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Screening for frE-dependent promoters led to the isolation of a gene from BaciUus subtilis, designated spoVR,
which appears to be involved in spore cortex formation. Cultures of strains carrying mutations in spoVR had
an increased proportion of phase-dark spores, which correlated with an increased proportion of cortexless
spores seen by electron microscopy. The numbers of heat- and chloroform-resistant phase-bright spores
produced by these mutants were decreased by about 3- to 10-fold, and accumulation of dipicolinate was
decreased by more than 3-fold. The spoVR gene was located on the B. subtilis chromosome immediately
upstream from, and in the opposite orientation of, the phoAIV gene. Expression of spoVR was initiated at the
second hour of sporulation from a CrE-dependent promoter, and this expression did not require any of the other
known mother-cell-specific transcriptional regulators. The spoVR gene was predicted to encode a product of468
residues.

During endospore formation in Bacillus subtilis, the cell
undergoes a series of complex morphological alterations. After
an asymmetrical cell division that produces a small cell and a
large cell, three remarkable morphological changes occur
(reviewed in references 11, 12, and 26). In the first of these, the
larger cell (mother cell) engulfs the smaller cell. This process
produces a small protoplast (the forespore) surrounded by two
bilayer membranes which separate it from the cytoplasm of the
mother cell. The next most conspicuous structure to form is a
thick peptidoglycan layer that is deposited between the two
membranes of the forespore protoplast, forming the spore
cortex. In the final stages of differentiation, a complex coat
consisting of more than a dozen proteins is layered around the
outside of the forespore membranes.

Little is known about the enzymes and structural proteins
that produce these morphological changes during endospore
formation. Genetic studies have identified genes whose prod-
ucts may be directly involved in these morphogenetic pro-
cesses. For example, mutations in spoIID prevent the engulf-
ment step (16). It is not known whether the spoIID product is
directly involved; however, since its amino acid sequence is
similar to the sequence of the N-terminal portion of a modifier
of an N-acetylmuramoyl-L-alanine amidase (21), the spoIID
product may affect the hydrolysis of the spore septum pepti-
doglycan that precedes forespore engulfment. Several proteins
that may play direct roles in cortex formation have been
identified (e.g., the products of spoVB [27], spoVD [6], spoVE
[14, 33], and spoVM [22]), and several morphogenetic proteins,
the products of cotE, spoIVA, and spoVID, have recently been
shown to play a role in the assembly of the spore coat (9). The
exact role of each of these proteins is unknown, and it is likely
that these complex morphogenetic processes require a number
of proteins and enzymes that have not yet been identified.
Although all the genes encoding the morphogenetic func-

tions required for cortex and coat formation have not been
identified, it is likely that many of these (probably all for coat
synthesis) are expressed exclusively after the onset of sporula-
tion. Moreover, the expression of these genes may be con-
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trolled by aE, one of the four sporulation-induced sigma
factors that control gene expression during sporulation (re-
viewed in references 11 and 13), since crE is active during the
period of development in which the dramatic morphological
changes occur, and cE.-deficient mutants fail to complete the
engulfment step and fail to express components of the cortex
and spore coat. Furthermore, transcription of all the genes
listed above, which encode morphogenetic proteins, is directed
by crE. For these reasons, we have been isolating new genes
that are transcribed during sporulation by RNA polymerase
containing uE in order to identify genes that may control these
morphogenetic processes. In this report, we describe a new
gene, spoVR, that appears to affect spore cortex formation.

MATERIALS AND METHODS
Strains. All strains are listed with relevant markers in Table

1. EU8702 is a strain in which the chromosomal sigE gene has
been deleted and which carries plasmid pDG180 (2). EU101
has a single wild-type sigE allele under the control of the space
promoter (32). SP,B phages containing transcriptional fusions
of lacZ to cotB and gerE were provided by R. Losick, and those
containing fusions to sspE were provided by P. Setlow. A
transcriptional lacZ fusion to spoVF (within the spoVFA struc-
tural gene) was isolated during this work.

