mate linked to cysA
ahrB Arginine hydroxa- 220 Arginine hydroxamate resistance 68
mate

ald Alanine 285 L-Alanine dehydrogenase 118

alsA Acetoin 265 Acetolactate synthase 221

alsR Acetoin 320 Constitutive acetolactate synthase 221

amm Ammonia 250 Glutamate requirement 42

amt 3-Aminotyrosine resistance; part of.or 163
very close to tyrA locus, see tyrA

amyB Amylase Control of amylase synthesis; proba- 175, 189
bly identical to sac® and pap, see
sacQ

amyE Amylase 25 Amylase structural gene, also called 219
amyA

amyR Amylase 25 Control of amylase synthesis, also 215, 218
called amyH

argA Arginine 260 Arginine requirement 17,127

argC Arginine 100 Arginine or citrulline requirement 127,E

argO Arginine 100 Arginine, ornithine, or citrulline re- 127, E
quirement

arg342 Arginine 115 Arginine-ornithine or citrulline re- 77
quirement

aroA Aromatic 265 3-Deoxy-p-arabinoheptalosonic-7- 78, 143
phosphate synthase

aroB Aromatic 210 Dehydroquinate synthase 143

aroC Aromatic 210 Dehydroquinate dehydratase 78, 143

aroD Aromatic 230 Shikimate dehydrogenase 3,71,78

aroE Aromatic 210 3-Enolpyruvylshikimate-5-phosphate 143, 146
synthase

aroF Aromatic 210 Chorismate synthase 78, 143

aroG Aromatic 270 Chorismate mutase, isozyme 3 78, 143

aroH Aromatic 210 Chorismate mutase, isozymes 1 and 2 124, 143

arol Aromatic 25 Shikimate kinase 118

arod Aromatic Tyrosine and phenylalanine, see hisH 145

asaA Arsenate 230 Arsenate resistance 1,2

aspA Aspartate Pyruvate carboxylase, see pycA 25, 77

aspB Aspartate 200 Aspartate aminotransferase 77

aspH Aspartate 215 Constitutive aspartase 89

ath Adenine-thiamine 55 Adenine-thiamine requirement 220

attSPB Attachment 190 Integration site for phage SPS 222

attSPO2 Attachment 10 Integration site for phage SPO2 90, 182

attp3T Attachment Integration site for phage ¢3T, proba- 207, E
bly maps between kauA and SPB

attp105 Attachment 245 Integration site for phage ¢$1056 158, 173
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TaBLE 1—Continued
syG:xlt':)l Mnemonic Map position® Phenotype, emect:;i:gzncy, or other References®
azi Azide 310 Resistance to sodium azide A
azlA Azaleucine 250 4-Azaleucine resistance, derepressed 202
leucine biosynthetic enzymes
azlB Azaleucine 240 4-Azaleucine resistance 202, 203
azpA Azopyrimidine Resistance to azopyrimidines; altera- 36
tion of DNA polymerase III, see
polC
azpB Azopyrimidine 330 Resistance to azopyrimidines 27
bfmA Branched fatty acid NM Lacks branched-chain-keto-acid dehy- C
drogenase
bfmB Branched fatty acid ucC Requires branched-chain fatty acid, C
valine, or isoleucine; maps between
strC and lys
bioA Biotin 270 7-Oxo0-8-aminopelargonate:7,8-diami- 156
nopelargonate aminotransferase
bioB Biotin 270 Biotin synthetase 156
biol12 Biotin 270 Early defect in biotin synthesis 156
bry Bryamycin Bryamycin (thiostrepton) resistance, 67,182
maps in ribosomal protein cluster
bsr Restriction, modifica- 340 Restriction, modification by B. sub- 194
tion tilis strain “R”
but NM 5-Bromouracil tolerant 19
catA Hyperproduction of extracellular pro- 118
teases, see hpr
cdd NM Deoxycytidine-cytidine deaminase 168
citB Citric acid cycle 165 Aconitate hydratase 172, 221
citC _ Citric acid cycle 260 Isocitrate dehydrogenase 79, 172
citF Citric acid cycle 255 Succinate dehydrogenase 79, 172
citG Citric acid cycle 295 Fumarate hydratase 172
citH Citric acid cycle 260 Malate dehydrogenase 53, A
citK Citric acid cycle 185 a-Ketoglutarate dehydrogenase com- 76, 172
plex, enzyme E1
citL Citric acid cycle 125 Lipoamide dehydrogenase (NADH), 76
E3 component of both pyruvate de-
hydrogenase and a-ketoglutarate
dehydrogenase complexes
cml Chloramphenicol Chloramphenicol resistance, caused 152
by mutations in at least five 50S
ribosomal proteins, all mapping in
the ribosomal protein cluster, see ri-
bosomal protein cluster
crk NM Cytidine kinase 168
css Cysteine Cysteine sensitivity, see cysA 97
ctrA Cytidine requirement 325 Requirement for cytidine in the ab- 118, 221
sence of ammonium ion
cym Cysteine-methionine Requirement for cysteine or methio- 97, 159
nine, see cysA
cysA Cysteine 10 Cysteine requirement, serine trans- 97
acetylase; a complex locus com-
prised by css (cysteine sensitivity),
cym (cysteine or methionine), Ats
(hydrogen sulfide excretion), and
cysA
cysB Cysteine 300 Cysteine requirement 42
cysC Cysteine 140 Cysteine, methionine, sulfite, or sul- 77, 217
fide requirement
dal p-Alanine 40 p-Alanine requirement; alanine race- 44, 48
mase
dck NM Deoxycytidine kinase 168
ddd NM Deoxycytidine kinase 168
divl Division 130 Temperature-sensitive cell division, 198

formerly divD
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TABLE 1—Continued

MicroBIOL. REV.

Gene

Phenotype, enzyme deficiency, or other

symbol Mnemonic Map position® characteristic References®

divll Division 320 Temperature-sensitive cell division, - 198
formerly divC

divIVA Division 130 Minicell production 166

divIVB Division 245 Minicell production 166

divIVC Division 15 Minicell production, formerly divA 198

divV Division 285 Temperature-sensitive cell division, 198
formerly divB

dnaA DNA 160 DNA synthesis; ribonucleotide reduc- 9, 15, 98, 133,
tion, probably not ribonucleotide 167
reductase

dnaB DNA 255 DNA synthesis, initiation of chromo- 98, 133, 134
some replication

dnaC DNA 355 DNA synthesis 8,98, 133

dnaD DNA 200 DNA synthesis, initiation of chromo- 98, 133
some replication

dnaE DNA 230 DNA synthesis 98, 133

dnaF DNA DNA synthesis; DNA polymerase III, 98, 133
see polC

dnaG DNA 0 DNA synthesis 98, 133

dnaH DNA 0 DNA synthesis 98, 133, 195

dnal DNA 250 DNA synthesis 98, 133

dnaf(ts)A DNA 350 DNA synthesis 63, 133

dna(ts)B DNA 350 DNA synthesis 63, 133

dna8132 DNA 0 DNA synthesis, initiation of chromo- 63, 66, 195

: some replication

dpa Dipicolinic acid ucC Requires dipicolinic acid for heat-re- 12
sistant spores, linked to pyrA

D-tyr p-Tyrosine Resistance to D-tyrosine; maps within 30
the tyrA locus, see tyrA

ebr Ethidium bromide 325 Ethidium bromide resistance 19

efg Elongation factor G 10 Elongation factor G 4, 43,107

ery Erythromycin Erythromycin resistance, ribosomal 191, 192
protein L22, see rplV

estB Esterase 310 Esterase B defect 72

flaA Flagella 315 Defect in flagellar synthesis 60

flaB Flagella 315 Defect in flagellar synthesis 60

flaC Flagella 315 Defect in flagellar synthesis 60

fruA Fructose 120 Fructose transport 55

fruB Fructose 120 Fructose-1-phosphate kinase 55

fruC Fructose NM Fructokinase 55

fumR Fumarase 295 Regulation of fumarate hydratase A

furA 5-Fluorouracil 135 Resistance to 5-fluorouracil 42

furC 5-Fluorouracil 325 Resistance to 5-fluorouracil in the F
presence of uracil

furE 5-Fluorouracil 325 Resistance to 5-fluorouracil in the E
presence of uracil

furF 5-Fluorouracil 160 Resistance to 5-fluorouracil in the 37
presence of uracil

fus Fusidic acid Fusidic acid resistance, see efg 107

gca Glucosamine NM L-Glutamine-p-fructose-6-phosphate 49
aminotransferase

gerA Germination 295 Germination defective 139, 179

gerB Germination 315 Germination defective 139, 179

gerC Germination 210 Germination defective 139, 179

gerD Germination 10 Germination defective 139, 179

gerE Germination 255 Germination defective 139, 179

gerF Germination 305 Germination defective 139, 179

gerG Germination 300 Germination defective 139, 179

ginA Glutamine 160 Glutamine synthetase structural gene 22, 37, 47

glpD Glycerol phosphate 75 Glycerol-3-phosphate dehydrogenase 122

glpK Glycerol phosphate 75 Glycerol kinase 122
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TaBLE 1—Continued
syG:lll:Zl Mnemonic Map position® Phenotype, e:;i: ecbg:gtil:my » or other References®
glpP Glycerol phosphate 75 Pleiotropic glycerol mutant 122
gipT Glycerol phosphate 15 Fosfomycin resistant, glycerol phos- 120
phate transport defect
gltA Glutamate 175 Glutamate or aspartate requirement, 37, 77
glutamine-2-ketoglutarate amino-
transferase
glyA Glycine 210 Glycine requirement 101-103
glyB Glycine 75 Glycine requirement 66
glyC Glycine 320 Glycine requirement 27
gspl Germination 150 Outgrowth defective 50
8gsp4 Germination 320 Outgrowth defective 50
gspl0 Germination 300 Outgrowth defective 50
8sp081 Germination 20 Outgrowth defective 5
gsplV Germination 20 Outgrowth defective 50
gtaA 310 Glucosylation of teichoic acid, lacks 118, 216
uridine-diphosphate-glucose-
poly(glycerolphosphate)a-glucosyl-
transferase
gtaB 310 Glucosylation of teichoic acid 216
gtaC 75 Glucosylation of teichoic acid, lacks 216
phosphoglucomutase
guaA Guanine 0 Inosine-monophosphate dehydrogen- 195, C
ase
guaB Guanine 50 Guanine requirement A C
gutA Glucitol NM D-Glucitol permease 29
gutB Glucitol NM p-Glucitol dehydrogenase 29
gutR Glucitol NM Constitutive synthesis of D-glucitol 29
permease and D-glucitol dehydro-
genase
hag Flagella 315 Flagellar antigen, maps in the 60, 129
flaA,B,C, region
hds 5 Pleiotropic extragenic suppressors of 177
DNA mutations
hemA Heme biosynthesis 245 8-Aminolevulinate synthase 105
hemB Heme biosynthesis 245 Porphobilinogen synthase 17
hemC Heme biosynthesis 245 Porphobilinogen deaminase 17
hemD Heme biosynthesis 245 Uroporphyrinogen III cosynthase 136
hemE Heme biosynthesis 90 Uroporphyrinogen decarboxylase 135
hemF Heme biosynthesis 90 Coproporphyrinogen oxidase 135
hemG Heme biosynthesis 90 Ferrochelatase 135
hisA Histidine 305 Histidine requirement, probable loca- 21, 42, 45, 142
tion of all histidine enzymes except
hisH
hisH Histidine 205 Histidinol-phosphate aminotrans- 145
ferase, tyrosine and phenylalanine
aminotransferases
hom Homoserine 290 Threonine and methionine require- F
ment, deletion lacking homoserine
dehydrogenase
hpr Protease 90 Overproduction of proteases 73
hsrM Restriction 45 Host restriction, modification (Mar- 173
burg strain); probably identical to
nonB
hts Hydrogen sulfide Excrétion of hydrogen sulfide, see 97
cysA
hut Histidine utilization 345 Histidine degradation 31, G
ifm Flagella ucC Increased flagella and motility, maps 60
near flaA,B,C cluster
ilvA Isoleucine-valine 200 Threonine dehydratase 14, 76
ilvB Isoleucine-valine 250 Condensing enzyme 14, 202
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ilC Isoleucine-valine 250 a-Hydroxy-B-ketoacid reductoisomer- 14, 202
ase

ilvD Isoleucine-valine 200 Dihydroxyacid dehydratase 14

inh Inhibition by histidine Inhibition by histidine; probably 143, 146
within ¢yrA locus, see tyrA

kan Kanamycin 10 Kanamycin resistance, maps in the ri- 58
bosomal protein cluster

kauA Keto acid uptake 185 Branched-chain a-keto acid transport 57

kir Kiromycin Probable mutation in the structural 181
gene for elongation factor Tu, see
tuf

ksgA Kasugamycin 5 High-level kasugamycin resistance 193, 195

ksgB Kasugamycin 280 Low-level kasugamycin resistance 193

ksgC Kasugamycin UcC Fumarate hydratase defective, kasu- A
gamycin resistance

leuA Leucine 250 a-Isopropylmalate synthase 14, 42, 202, 203

leuB Leucine 250 Isopropylmalate isomerase 202

leuC Leucine 250 B-Isopropylmalate dehydrogenase 14, 202, 203

lin Lincomycin 25 Lincomycin resistance 59, 67

Ipm Lipiarmycin Lipiarmycin resistance; RNA polym- 184
erase, see rpoC

lys Lysine 210 Lysine requirement, diaminopimelate 89, 101
decarboxylase

lysS Lysine 5 Lysyl-transfer-RNA synthetase 165

Iyt Lytic NM Autolytic enzymes 46

mdh Malate dehydrogenase, see citH 53

metA Methionine 115 Responds to methionine, cystathio- 188
nine, or homocysteine

metB Methionine 200 Responds to methionine or homocys- 7
teine

metC Methionine 115 Responds to methionine 42

metD Methionine 95 Responds to methionine 216

mic Micrococcin Resistance to micrococcin, see rplC 183

mit Mitomycin ucC Resistance to mitomycin C, maps near 95
mlvV

mtlB Mannitol 35 Mannitol-1-phosphate dehydrogenase 118

mtr 5-Methyltryptophan 210 Resistance to 5-methyltryptophan, 82, 85
derepression of the tryptophan bio-
synthetic pathway

nalA Nalidixic acid 355 Resistance to nalidixic acid 66, 195

narA Nitrate 320 Inability to use nitrate as a nitrogen 118, 221
source

narB Nitrate 30 Inability to use nitrate as a nitrogen 118, 221

_ source

nea Neamine Neamine resistance, see ribosomal 59
protein cluster

neo Neomycin Neomycin resistance, see ribosomal 59, 67
protein cluster

nic Nicotinic acid 245 Nicotinic acid requirement 75, 101

nonA Nonpermissive ucC Permissive for bacteriophages SP10 174
and ¢NR2, closely linked to rfm

nonB Nonpermissive 45 Permissive for bacteriophages SP10 174
and ¢NR2

novA Novobiocin 0 Resistance to novobiocin 67, 195

nprE Neutral protease 125 Structural gene for neutral protease 197

nprR Neutral protease 125 Regulatory gene for neutral protease 197

ole Oleandomycin Oleandomycin resistance, see ribo- 59, 67
somal protein cluster

pab p-Aminobenzoic acid 10 p-Aminobenzoic acid requirement, 96

subunit A of p-aminobenzoate syn-
thase




VoL. 44, 1980 B. SUBTILIS CHROMOSOME 69
TABLE 1—Continued
sg(;"::ll:)l Mnemonic Map position® Phenotype, e:lz\irn; i t::it::ilcency » or other References®

pac Pactamycin 5 Resistance to pactamycin 67, 195

pap Hyperproduction of proteases and 189, 212
amylase, see sac@

prk NM Phosphofructokinase 55

phal 50 Resistance to phage SPO1 118

pheA Phenylalanine 245 Phenylalanine requirement, prephe- 14
nate dehydratase

phoP Phosphatase 260 Regulation of alkaline phosphatase 113, 210
and alkaline phosphodiesterase

phoR Phosphatase 260 Regulation of alkaline phosphatase 112, 113, 137

phoS Phosphatase 110 Constitutive alkaline phosphatase 162

pig Pigment 50 Sporulation-associated pigment 171

polA Polymerase 260 DNA polymerase A 53, 110

polC Polymerase 145 DNA polymerase III, azopyrimidine 9, 36, 126, 169
resistance

ptm 105 Pyrithymine resistance H

pts 120 Phosphoenolpyruvate phosphotrans- 54, 148
ferase

purA Purine 355 Adenine requirement 155

purB Purine 55 Adenine, guanine, or hypoxanthine re- 124, 155
quirement

purC Purine 55 Adenine or hypoxanthine requirement 124

purD Purine 55 Adenine or hypoxanthine requirement 124

purE Purine 55 Adenine requirement 124

DycA 145 Pyruvate carboxylase 25, 77

pyrA Pyrimidine 135 Carbamyl phosphate synthetase 164

pyrB Pyrimidine 135 Aspartate carbamoyl transferase 164

pyrC Pyrimidine 135 Dihydroorotase 164

pyrD Pyrimidine 135 Dihydroorotate dehydrogenase 164

pyrE Pyrimidine 135 Orotate phosphoribosyltransferase, 164, 1
also called pyrX

pyrF Pyrimidine 135 Orotidine-5-phosphate decarboxylase 164

pyrG Pyrimidine NM Cytidine-5'-triphosphate synthetase 168

recA Recombination 145 Genetic recombination and radiation 75, 133
resistance

recB Recombination 245 Genetic recombination and radiation 75, 133
resistance

recC Recombination Genetic recombination; indirect effect 41, 52, 133
of bacteriophage SPO2 lysogeny,
see attSPO2

recD Recombination 5 Genetic recombination and radiation 64, 133, 195
resistance

reckE Recombination 150 Genetic recombination and radiation 41, 132, 133
resistance, adenosine triphosphate-
dependent nuclease

recF Recombination 355 Genetic recombination and radiation 64, 133, 195
resistance

recG Recombination 205 Genetic recombination and radiation 62, 132, 138
resistance

recH Recombination 70 Genetic recombination and radiation 133, 144
resistance, adenosine triphosphate-
dependent nuclease

recl Recombination 70 Genetic recombination and radiation 133, 144
resistance

recL Recombination ucC Genetic recombination and radiation 41, 132, 133
resistance, linked to cysA

recM Recombination 5 Genetic recombination and radiation 41, 132,133
resistance

recN Recombination 150 Genetic recombination and radiation 132, 133, A

resistance
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relA NM Relaxed RNA synthesis 190
rfm Rifampin Rifampin resistance; RNA polymer- 61, 185
ase, see rpoB
rib Riboflavin 210 Riboflavin requirement 102
rna53 RNA synthesis 315 Temperature-sensitive RNA 170
synthesis
rodB 130 Cell wall defective 99
rodC 320 Cell wall defective 99
rplA Ribosomal protein, 10 Ribosomal protein BL1, chloram- 152, 153
large phenicol resistance II
lC Ribosomal protein, 10 Ribosomal protein BL3, probable mi- 153, 183
large crococcin resistance
rplK Ribosomal protein, 10 Ribosomal protein BL11, thiostrepton 153, 157, 206
large resistance
rplL Ribosomal protein, 10 Ribosomal protein B12, chloramphen- 152, 153
large icol resistance VI
rplO Ribosomal protein, 10 Ribosomal protein BL15, chloram- 152, 153
large phenicol resistance III
plV Ribosomal protein, 10 Ribosomal protein BL22, erythromy- 153, 191
large cin resistance
rpoB RNA polymerase 10 B subunit of RNA polymerase, rif- 61, 185
ampin resistance
rpoC RNA polymerase 10 B’ subunit of RNA polymerase, strep- 62, 185
tolydigin resistance
rpsE Ribosomal protein, 10 Ribosomal protein S5, spectinomycin 67, 94, 153
small resistance
rpsL Ribosomal protein, 10 Ribosomal protein S12, streptinomy- 59, 153
small cin resistance
rpsT Ribosomal protein, 10 Ribosomal protein S20 151, 153
small
Ribosomal Cluster of ribosomal proteins, includ- 153
protein ing S3, S5, S8, S12, S17, S19, S20,
cluster BL1, BL2, BL4, BL5, BL6, BLS,
BL12, BL14, BL15, BL16, BL17,
BL22, BL23, and BL25.
rRNA 15 Probable site of 5 to 7 rRNA gene 150, 180, J
cluster clusters and many transfer RNA
genes
sacA Sucrose 335 B-Fructofuranosidase 116, 117
sacB Sucrose 305 Levansucrase 117
sacL Sucrose 240 Levanase 109
sacP Sucrose 335 Sucrose transport 116
sacQ Sucrose 285 Hyperproduction of levansucrase and 108, 117, 175
proteases
sacR Sucrose 305 Constitutive S-fructofuranosidase pro- 117
duction
sacS Sucrose 335 Constitutive B-fructofuranosidase pro- 117
duction
sacT Sucrose 335 Constitutive B-fructofuranosidase pro- 117
duction
sacU Sucrose 310 Regulatory gene for levansucrase 108, 117, 119,
189
sapA 110 Alkaline phosphatase 162
sapB 55 Alkaline phosphatase 162
scoA 110 Sporulation control 138
scoB 130 Sporulation control 138
scoC 90 Sporulation control 138
scoD 130 Sporulation control 138
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sg’;ﬁl Mnemonic Map position® Phenotype, emzt:;f::il:ncy » or other References®
ser Serine 210 Requirement for serine 82
smo Smooth 305 Smooth/rough colony morphology 60
spcA Spectinomycin Spectinomycin resistance, see rpsE 26, 67, 94
spcB Spectinomycin 140 Spectinomycin resistance 67, 126
speD Spectinomycin ucC Spectinomycin dependence, maps be- 70
tween cysA and purA -
spg Sporangiomycin Sporangiomycin resistance, 50S ribo- 16
some alteration, see ribosomal pro-
tein cluster
spoCM Sporulation 355 Stage 0 sporulation, possibly identical 24
to spo0J
spoL1 Sporulation 230 “Decadent” sporulation 13
spo0A Sporulation 215 Stage 0 sporulation 160
spoOB Sporulation 245 Stage 0 sporulation 160
spoOE Sporulation 120 Stage 0 sporulation 160
spoOF Sporulation 325 Stage 0 sporulation 160
spo0G Sporulation 220 Stage 0 sporulation 160
spoOH Sporulation 10 Stage 0 sporulation 160
spo0J Sporulation 355 Stage 0 sporulation 160
spoOK Sporulation 105 Stage 0 sporulation 160
spoOL Sporulation 105 Stage 0 sporulation A
spolIA Sporulation 210 Stage II sporulation 160
spolIB Sporulation 245 Stage II sporulation 160
spollC Sporulation 300 Stage II sporulation 160
spolID Sporulation 320 Stage II sporulation 160
spollE Sporulation 10 Stage II sporulation 160
spolIF Sporulation 120 Stage II sporulation 160
spolIG Sporulation 130 Stage II sporulation 160
spollIA Sporulation 215 Stage III sporulation 160
spollIB Sporulation 215 Stage III sporulation 160
spollIC Sporulation 235 Stage III sporulation 160
spollID Sporulation 295 Stage III sporulation 160
spollIE Sporulation 140 Stage III sporulation 160
spolVA Sporulation 210 Stage IV sporulation 160
spolVB Sporulation 215 Stage IV sporulation 160
spolVC Sporulation 235 Stage IV sporulation 160
spolVD Sporulation 235 Stage IV sporulation 160
spolVE Sporulation 240 Stage IV sporulation 160
spolVF Sporulation 245 Stage IV sporulation 160
spolVG Sporulation 95 Stage IV sporulation 160
spoVA Sporulation 210 Stage V sporulation 160
spoVB Sporulation 245 Stage V sporulation 160
spoVC Sporulation 10 Stage V sporulation 160
spoVD Sporulation 125 Stage V sporulation 160
spoVE Sporulation 130 Stage V sporulation 160
spoVF Sporulation NM Stage V sporulation 160
sprA NM Derepression of homoserine kinase, 199

homoserine dehydrogenase, and the
minor threonine dehydratase (tdm)
sprB 290 Partial suppression of isoleucine re- 200
quirement allows threonine dehy-
dratase sprA mutants to grow in
minimal medium, maps near tdm
locus, see tdm

sspl Ultraviolet repair NM Endonuclease excising spore photo- 141
products

std Streptolydigin Streptolydigin resistance; RNA po- 62, 185
lymerase, see rpoC

strA Streptomycin Streptomycin resistance, see rpsL 59

strB Streptomycin 130 Streptomycin resistance 187

strC Streptomycin 220 Streptomycin resistance 187

sul Sulfonilamide 10 Sulfonilamide resistance 90, 96
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sup3 Suppressor 30 Suppressor transfer RNA 71

tag NM Cell wall synthesis 23

tdm 290 Minor threonine dehydratase 200

thiA Thiamine 70 Thiamine requirement 101

thiB Thiamine 100 Thiamine requirement 77

thrA * Threonine 290 Threonine requirement, homoserine 42, 197, 199
kinase

thyA Thymidine 160 Thymidylate synthetase A 7, 147, 208

thyB Thymidine 200 Thymidylate synthetase B 7, 147, 208

til Tilerone 230 Tilerone resistance A

tmp Trimethoprim 200 Trimethoprim resistance 201

tmr7 Tunicamycin 25 Tunicamycin resistance, hyperproduc- 149
tivity of extracellular a-amylase

tmr8 Tunicamycin 25 Tunicamycin resistance 149

tms12 130 Temperature-sensitive cell division 35, A

tms26 5 Temperature-sensitive cell division 35, 194

tolA Tolerance Tolerance to bacteriophages, see abrB 92, 93

tolB Tolerance NM Tolerance to bacteriophages 92, 93

tre Trehalose 60 Trehalose 118

trpA Tryptophan 205 Tryptophan synthase « 6, 84, 205

trpB Tryptophan 205 Tryptophan synthase g 6, 84, 205

troC Tryptophan 205 Indole-3-glycerol-phosphate synthase 6, 84, 205

trpD Tryptophan 205 Anthranilate phosphoribosyltransfer- 6, 84, 205
ase

trpE Tryptophan 205 Anthranilate synthase 6, 84, 205

trpF Tryptophan 205 N-(5’-Phosphoribosyl)-anthranilate 84, 205
isomerase

trpS Tryptophan 100 Tryptophanyl-transfer-RNA synthase 188

trpX Tryptophan 10 Glutamine-binding protein common to 96
anthranilate synthase and p-amino-
benzoate synthase

tst 50 Temperature-sensitive induction of 178
bacteriophage PBS-X

tsp Thiostrepton Thiostrepton resistance, 50S subunit, 157
maps in ribosomal protein cluster

ts39 230 Temperature-sensitive synthesis of 121
phosphatidylethanolamine

tuf Tu factor 10 Elongation factor Tu 43, 181

tyrA Tyrosine 205 Tyrosine requirement, prephenate de- 143, 146
hydrogenase

urg NM N-Glycosidase 128

urs 100 Uracil sensitivity, arginine-specific I
carbamyl-phosphate synthase

uuvrA Ultraviolet repair 310 Excision of ultraviolet-light-induced 75, 118, 141
pyrimidine dimers in DNA

uvrB Ultraviolet repair 250 Excision of ultraviolet-light-induced 141
pyrimidine dimers in DNA

vas Valine sensitivity; maps within threo- 114
nine dehydratase locus, see ilvA

xtl 115 Induced PBS-X bacteriophage lack 51

tails

@ Abbreviations: UC, map position not fully defined; NM, not mapped.
b References include unpublished data from: (A) J. Hoch, (B) W. Steinberg, (C) E. Freese, (D) S. Baumberg,
(E) S. Zahler, (F) C. Anagnostopoulos, (G) S. Fisher, (H) A. Galizzi, (I) R. Switzer, and (J) W. Steinberg and D.

Henner.

markers in this region. This area, extending from
approximately 355 to 15° of the chromosome, is

shown in Fig. 7.

A large portion of the origin region encodes
for functions involved in protein synthesis.

There is a ribosomal protein cluster in the area
of cysA-attSPO2 whose endpoints are not well

defined. At least 21 ribosomal proteins have

been mapped to this area by a variety of tech-
niques (153). Individual proteins which are al-
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tered in certain antibiotic-resistant mutants
have been mapped by their antibiotic-resistant
phenotype, including: BL11, thiostrepton resist-
ance (153, 157, 206); S12, streptomycin resistance
(59, 153); BL22, erythromycin resistance (153,
191); S5, spectinomycin resistance (67, 94, 153);
BL1, chloramphenicol resistance II; BL12, chlor-
amphenicol resistance VII; and BL15, chloram-
phenicol resistance III (152, 153). By using elec-
trophoretic and chromatographic differences be-
tween ribosomal proteins from different Bacil-
lus strains and species, Osawa and colleagues
have shown that the genes for ribosomal pro-
teins S3, S5, S8, S12, S17, S19, S20, BL4, BL5,
BL6, BLS, BL14, BL16, BL17, BL22, BL23, and
BL25 are located in this region (151, 153). Re-
cently the ribosomal proteins of the 30S subunit
in Bacillus have been numbered to correspond
to their counterparts in E. coli, and they are
now numbered S1, S2, etc. (153). The corre-
spondence of the proteins of the 50S subunit is
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not established, and the proteins have been des-
ignated BL1, BL2, etc. For the genetic designa-
tion of these loci, we have followed the conven-
tion established in E. coli and designated 30S
ribosomal protein loci as rps, followed by a letter
corresponding to the number designation of the
protein, and 50S ribosomal protein loci as rpl or
rpm (for proteins 27 and ahove), with the same
lettering designation. Also mapping in this clus-
ter are genes for the two elongation factors G
and Tu. These two loci have both been defined
directly by temperature-sensitive mutations and
by antibiotic resistance mutations (4, 43, 107,
181). The B and B’ subunits of ribonucleic acid
(RNA) polymerase (RNA nucleotidyltransfer-
ase), defined by resistance to rifampin and strep-
tolydigin, respectively, have also been shown to
map in this gene cluster (61, 62, 185).

The abrB locus is a pleiotropic partial sup-
pressor of many spoO mutations, and mutations
at this site show electrophoretic alterations in
core ribosomal proteins (196). It is not yet clear
how mutations in the abrB locus cause these
electrophoretic alterations, but the cause could
possibly be a modifying or processing enzyme of
some sort. The ksgA locus, although originally
mapped to the right of ¢cysA, has been recently
mapped in this laboratory near the pac locus
(193; J. A. Hoch, unpublished data). In E. coli
there are three kasugamycin resistance loci,
ksyA, ksgB, and ksgC, whose resistances are
attributed to undermethylation of 16S ribosomal
RNA (rRNA), alteration of permeability, and
alteration of ribosomal protein S2, respectively
(69, 186, 215). Although the exact mechanism of
kasugamycin resistance is not known in B. sub-
tilis, it is likely that this ksgA locus is a ribo-
somal alteration of some kind. The pactamycin
resistance locus in this area also has not been
well defined, but the mechanism of pactamycin
action seems to result in inhibition of formation
of the initiation complex of protein synthesis
(34). These three loci seem to define a group of
genes that have ribosome-associated functions.

The rRNA and transfer RNA genes were lo-
calized by density transfer techniques to the
early region of the chromosome (150, 180). Chow
and Davidson showed by electron microscopic
analysis that the SPO2 attachment site is 6,000
base pairs from an rRNA gene cluster which is
separated from a second cluster by about 600
base pairs (33). Their data strongly suggest that
these two rRNA gene clusters are linked to three
to five more rRNA gene clusters. This evidence
indicates that there are five to seven rRNA gene
clusters distal or proximal to the attSPO2 site.
Restriction analysis of chromosomal DNA
shows a tight linkage of many of the transfer
RNA genes with rRNA genes (W. Steinberg and



74 HENNER AND HOCH

D. Henner, unpublished data). Thus, it is prob-
able that many of the transfer RNA genes are
also localized in this ribosomal gene cluster.

COMPARISON OF FEATURES OF
THE B. SUBTILIS AND ESCHERICHIA
COLI GENETIC MAPS

A quick glance at either the B. subtilis or the
E. coli genetic map shows a greatly varying gene
density in different areas of the chromosome
(10). Both chromosomes show clusters that are
tightly packed with known loci and silent regions
containing no known locus at all. It is possible
that this arrangement of loci in some way re-
flects a functional organization of chromosome
structure. It has been suggested that clustered
organization in E. coli is related to the folded
structure of the condensed bacterial nucleoid
(10). The silent regions could play a structural
role in chromosome organization and might not
be available for coding capacity or might not be
accessible to the RNA- and protein-synthesizing
machinery. It is interesting to note that the
largest silent regions in both E. coli and B.
subtilis are near the termini of replication. The
presence of these silent regions in both species
increases the likelihood that they play an inte-
gral role in chromosome organization. With the
recent strides in cloning technology, these areas
should soon be available for studies to determine
whether they are noncoding regions and what
their role may be.

An informative way to look at the distribution
of genes is a plot of the number of genes per unit
of map length. Figure 8 shows such a plot for
the B. subtilis map. Again, one notes that the
majority of genes are arranged in a few large
clusters. It was noted for E. coli that many of
the genes for balanced macromolecular synthe-
sis, such as those for rRNA, transfer RNA, RNA
and DNA polymerases, ribosomal proteins, oxi-
dative phosphorylation proteins, etc., are dispro-
portionately located in these very dense clusters
(10). A similar situation seems to hold true in B.
subtilis. The major clusters contain the genes
for ribosomal proteins, amino acid pathway en-
zymes, structural components, and RNA- and
DNA-polymerizing functions, whereas the spar-
ser regions seem to have many loci of a rather
less essential nature, such as sugar utilization
enzymes. The relative paucity of markers on the
B. subtilis map compared with that of E. coli
makes the conclusions more tentative, but it
seems that in both species the more essential
genes are located in the denser clusters.

In B. subtilis a large number of developmental
loci have been mapped. It has been proposed
that one method of control of the developmental
process could be an alteration of the structure of
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F16. 8. Gene density map of the B. subtilis chro-
mosome. The number of genes in each 5° interval of
the B. subtilis map is plotted versus the map location.
Symbols: B, all loci; O, developmental loci.

the chromosome, making the developmental
genes accessible to the biosynthetic machinery
(74). An examination of the distribution of the
developmental genes shows that whereas they
are clustered to a certain extent, they seem to
be clustered within the major vegetative gene
clusters (Fig. 8). Thus, their distribution makes
the model of alteration of the chromosomal
structure seem less likely as a control mecha-
nism.

So far, the comparisons of the E. coli and B.
subtilis maps have shown correspondence of
some general features, i.e., a few dense gene
clusters involved in important biosynthetic
events, the presence of silent regions around the
genome, and a very large silent region near the
terminus of replication. There are general fea-
tures in which the chromosomes of the two
species differ. E. coli has its four major gene
clusters distributed symmetrically near the ori-
gin of replication, and the hypothesis has been
presented that the increased gene dosage of
genes located near the origin might play a role
in this arrangement (10). In contrast, in B. sub-
tilis the major gene clusters seem to be spread
more evenly throughout the chromosome. It is
interesting to note that in both species the ma-
jority of the ribosomal protein genes and rRNA
sequences are located near the origin of replica-
tion. A second difference in the chromosomal
organization of the two species is a lack of sym-
metry in gene distribution in B. subtilis (Fig. 8).
A gene density plot in E. coli shows a certain
degree of symmetry, which, it was speculated,
may define two halves of the genome that are
organized in a complementary manner, or may
be a relict of the evolutionary development of
the genome (10). In B. subtilis the distribution
of presently known loci fails to suggest an axis
of symmetry in the genome.

In summary, the B. subtilis and E. coli chro-
mosomes are similar in that active genes tend to
be clustered together, separated by silent re-
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gions. On the other hand, the distribution of
clusters on the two chromosomes differs greatly
between the species suggesting that cluster dis-
tribution is not related to chromosome replica-
tion and that any general inference to its signif-
icance cannot be drawn from studies in a single

species.
ACKNOWLEDGMENTS

This review was supported by Public Health Service
grants GM 19416 and GM 25891 from the National
Institute of General Medical Sciences.

We are grateful for unpublished data supplied by
our colleagues.

LITERATURE CITED

1. Adams, A. 1971. A class of poorly transformable
multisite mutations in Bacillus subtilis, p. 418-
428, In L. Ledoux (ed.), Informative molecules
in biological systems. Elsevier-North Holland,
Amsterdam.

2. Adams, A. 1972. Transformation and transduc-
tion of a large deletion mutation in Bacillus
subtilis. Mol. Gen. Genet. 118:311-322.

3. Adams, A., and M. Oishi. 1972. Genetic prop-
erties of arsenate sensitive mutants of Bacillus
subtilis 168. Mol. Gen. Genet. 118:295-310.

4. Aharonowitz, Y., and E. Z. Ron. 1972. A tem-
perature sensitive mutant in Bacillus subtilis
with an altered elongation factor. G. Mol. Gen.
Genet. 119:131-138.

5. Albertini, A. M., and A. Galizzi. 1975. Mutant
of Bacillus subtilis with a temperature-sensi-
tive lesion in ribonucleic acid synthesis during
germination. J. Bacteriol. 124:14-25.

6. Anagnostopoulos, C., and 1. P. Crawford.
1961. Transformation studies on the linkage of
markers in the tryptophan pathway in Bacillus
subtilis. Proc. Natl. Acad. Sci. U.S.A. 47:378-
390.

7. Anagnostopoulos, C., and A. M. Schneider-
Champagne. 1966. Déterminisme génétique
de I'exigence en thymine chez certains mutants
de Bacillus subtilis, C. R. Acad. Sci. Ser. D
262:1311-1314.

8. Andersen, J. J., and A. T. Ganesan. 1975.
Temperature-sensitive deoxyribonucleic acid
replication in a dnaC mutant of Bacillus sub-
tilis. J. Bacteriol. 121:173-183.

9. Attolini, C., G. Mazza, A. Fortunato, G. Ciar-
rochi, G. Mastromei, S. Riva, and A. Falas-
chi. 1976. On the identity of dnaP and dnaF
genes of Bacillus subtilis. Mol. Gen. Genet.
148:9-17.

10. Bachmann, B. J., K. B. Low, and A. L. Tay-
lor. 1976. Recalibrated linkage map of Esche-
richia coli K-12. Bacteriol. Rev. 40:116-167.

11. Bak, A. L., C. Christiansen, and A. Stende-
rup. 1970. Bacterial genome sizes determined
by DNA renaturation studies. J. Gen. Micro-
biol. 64:377-380.

12. Balassa, G., P. Milhaud, E. Raulet, M. T.
Silva, and J. C. F. Sousa. 1979. A Bacillus
subtilis mutant requiring dipicolinic acid for

13.

14.

15.

16.

17.

18.

19.

21.

22.

23.

25.

26.

27.

B. SUBTILIS CHROMOSOME 75

the development of heat-resistant spores. J.
Gen. Microbiol. 110:365-379.

Balassa, G., P. Milhaud, J. C. F. Souss nd
M. T. Silva. 1979. Decadent sporulation mu-
tants of Bacillus subtilis. J. Gen. Microbiol.
110:381-392.

Barat, M., C. Anagnostopoulos, and A.-M.
Schneider. 1965. Linkage relationships of
genes controlling isoleucine, valine and leucine
biosynthesis in Bacillus subtilis. J. Bacteriol.
90:357-369.

Bazill, G. W., and D. Karamata. 1972. Tem-
perature-sensitive mutants of Bacillus subtilis
defective in deoxyribonucleotide synthesis.
Mol. Gen. Genet. 117:19-29.

Bazzicalupo, M., B. Parisi, G. Pirali, M. Pol-
sinelli, and F. Sala. 1975. Genetic and bio-
chemical characterization of a ribosomal mu-
tant of Bacillus subtilis resistant to sporangio-
mycin. Antimicrob. Agents Chemother. 8:651-
656.

Berek, 1., A. Miczak, and G. Ivanovics. 1974,
Mapping of the §-aminolaevulinic acid dehy-
drase and porphobilinogen deaminase loci in
Bacillus subtilis. Mol. Gen. Genet. 132:233-
239.

Bettinger, G. E., and F. E. Young. 1973. Trans-
formation of Bacillus subtilis using gently
lysed L-forms: a new mapping technique. Bio-
chem. Biophys. Res. Commun. 55:1105-1111.

Bishop, P. E., aad L. R. Brown. 1973. Ethidium
bromide-resistant mutant of Bacillus subtilis.
J. Bacteriol. 115:1077-1083.

. Bishop, R. J., and N. Sueoka. 1972. 5-Bromo-

uracil-tolerant mutants of Bacillus subtilis. J.
Bacteriol. 112:870-876.

Borenstein, S., and E. Ephrati-Elizur. 1969.
Spontaneous release of DNA in sequential ge-
netic order by Bacillus subtilis. J. Mol. Biol.
45:137-152.

Bott, K. F., G. Reysset, J. Gregoire, D. Islert,
and J.-P. Aubert. 1977. Characterization of
glutamine requiring mutants of Bacillus sub-
tilis. Biochem. Biophys. Res. Commun. 79:
996-1003.

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

. Bramucci, M. G., K. M. Keggins, and P. S.

Lovett. 1977. Bacteriophage PMB12 conver-
sion of the sporulation defect in RNA polym-
erase mutants of Bacillus subtilis. J. Virol. 24:
194-200. )

Buxton, R. S. 1978. A heat-sensitive lysis mutant
of Bacillus subtilis 168 with a low activity of
pyruvate carboxylase. J. Gen. Microbiol. 105:
175-185.

Cannon, J. G., and K. Bott. 1979. Spectino-
mycin-resistant mutants of Bacillus subtilis
with altered sporulation properties. Mol. Gen.
Genet. 174:149-162.

Canosi, U, A. G. Siccardi, A. Falaschi, and
G. Mazza. 1976. Effect of deoxyribonucleic
acid replication inhibitors on bacterial recom-



76

28.

30.

31.

32.

33.

35.

36.

37.

39.

40.

41.

42.

HENNER AND HOCH

bination. J. Bacteriol. 126:108-121.

Carlton, B. C. 1966. Fine-structure mapping by
transformation in the tryptophan region of Ba-
cillus subtilis. J. Bacteriol. 91:1795-1803.

. Chalumeau, H., A. Delobbe, and P. Gay. 1978.

Biochemical and genetic study of p-glucitol
transport and catabolism in Bacillus subtilis.
J. Bacteriol. 134:920-928.

Champney, W. S., and R. A. Jensen. 1969. p-
Tyrosine as a metabolic inhibitor of Bacillus
subtilis. J. Bacteriol. 98:205-214.

Chasin, L. A., and B. Magasanik. 1968. Induc-
tion and repression of the histidine-degrading
enzymes of Bacillus subtilis. J. Biol. Chem.
243:5165-5178.

Chelala, C. A., and P. Margolin. 1974. Effects
of deletions on cotransduction linkage in Sal-
monella typhimurium: evidence that bacterial
chromosome deletions affect the formation of
transducing DNA fragments. Mol. Gen. Genet.
131:97-112.

Chow, L. T., and N. Davidson. 1973. Electron
microscope mapping of the distribution of ri-
bosomal genes of the Bacillus subtilis chro-
mosome. J. Mol. Biol. 75:265-279.

. Cohen, L. B,, A. F. Herner, and 1. H. Gold-

berg. 1969. Inhibition by pactamycin of the
initiation of protein synthesis. Binding of N-
acetylphenylalanyl transfer ribonucleic acid
and polyuridylic acid to ribosomes. Biochem-
istry 8:1312-1326.

Copeland, J. C., and J. Marmur. 1968. Identi-
fication of conserved genetic functions in Ba-
cillus by use of temperature-sensitive mutants.
Bacteriol. Rev. 32:302-312.

Cozzarelli, N. R., and R. L. Low. 1973. Muta-
tional alteration of Bacillus subtilis DNA po-
lymerase III to hydroxy-phenylazopyrimidine
resistance: polymerase III is necessary for
DNA replication. Biochem. Biophys. Res.
Commun. 51:151-159.

Dean, D. R., J. A. Hoch, and A. 1. Aronson.
1977. Alteration of the Bacillus subtilis gluta-
mine synthetase results in overproduction of
the enzyme. J. Bacteriol. 131:981-987.

. Doly, J., E. Sasarman, and C. Anagnosto-

poulos. 1974. ATP-dependent deoxyribonucle-
ase in Bacillus subtilis and a mutant deficient
in this activity. Mutat. Res. 22:15-23.

Dubnau, D., and C. Cirigliano. 1972. Fate of
transforming deoxyribonucleic acid after up-
take by competent Bacillus subtilis: size and
distribution of the integrated donor segments.
J. Bacteriol. 111:488-494.

Dubnau, D., and C. Cirigliano. 1972. Fate of
transforming DNA following uptake by com-
petent Bacillus subtilis. III. Formation and
properties of products isolated from trans-
formed cells which are derived entirely from
donor DNA. J. Mol. Biol. 64:9-29.

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

Dubnau, D., C. Goldwaithe, I. Smith, and J.

43.

4.

45.

46.

47.

48.

49.

51.

52.

53.

55.

57.

MicrogioL. REv.

Marmur. 1967. Genetic mapping in Bacillus
subtilis. J. Mol. Biol. 27:163-185.

Dubnau, E,, S. Pifko, A. Sloma, K. Cabane,
and L. Smith. 1976. Conditional mutations in
the translational apparatus of Bacillus subtilis.
Mol. Gen. Genet. 147:1-12.

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.

Ephrati-Elizur, E., P. R. Srinivasan, and S.
Zamenhof. 1961. Genetic analysis by means of
transformation of histidine linkage groups in
Bacillus subtilis. Proc. Natl. Acad. Sci. U.S.A.
47:56-63.

Fein, J. E., and H. J. Rogers. 1976. Autolytic
enzyme-deficient mutants of Bacillus subtilis
168. J. Bacteriol. 127:1427-1442.

Fisher, S. H., and A. L. Sonenshein. 1977.
Glutamine-requiring mutants of Bacillus sub-
tilis. Biochem. Biophys. Res. Commun. 79:
987-995.

Freese, E., S. W. Park, and M. Cashel. 1964,
The developmental significance of alanine de-
hydrogenase in Bacillus subtilis. Proc. Natl.
Acad. Sci. U.S.A. 51:1164-1172.

Freese, E. B,, R. M. Cole, W. Klofat, and E.
Freese. 1970. Growth, sporulation, and en-
zyme defects of glucosamine mutants of Bacil-
lus subtilis. J. Bacteriol. 101:1046-1062.

. Galizzi, A., A. G. Siccardi, A. M. Albertini, A.

R. Amileni, G. Meneguzzi, and M. Polsi-
nelli. 1975. Properties of Bacillus subtilis mu-
tants temperature sensitive in germination. J.
Bacteriol. 121:450-454.

Garro, A. J., H. Leffert, and J. Marmur. 1970.
Genetic mapping of a defective bacteriophage
on the chromosome of Bacillus subtilis 168. J.
Virol. 6:340-343.

Garro, A. J., C. Sprouse, and J. G. Wetmur.
1976. Association of the recombination-defi-
cient phenotype of Bacillus subtilis recC
strains with the presence of an SPO2 prophage.
J. Bacteriol. 126:556-558.

Gass, K. B,, and N. R. Cozzarelli. 1973. Further
genetic and enzymological characterization of
the three Bacillus subtilis deoxyribonucleic
acid polymerases. J. Biol. Chem. 248:7688-
7700.

. Gay, P., P. Cordier, M. Marquet, and A. De-

lobbe. 1973. Carbohydrate metabolism and
transport in Bacillus subtilis. A study of ctr
mutations. Mol. Gen. Genet. 121:355-368.

Gay, P., and A. Delobbe. 1977. Fructose trans-
port in Bacillus subtilis. Eur. J. Biochem. 79:
363-373. '

. Gillis, M., J. DeLey, and M. DeCleene. 1970.

The determination of molecular weight of bac-
terial genome DNA from renaturation rates.
Eur. J. Biochem. 12:143-153.

Goldstein, B. J., and S. A. Zahler. 1976. Up-
take of branched-chain a-keto acids in Bacillus
subtilis. J. Bacteriol. 127:667-670.

. Goldthwaite, C., and 1. Smith. 1972. Genetic

mapping of amino-glycoside and fusidic acid



VoL. 44,1980

59.

61.

62.

67.

69.

70.

71.

72.

73.

74.

resistant mutations in Bacillus subtilis. Mol.
Gen. Genet. 114:181-189.

Goldthwaite, E., D. Dubnau, and I. Smith.
1970. Genetic mapping of antibiotic resistance
markers in Bacillus subtilis. Proc. Natl. Acad.
Sci. U.S.A. 65:96-103.

. Grant, G. F., and M. L. Simon. 1969. Synthesis

of bacterial flagella. II. PBS1 transduction of
flagella-specific markers in Bacillus subtilis. J.
Bacteriol. 99:116-124.

Halling, S. M., K. C. Burtis, and R. H. Doi.
1977. Reconstitution studies show that rifam-
picin resistance is determined by the largest
polypeptide of Bacillus subtilis RNA polym-
erase. J. Biol. Chem. 252:9024-9031.

Halling, S. M., K. C. Burtis, and R. H. Doi.
1978. B’ subunit of bacterial RNA polymerase
is responsible for streptolydigin resistance in
Bacillus subtilis. Nature (London) 272:837-
839

. Hara; H., and H. Yoshikawa. 1973. Asymmet-

ric bidirectional replication of Bacillus subtilis
chromosome. Nature (London) New Biol. 244:
200-203.

. Harford, N. 1974. Genetic analysis of rec mu-

tants of Bacillus subtilis. Evidence for at least
six linkage groups. Mol. Gen. Genet. 129:269-
274.

. Harford, N. 1975. Bidirectional chromosome

replication in Bacillus subtilis 168. J. Bacte-
riol. 121:835-847.

. Harford, N., J. Lepesant-Kejzlarova, J.-A.

Lepesant, R. Hamers, and R. Dedonder.
1976. Genetic circularity and mapping of the
replication origin region of the Bacillus subtilis
chromosome, p. 28-34. In D. Schlessinger (ed.),
Microbiology—1976. American Society for Mi-
crobiology, Washington, D.C.

Harford, N., and N. Sueoka. 1970. Chromo-
somal location of antibiotic resistance markers
in Bacillus subtilis. J. Mol. Biol. 51:267-286.

. Harwood, C. R., and S. Baumberg. 1977. Ar-

ginine hydroxamate-resistant mutants of Ba-
cillus subtilis with altered control of arginine
metabolism. J. Gen. Microbiol. 100:177-188.

Helser, T. L., J. E. Davies, and J. E. Dahl-
berg. 1972. Mechanisms of kasugamycin re-
sistance in Escherichia coli. Nature (London)
New Biol. 235:6-9.

Henkin, T. M., K. M. Campbell, and G. H.
Chambliss. 1979. Spectinomycin dependence
in Bacillus subtilis. J. Bacteriol. 137:1452-
1455.

Henner, D., and W. Steinberg. 1979. Genetic
location of the Bacillus subtilis sup-3 suppres-
sor mutation. J. Bacteriol. 139:668-670.

Higerd, T. B. 1977. Isolation of acetyl esterase
mutants of Bacillus subtilis 168. J. Bacteriol.
129:973-977.

Higerd, T. B., J. A. Hoch, and J. Spizizen.
1972. Hyperprotease-producing mutants of Ba-
cillus subtilis. J. Bacteriol. 112:1026-1028.

Hoch, J. A. 1978. Developmental genetics at the
beginning of a new era, p. 119-121. In G. Cham-
bliss and J. C. Vary (ed.), Spores VII. American

75.

76.

77.

78.

79.

81.

82.

87.

89.

B. SUBTILIS CHROMOSOME 77
Society for Microbiology, Washington, D.C.
Hoch, J. A., and C. Anagnostopoulos. 1970.
Chromosomal location and properties of radia-
tion sensitivity mutations in Bacillus subtilis.

J. Bacteriol. 103:295-301.

Hoch, J. A., and H. J. Coukoulis. 1978. Ge-
netics of the a-ketoglutarate dehydrogenase
complex of Bacillus subtilis. J. Bacteriol. 133:
265-269.

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. American Society for Micro-
biology, Washington, D.C.

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

Hoch, J. A., and J. Spizizen. 1969. Genetic
control of some early events in sporulation of
Bacillus subtilis 168, p. 112-120. In L. L.
Campbell (ed.), Spores IV. American Society
for Microbiology, Bethesda, Md.

. Hoch, S. O. 1973. Tryptophan synthetase from

Bacillus subtilis. Purification and characteri-
zation of the 8; component. J. Biol. Chem. 248:
2992-2998.

Hoch, S. O. 1973. Tryptophan synthetase from
Bacillus subtilis. Purification and characteri-
zation of the a component. J. Biol. Chem. 248:
2999-3003.

Hoch, S. O. 1974. Mapping of the 5-methyltryp-
tophan resistance locus in Bacillus subtilis. J.
Bacteriol. 117:315-317.

. Hoch, S. O. 1979. Isolation and characterization

of two tryptophan biosynthetic enzymes, in-
doleglycerol phosphate synthase and phos-
phoribosyl anthranilate isomerase, from Bacil-
lus subtilis. J. Bacteriol. 139:362-368.

. Hoch, S. O., C. Anagnostopoulos, and I. P.

Crawford. 1969. Enzymes of the tryptophan
operon of Bacillus subtilis. Biochem. Biophys.
Res. Commun. 35:838-844.

. Hoch, 8. 0., C. W. Roth, L. P. Crawford, and

E. W. Nester. 1971. Control of tryptophan
biosynthesis by the methyltryptophan resist-
ance gene in Bacillus subtilis. J. Bacteriol.
105:38-45.

. Holmes, W. M,, and J. F. Kane. 1975. Anthra-

nilate synthase from Bacillus subtilis. The role
of a reduced subunit X in aggregate formation
and amido transferase activity. J. Biol. Chem.
250:4462-4469.

Hori, H. 1976. Molecular evolution of 5SRNA.
Mol. Gen. Genet. 145:119-123.

. Hunter, B. 1., H. Yamagishi, and 1. Takahasi.

1967. Molecular weight of bacteriophage PBS
1 deoxyribonucleic acid. J. Virol. 1:841-842.

Lijima, T., M. D. Diesterhaft, and E. Freese.
1977. Sodium effect of growth on aspartate and
genetic analysis of a Bacillus subtilis mutant
with high aspartase activity. J. Bacteriol. 129:
1440-1447.

. Inselburg, J. W., T. Eremenko-Volpe, L.

Greenwald, W. L. Meadow, and J. Mar-



78

91

92.

93.

95.

97.

98.

100.

101.

102.

103.

104.

105.

106.

HENNER AND HOCH

mur. 1969. Physical and genetic mapping of
the SPO2 prophage on the chromosome of
Bacillus subtilis 168. J. Virol. 3:627-628.

Ionesco, H., J. Michel, B. Cami, and P.
Schaeffer. 1970. Genetics of sporulation in
Bacillus subtilis Marburg. J. Appl. Bacteriol.
33:13-24.

Ito, J. 1973. Pleiotropic nature of bacteriophage
tolerant mutants obtained in early-blocked as-
porogenous mutants of Bacillus subtilis 168.
Mol. Gen. Genet. 124:97-106.

Ito, J., G. Mildner, and J. Spizizen. 1971. Early
blocked asporogenous mutants of Bacillus sub-
tilis 168. 1. Isolation and characterization of
mutants resistant to antibiotic(s) produced by
sporulating Bacillus subtilis 168. Mol Gen.
Genet. 112:104-109.

. Itoh, T. 1976. Amino acid replacement in the

protein S5 from a spectinomycin resistant mu-
tant of Bacillus subtilis. Mol. Gen. Genet. 144:
39-42.

Iyer, V. N. 1966. Mutations determining mito-
mycin resistance in Bacillus subtilis. J. Bac-
teriol. 92:1663-1669.

. Kane, J. F. 1977. Regulation of a common ami-

dotransferase subunit. J. Bacteriol. 132:419-
425,

Kane, J. F., R. L. Goode, and J. Wainscott.
1975. Multiple mutations in cysA 14 mutants of
Bacillus subtilis. J. Bacteriol. 121:204-211.

Karamata, D., and J. D. Gross. 1970. Isolation
and genetic analysis of temperature-sensitive
mutants of Bacillus subtilis defective in DNA
synthesis. Mol. Gen. Genet. 108:277-287.

. Karamata, D., M. McConnell, and H. J.

Rogers. 1972. Mapping of rod mutants of Ba-
cillus subtilis. J. Bacteriol. 111:73-79.

Kejzlarova-Lepesant, J., N. Harford, J.-A.
Lepesant, and R. Dedonder. 1975. Revised
genetic map for Bacillus subtilis 168, p. 592-
595. In P. Gerhardt, R. N. Costilow, and H. L.
Sadoff (ed.), Spores VI. American Society for
Microbiology, Washington, D.C.

Kelly, M. S. 1967. Physical and mapping prop-
erties of distant linkages between genetic
markers in transformation of Bacillus subtilis.
Mol. Gen. Genet. 99:333-349.

Kelly, M. S. 1967. The causes of instability of
linkage in transformation of Bacillus subtilis.
Mol. Gen. Genet. 99:350-361.

Kelly, M. S., and R. H. Pritchard. 1963. Selec-
tion for linked loci in Bacillus subtilis by
means of transformation. Heredity 17:598-603.

Kemper, J. 1974. Gene order and co-transduc-
tion in the leu-ara-fol-pyrA region of the Sal-
monella typhimurium linkage map. J. Bacte-
riol. 117:94-99.

Kiss, I, I. Berek, and G. Ivanovics. 1971.
Mapping the §-aminolaevulinic acid synthetase
locus in Bacillus subtilis. J. Gen. Microbiol.
66:153-159.

Klotz, L. C., and B. Zimm. 1972. Size of DNA
determined by viscoelastic measurements: re-
sults on bacteriophages, Bacillus subtilis, and
Escherichia coli. J. Mol. Biol. 72:779-800.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

MICROBIOL. REV.

Kobayashi, H., K. Kobayashi, and Y. Kobay-
ashi. 1977. Isolation and characterization of
fusidic acid-resistant, sporulation-defective
mutants of Bacillus subtilis. J. Bacteriol. 132:
262-269.

Kunst, F., M. Pascal, J. Lepesant-Kejzla-
rova, J.-A. Lepesant, A. Billault, and R.
Dedonder. 1974. Pleiotropic mutations affect-
ing sporulation conditions and the synthesis of
extracellular enzymes in Bacillus subtilis 168.
Biochimie 56:1481-1489.

Kunst, F., M. Steinmetz, J.-A. Lepesant, and
R. Dedonder. 1977. Presence of a third sucrose
hydrolyzing enzymes in Bacillus subtilis. Con-
stitutive levanase synthesis by mutants of Ba-
cillus subtilis Marburg 168. Biochimie 59:287-
292.

Laipis, P. J.,, and A. T. Ganesan. 1972. A
deoxyribonucleic acid polymerase I-deficient
mutant of Bacillus subtilis. J. Biol. Chem. 247:
5867-5871.

Lauer, G. D., and L. C. Klotz. 1976. Molecular
weight of bacteriophage PBS2 DNA. J. Virol.
18:1163-1164.

LeHegarat, J.-C., and C. Anagnostopoulos.
1969. Localisation chromosomique d’un géne
gouvernant la synthése d’une phosphatase al-
caline chez Bacillus subtilis. C.R. Acad. Sci.
269:2048-2050.

LeHegarat, J.-C., and C. Anagnostopoulos.
1973. Purification, subunit structure and prop-
erties of two repressible phosphohydrolases of
Bacillus subtilis. Eur. J. Biochem. 39:525-539.

Leibovici, J., and C. Anagnostopoulos. 1969.
Propriétés de la thréonine désaminase de la
souche sauvage et d’'un mutant sensible a la
valine de Bacillus subtilis. Bull. Soc. Chim.
Biol. 51:691-707.

Leighton, T. J., R. H. Doi, R. A. J. Warren,
and R. A. Kelln. 1973. The relationship of
serine protease activity to RNA polymerase
modification and sporulation in Bacillus sub-
tilis. J. Mol. Biol. 76:103-122.

Lepesant, J. A., A. Billault, J. Kejzlarova-
Lepesant, M. Pascal, F. Kunst, and R. De-
donder. 1974. Identification of the structural
gene for sucrase in Bacillus subtilis Marburg.
Biochimie 56:1465-1470.

Lepesant, J.-A., F. Kunst, J. Lepesant-
Kejzlarova, and R. Dedonder. 1972. Chro-
mosomal location of mutations affecting su-
crose metabolism in Bacillus subtilis Marburg.
Mol. Gen. Genet. 118:135-160.

Lepesant-Kejzlarova, J., J.-A. Lepesant, J.
Walle, A. Billault, and R. Dedonder. 1975.
Revision of the linkage map of Bacillus subtilis
168: indications for circularity of the chromo-
some. J. Bacteriol. 121:823-834.

Lepesant-Kejzlarova, J., J. Walle, A. Bil-
lault, F. Kunst, J.-A. Lepesant, and R. De-
donder. 1974. Etablissement de la carte
génétique de Bacillus subtilis: reéxamen de la
localisation du segment chromosomique com-
pris entre les marqueurs sacQ36 et gtaAl2.
C.R. Acad. Sci. 278:1911-1914.



VoL. 44,1980

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Lindgren, V. 1978. Mapping of a genetic locus
that affects glycerol 3-phosphate transport in
Bacillus subtilis. J. Bacteriol. 133:667-670.

Lindgren, V., E. Holmgren, and L. Rutberg.
1977. Bacillus subtilis mutant with tempera-
ture-sensitive net synthesis of phosphatidyl-
ethanolamine. J. Bacteriol. 132:473-484.

Lindgren, V., and L. Rutberg. 1974. Glycerol
metabolism in Bacillus subtilis: gene-enzyme
relationships. J. Bacteriol. 119:431-442.

Lindgren, V., and L. Rutberg. 1976. Genetic
control of the glp system in Bacillus subtilis.
J. Bacteriol. 127:1047-1057.

Lopez, M. E, F. A. Ferrari, A. G. Siccardi, G.
Mazza, and M. Polsinelli. 1976. New purine
markers in Bacillus subtilis. J. Bacteriol. 126:
533-535.

Lorence, J. H., and E. W. Nester. 1967. Mul-
tiple molecular forms of chorismate mutase in
Bacillus subtilis. Biochemistry 6:1541-1553.

Love, E., J. D’Ambrosio, N. C. Brown, and
D. Dubnau. 1976. Mapping of the gene speci-
fying DNA polymerase III of Bacillus subtilis.
Mol. Gen. Genet. 144:313-321.

Mahler, L., J. Neumann, and J. Marmur. 1963.
Studies of genetic units controlling arginine
biosynthesis in Bacillus subtilis. Biochim. Bio-
phys. Acta 72:69-79.

Makino, F., and N. Munakata. 1977. Isolation
and characterization of a Bacillus subtilis mu-
tant with a defective N-glycosidase activity for
uracil-containing deoxyribonucleic acid. J.
Bacteriol. 131:438-445.

Martinez, R. J., A. T. Ichiki, N. P. Lundh, and
S. R. Tronick. 1968. A single amino acid sub-
stitution responsible for altered flagellar mor-
phology. J. Mol. Biol. 34:559-564.

Matsumoto, K., T. Shibata, and H. Saito.
1974. Genetic mapping in Bacillus subtilis by
5-bromouracil sensitization to ultraviolet inac-
tivation of transforming activities. J. Bacteriol.
119:666-671.

Mattioli, R., M. Bazziculupo, G. Federici, E.
Gallori, and M. Polsinelli. 1979. Characteri-
zation of mutants of Bacillus subtilis resistant
to S-(2-aminoethyl) cysteine. J. Gen. Micro-
biol. 114:223-225.

Mazza, G., A. Fortunato, E. Ferrari, U. Can-
osi, A. Falaschi, and M. Polsinelli. 1975.
Genetic and enzymic studies on the recombi-
nation process in Bacillus subtilis. Mol. Gen.
Genet. 136:9-30.

Mazza, G., and A. Gallizi. 1978. The genetics of
DNA replication, repair and recombination in
Bacillus subtilis. Microbiologica 1:111-135.

Mendelson, N. H., and J. D. Gross. 1967. Char-
acterization of a temperature-sensitive mutant
of Bacillus subtilis defective in deoxyribonu-
cleic acid replication. J. Bacteriol. 94:1603-
1608.

Miczak, A., 1. Berek, and G. Ivanovics. 1976.
Mapping the uroporphyrinogen decarboxylase,
coproporphyrinogen oxidase and ferrochela-
tase loci in Bacillus subtilis. Mol. Gen. Genet.
146:85-87.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

79

Miczak, A., B. Pragai, and 1. Berek. 1979.
Mapping the uroporphyrinogen III cosynthase
locus in Bacillus subtilis. Mol. Gen. Genet.
174:293-295.

Miki, T., Z. Minimi, and Y. Ikeda. 1965. The
genetics of alkaline phosphatase formation in
Bacillus subtilis. Genetics 52:1093-1100.

Milhaud, P., G. Balassa, and J. Zucca. 1978.
Spore control (Sco) mutations in Bacillus sub-
tilis. 1. Selection and genetic mapping of Sco
mutations. Mol. Gen. Genet. 163:35-44.

Moir, A., E. Lafferty, and D. A. Smith. 1979.
Genetic analysis of spore germination mutants
of Bacillus subtilis 168: the correlation of phe-
notype with map location. J. Gen. Microbiol.
111:165-180.

Munakata, N. 1977. Mapping of the genes con-
trolling excision repair of pyrimidine photo-
products in Bacillus subtilis. Mol. Gen. Genet.
156:49-54.

Munakata, N., and Y. Ikeda. 1968. Mutant of
Bacillus subtilis producing ultraviolet-sensi-
tive spores. Biochem. Biophys. Res. Commun.
33:469-475.

Nasser, D., G. Henderson, and E. W. Nester.
1969. Regulated enzymes of aromatic amino
acid synthesis: control, isozymic nature, and
aggregation in Bacillus subtilis and Bacillus
licheniformis. J. Bacteriol. 98:44-50.

Nasser, D., and E. W. Nester. 1967. Aromatic
amino acid biosynthesis: gene-enzyme relation-
ships in Bacillus subtilis. J. Bacteriol. 94:
1706-1714.

Naumov, L. S,, G. V. Savchenko, and A. Pro-
zorov. 1974. Mapping of Bacillus subtilis
chromosomal region carrying the rec342 mu-
tation. Genetika 10:126-131.

Nester, E. W,, and A. L. Montoya. 1976. An
enzyme common to histidine and aromatic
amino acid biosynthesis in Bacillus subtilis. J.
Bacteriol. 126:699-705.

Nester, E. W., M. Schafer, and J. Lederberg.
1963. Gene linkage in DNA transfer: a cluster
of genes concerned with aromatic biosynthesis
in Bacillus subtilis. Genetics 48:529-551.

Neuhard, J., A. R. Price, L. Schack, and E.
Thomassen. 1978. Two thymidylate synthe-
tases in Bacillus subtilis. Proc. Natl. Acad. Sci.
U.S.A. 75:1194-1198.

Niaudet, B., P. Gay, and R. Dedonder. 1975.
Identification of the structural gene of the
PEP-phosphotransferase enzyme I in Bacillus
subtilis Marburg. Mol. Gen. Genet. 136:337-
349.

Nomura, S., K. Yamane, T. Sasaki, M. Ya-
masaki, G. Tamura, and B. Maruo. 1978.
Tunicamycin-resistant mutants and chromo-
somal locations of mutational sites in Bacillus
subtilis. J. Bacteriol. 136:818-821.

Oishi, M., A. Oishi, and N. Sueoka. 1966. Lo-
cation of genetic loci of soluble RNA on Bacil-
lus subtilis chromosome. Proc. Natl. Acad. Sci.
U.S.A. 55:1095-1103.

Osawa, S. 1976. Gene locus of a 30S ribosomal
protein S20 of Bacillus subtilis. Mol. Gen.

B. SUBTILIS CHROMOSOME



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

HENNER AND HOCH

Genet. 144:49-51.

Osawa, S., R. Takata, K. Tanaka, and M.
Tamaki. 1973. Chloramphenicol resistant mu-
tants of Bacillus subtilis. Mol. Gen. Genet.
127:163-173.

Osawa, S., and A. Tukui. 1978. Mapping by
interspecies transformation experiments of
several ribosomal protein genes near the rep-
lication origin of Bacillus subtilis chromo-
some. Mol. Gen. Genet. 164:113-129.

O’Sullivan, A., K. Howard, and N. Sueoka.
1975. Location of a unique replication terminus
and genetic evidence for partial bidirectional
replication in the Bacillus subtilis chromo-
some. J. Mol. Biol. 91:15-38.

O’Sullivan, A., and N. Sueoka. 1967. Sequen-
tial replication of the Bacillus subtilis chro-
mosome. IV. Genetic mapping by density
transfer experiment. J. Mol. Biol. 27:349-368.

Pai, C. H. 1975. Genetics of biotin biosynthesis
in Bacillus subtilis. J. Bacteriol. 121:1-8.

Pestka, S., D. Weiss, R. Vince, B. Wienen, G.
Stoffler, and I. Smith. 1976. Thiostrepton-
resistant mutants of Bacillus subtilis: locali-
zation of resistance to the 50S subunit. Mol.
Gen. Genet. 144:235-241.

Peterson, A. M., and L. Rutberg. 1969. Linked
transformation of bacterial and prophage
markers in Bacillus subtilis 168 lysogenic for
bacteriophage ¢105. J. Bacteriol. 98:874-877.

Piggot, P. J. 1975. Characterization of a cym
mutant of Bacillus subtilis. J. Gen. Microbiol.
89:371-374.

Piggot, P. J., and J. G. Coote. 1976. Genetic
aspects of bacterial endospore formation. Bac-
teriol. Rev. 40:908-962.

Piggot, P. J., and H. DeLencastre. 1978. A
rapid method of constructing multiply marked
strains of Bacillus subtilis. J. Gen. Microbiol.
106:191-194.

Piggot, P. J., and S. Y. Taylor. 1977. New
types of mutation affecting formation of alka-
line phosphatase by Bacillus subtilis in spor-
ulation conditions. J. Gen. Microbiol. 102:69-
80.

Polsinelli, M. 1965. Linkage relationship be-
tween genes for amino acid or nitrogenous base
biosynthesis and genes controlling resistance
to structurally correlated analogues. J. Gen.
Microbiol. 13:99-110.

Potvin, B. W., R. J. Kelleher, Jr., and H.
Gooder. 1975. Pyrimidine biosynthetic path-
way of Bacillus subtilis. J. Bacteriol. 123:604~
615.

Racine, F. M., and W. Steinberg. 1974. Genetic
location of two mutations affecting the lysyl-
transfer ribonucleic acid synthetase of Bacillus
subtilis. J. Bacteriol. 120:384-389.

Reeve, J. N,, N. H. Mendelson, S. I. Coyne, L.
L. Hallock, and R. M. Cole. 1973. Minicells
of Bacillus subtilis. J. Bacteriol. 114:860-873.

Rima, B. K., and 1. Takahashi. 1978. Deoxyri-
bonucleoside-requiring mutants of Bacillus
subtilis. J. Gen. Microbiol. 107:139-145.

Rima, B. K., and 1. Takahashi. 1978. Synthesis

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

MicroBioL. REv.

of thymidine nucleotides in Bacillus subtilis.
Can. J. Biochem. 56:158-160.

Riva, S., C. van Sluis, G. Mastromei, C. At-
tolini, G. Mazza, M. Polsinelli, and A. Fa-
laschi. 1975. A new mutant of Bacillus subtilis
altered in the initiation of chromosome repli-
cation. Mol. Gen. Genet. 137:185-202.

Riva, S., G. Villani, G. Mastromei, and G.
Mazza. 1976. Bacillus subtilis mutant temper-
ature sensitive in the synthesis of ribonucleic
acid. J. Bacteriol. 127:679-690.

Rogolsky, M. 1968. Genetic mapping of a locus
which regulates the production of pigment as-
sociated with spores of Bacillus subtilis. J.
Bacteriol. 95:2426-2427.

Rutberg, B., and J. A. Hoch. 1970. Citric acid
cycle: gene-enzyme relationships in Bacillus
subtilis. J. Bacteriol. 104:826-833.

Rutberg, L. 1969. Mapping of a temperate bac-
teriophage active on Bacillus subtilis. J. Virol.
3:38-44.

Saito, H., T. Shibata, and T. Ando. 1979. Map-
ping of genes determining nonpermissiveness
and host-specific restriction to bacteriophages
in Bacillus subtilis Marburg. Mol. Gen. Genet.
170:117-122.

Sekiguchi, J., N. Takada, and H. Okada. 1975.
Genes affecting the productivity of a-amylase
in Bacillus subtilis Marburg. J. Bacteriol. 121:
688-694.

Siccardi, A. G., F. A. Ferrari, G. Mazza, and
A. Galizzi. 1976. Identification of coreplicating
chromosomal sectors in Bacillus subtilis by
nitrosoguanidine-induced comutation. J. Bac-
teriol. 125:755-761.

Siccardi, A. G., S. Ottolenghi, A. Fortunato,
and G. Mazza. 1976. Pleiotropic, extragenic
suppression of dna mutations in Bacillus sub-
tilis. J. Bacteriol. 128:174-181.

Siegel, E. C., and J. Marmur. 1969. Tempera-
ture-sensitive induction of bacteriophage in
Bacillus subtilis 168. J. Virol. 4:610-618.

Smith, D. A., A. Moir, and R. Sammons. 1978.
Progress in genetics of spore germination in
Bacillus subtilis, p. 158-163. In G. Chambliss
and J. C. Vary (ed.), Spores VII. American
Society for Microbiology, Washington, D.C.

Smith, L., D. Dubnau, P. Morell, and J. Mar-
mur. 1968. Chromosomal location of DNA
base sequences complementary to transfer
RNA and 58S, 16S and 23S ribosomal RNA in
Bacillus subtilis. J. Mol. Biol. 33:123-140.

Smith, 1., and P. Paress. 1978. Genetic and
biochemical characterization of kirromycin re-
sistance mutations in Bacillus subtilis. J. Bac-
teriol. 135:1101-1117.

Smith, L., and H. Smith. 1973. Location of the
SPO2 attachment site and the bryamycin re-
sistance marker on the Bacillus subtilis chro-
mosome. J. Bacteriol. 114:1138-1142.

Smith, I, D. Weiss, and S. Pestka. 1976. A
micrococcin-resistant mutant of Bacillus sub-
tilis: localization of resistance to the 508 sub-
unit. Mol. Gen. Genet. 144:231-233.

Sonenshein, A. L., H. B. Alexander, D. M.



VoL. 44, 1980

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Rothstein, and S. H. Fisher. 1977. Lipiar-
mycin-resistant ribonucleic acid polymerase
mutants of Bacillus subtilis. J. Bacteriol. 132:
73-79.

Sonenshein, A. L., B. Cami, J. Brevet, and R.
Cote. 1974. Isolation and characterization of
rifampin-resistant and streptolydigin-resistant
mutants of Bacillus subtilis with altered spor-
ulation properties. J. Bacteriol. 120:253-265.

Sparling, P. F., Y. Ikeya, and D. Elliot. 1973.
Two genetic loci for resistance to kasugamycin
in Escherichia coli. J. Bacteriol. 113:704-710.

Staal, S. P., and J. A. Hoch. 1972. Conditional
dihydrostreptomycin resistance in Bacillus
subtilis. J. Bacteriol. 110:202-207.

Steinberg, W., and C. Anagnostopoulos.
1971. Biochemical and genetic characterization
of a temperature-sensitive tryptophanyl-trans-
fer ribonucleic acid synthetase mutant of Ba-
cillus subtilis. J. Bacteriol. 105:6-19.

Steinmetz, M., F. Kunst, and R. Dedonder.
1976. Mapping of mutations affecting synthesis
of exocellular enzymes in Bacillus subtilis.
Identity of sacU, amyB and pap mutations.
Mol. Gen. Genet. 148:281-285.

Swanton, M., and G. Edlin. 1972. Isolation and
characterization of an RNA relaxed mutant of
Bacillus subtilis. Biochem. Biophys. Res.
Commun. 46:583-588.

Tanaka, K., M. Tamaki, S. Osawa, A. Ki-
mura, and R. Takata. 1973. Erythromycin
resistant mutants of Bacillus subtilis. Mol.
Gen. Genet. 127:157-161.

Tipper, D. J., C. W. Johnson, C. L. Ginther,
T. Leighton, and H. G. Wittmann. 1977.
Erythromycin resistant mutations in Bacillus
subtilis cause temperature sensitive sporula-
tion. Mol. Gen. Genet. 150:147-159.

Tominaga, A., and Y. Kobayashi. 1978. Ka-
sugamycin-resistant mutants of Bacillus sub-
tilis. J. Bacteriol. 135:1149-1150.

Trautner, T. A., B. Pawlek, S. Bron, and C.
Anagnostopoulos. 1974. Restriction and
modification in Bacillus subtilis. Biological as-
pects. Mol. Gen. Genet. 131:181-191.

Trowsdale, J., S. M. H. Chen, and J. A. Hoch.
1979. Genetic analysis of a class of polymyxin
resistant partial revertants of stage O sporula-
tion mutants of Bacillus subtilis: map of the
chromosome region near the origin of replica-
tion. Mol. Gen. Genet. 173:61-70.

Trowsdale, J., M. Shiflett, and J. A. Hoch.
1978. New cluster of ribosomal genes in Bacil-
lus subtilis with regulatory role in sporulation.
Nature (London) 272:179-180.

Uehara, H., K. Yamane, and B. Maruo. 1979.
Thermosensitive, extracellular neutral pro-
teases in Bacillus subtilis: isolation, character-
ization, and genetics. J. Bacteriol. 139:583-590.

Van Alstyne, D., and M. 1. Simon. 1971. Divi-
sion mutants of Bacillus subtilis: isolation
and PBSI1 transduction of division-specific
markers. J. Bacteriol. 108:1366-1379.

Vapnek, D., and S. Greer. 1971. Suppression
by derepression in threonine dehydratase-de-

200.

201.

203.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

B. SUBTILIS CHROMOSOME 81
ficient mutants of Bacillus subtilis. J. Bacte-
riol. 106:615-625.

Vapnek, D., and S. Greer. 1971. Minor threo-
nine dehydratase encoded within the threonine
synthetic region of Bacillus subtilis. J. Bacte-
riol. 106:983-993.

Wainscott, V. J., and J. F. Kane. 1976. Dihy-
drofolate reductase in Bacillus subtilis, p. 208-
213. In D. Schlessinger (ed.), Microbiology—
1976. American Society for Microbiology,
Washington, D.C.

. Ward, J. B, Jr., and S. A. Zahler. 1973. Ge-

netic studies of leucine biosynthesis in Bacillus
subtilis. J. Bacteriol. 116:719-726.

Ward, J. B,, Jr., and S. A. Zahler. 1973. Reg-
ulation of leucine biosynthesis in Bacillus sub-
tilis. J. Bacteriol. 116:727-735.

. White, K., and N. Sueoka. 1973. Temperature-

sensitive DNA synthesis mutants of Bacillus
subtilis. Genetics 73:185-214.

Whitt, D. D., and B. C. Carlton. 1968. Charac-
terization of mutants with single and multiple
defects in the tryptophan biosynthetic path-
way in Bacillus subtilis. J. Bacteriol. 96:1273-
1280.

Wienen, B., R. Erlich, M. Stoffler-Meilicke,
G. Stoffler, I. Smith, D. Weiss, R. Vince,
and S. Pestka. 1979. Ribosomal protein alter-
ations in thiostrepton- and micrococcin-resist-
ant mutants of Bacillus subtilis. J. Biol. Chem.
254:8031-8041.

Williams, M. T., and F. E. Young. 1977. Tem-
perate Bacillus subtilis bacteriophage ¢3T:
chromosomal attachment site and comparison
with temperate bacteriophages ¢$105 and SPO2.
J. Virol. 21:522-529.

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

Wu, T. T. 1966. A model for three-point analysis
of random general transduction. Genetics 54:
405-410.

Yamane, K., and B. Maruo. 1978. Alkaline
phosphatase possessing alkaline phosphodies-
terase activity and other phosphodiesterases in
Bacillus subtilis. J. Bacteriol. 134:108-114.

Yeh, E. C., and W. Steinberg. 1978. The effect
of gene position, gene dosage and a regulatory
mutation on the temporal sequence of enzyme
synthesis accompanying outgrowth on Bacil-
lus subtilis spores. Mol. Gen. Genet. 158:287-
296.

Yoneda, Y., and B. Maruo. 1975. Mutation of
Bacillus subtilis causing hyperproduction of
a-amylase and protease, and its synergistic ef-
fect. J. Bacteriol. 124:48-54.

Yoshikawa, H., and H. Sueoka. 1963. Sequen-
tial replication of the Bacillus subtilis chro-
mosome. II. Isotopic transfer experiments.
Proc. Natl. Acad. Sci. U.S.A. 49:806-813.

Yoshikawa, H., and N. Sueoka. 1963. Sequen-
tial replication of Bacillus subtilis chromo-
some. I. Comparison of marker frequencies in
exponential and stationary growth phases.



82 HENNER AND HOCH

Proc. Natl. Acad. Sci. U.S.A. 49:559-566.

215. Yoshikawa, M., A. Okuyama, and N. Tan-
aka. 1975. A third kasugamycin resistance lo-
cus, ksgC, affecting ribosomal protein S2 in
Escherichia coli K-12. J. Bacteriol. 122:796-
797.

216. Young, F. E., C. Smith, and B. E. Reilly. 1969.
Chromosomal location of genes regulating re-
sistance to bacteriophage in Bacillus subtilis.
J. Bacteriol. 98:1087-1097.

217. Young, M. 1975. Genetic mapping of sporulation
operons in Bacillus subtilis using a thermosen-
sitive sporulation mutant. J. Bacteriol. 122:
1109-1116.

218. Yuki, S. 1968. On the gene controlling the rate
of amylase production in Bacillus subtilis. Bio-
chem. Biophys. Res. Commun. 31:182-187.

219. Yuki, S. 1975. The chromosomal location of the

MicroBioL. REv.

structure gene for amylase in Bacillus subtilis.
Jpn. J. Genet. 50:155-157.

220. Zahler, S. A. 1978. An adenine-thiamin auxo-
trophic mutant of Bacillus subtilis. J. Gen.
Microbiol. 107:199-201.

221. Zabhler, S. A., L. G. Benjamin, B. S. Glatz, P.
F. Winter, and B. J. Goldstein. 1976. Genetic
mapping of alsA, alsR, thyA, kauA, and citD
markers in Bacillus subtilis, p. 35-43. In D.
Schlessinger (ed.), Microbiology—1976. Amer-
ican Society for Microbiology, Washington,
D.C.

222. Zahler, S. A., R. Z. Korman, R. Rosenthal,
and H. E. Hemphill. 1977. Bacillus subtilis
bacteriophage SPgB: localization of the pro-
phage attachment site, and specialized trans-
duction. J. Bacteriol. 129:556-558.