Plasmids. The DNA fragments within integrational plasmids
used for determining the functional boundaries of the spoVR
gene are depicted in Fig. 1. pTV17 is a plasmid that replicates
in B. subtilis and contains Tn917 (35). Plasmid pUSSV5 and the
other plasmids shown in Fig. 1 are derivatives of the integra-
tional plasmid pUS19, which has a spectinomycin resistance
determinant selectable in B. subtilis in single copy (9). To
obtain the 3' end of the spoVR gene and further downstream
DNA, pUSSV5 was used to transform strain 168 to spectino-
mycin resistance, and the chromosomal DNA was then cleaved
with HindIIl. The DNA was ligated and used to transform
Escherichia coli JM109 to ampicillin and spectinomycin resis-
tance, resulting in plasmid pUS5H. Plasmid pUS5sph was
obtained in the same way except that SphI was used instead of
HindIII. Plasmid p5BgK carries a 1.5-kb BamHI fragment
containing a kanamycin resistance gene from pDG102 (9)
cloned into the BglII site of pUSSV3 within the spoVR gene
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TABLE 1. Bacterial strains

Strain Relevant genotype Source or

B. subtilis
PY79 Spo+ Laboratory stock
JH642 Spo', trpC2 pheAl Laboratory stock
CU1050 leu8 metBS thrAS sup-3 pla-l SPOs Laboratory stock
EU8701 JH642 spoIIGBdel::erm 19
EU101 Pspac-sigE 32
EU8702 EU8701 (pDG180)
M01027 JH642 spoIVCB::erm Patrick Stragier
BK541 PY79 spoIIIDdel::erm 20

E. coli
JM101 del (lac-proAB) F' traD36 proAB 23

del (lacZ) M15 lacIq
JM109 del (lac proAB) hsdRJ7 recAI F' 23

traD36 proAB del (lacZ)M15
laclq

(Fig. 1). Plasmid p5Bclac contains the lac-cat cassette from
pSGMU38 (10) cloned into the BclI site of pUS5V3 in the
same orientation as orfl (Fig. 1).

Cloning'the spoVR promoter and structural gene. The
procedure for isolating and cloning the spoVR-lacZ fusion
present in SP,BE5 was similar to the method described previ-
ously (2), except that in the current screen the wild-type sigE
allele encoding pro-orE was placed under the control of the
inducible space promoter in strain EU101 (32). This procedure
included transducing strain EU101 to chloramphenicol resis-
tance with an SPP library (provided by P. Zuber) containing

random 1- to 5-kb chromosomal Sau3A fragments of the B.
subtilis chromosome cloned in front of the lacZ structural gene.
Transductants were selected on DSM agar containing 10 mM
X-Gal (5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside), 1
mM IPTG (isopropyl-,-D-thiogalactopyranoside), and 5 jig of
chloramphenicol per ml.

Sporulation, germination, and I8-galactosidase assays.
Sporulation was carried out by growth and exhaustion in DS
medium as described by Schaefer et al. (30). Resistance of
cultures and purified spores to heat, chloroform, and lysozyme
was tested as described in reference 24. Dipicolinate (DPA)
assays were also performed as described in reference 24.
Germination was assayed in 10 mM D-alanine-AGFK (30 mM
L-asparagine, 10 mM glucose, 10 mM fructose, 10 mM KCI)-
Difco PAB as previously described with Renografin-purified
spores (34). Spore germination was also assessed qualitatively
by the tetrazolium overlay method (24). 1-Galactosidase assays
were performed as previously described (8).

Primer extension of mRNA. RNA was prepared from cells
grown in L broth or DS medium as previously described (2).
The primer GTAATl'lCCTCAATTGCCCG, which anneals
to the noncoding strand of the spoVR gene at positions 869 to
888, was end labelled with [y-32P]ATP and annealed to 40 jig
of total RNA from B. subtilis cultures, and primer extensions
were carried out with avian myeloblastosis virus reverse tran-
scriptase as previously described (28).
DNA sequencing. Plasmid DNA was prepared from small-

scale cultures of both E. coli and B. subtilis cultures by the same
method as described in reference 3. Plasmid pTVE5 prepared
from small-scale B. subtilis PY222 (pTVE5) was used to
transform E. coli HB101 to ampicillin resistance, from which
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FIG. 1. Chromosomal region and integrational analysis of the spoVR region. The figure represents a map of the DNA sequenced in the spoVR
region. Just upstream of phoAIV is a potential transcriptional terminator (t). On the figure, the spoVR stop codon is located to the left of this
putative terminator, which could function to terminate transcripts originating from the convergent phoAIV and spoVR promoters. Just upstream
of spoVR is another open reading frame, orfl, which lies in the opposite orientation. The restriction fragments shown were cloned into the
integrational vector pUS19. The names of the resultant plasmids are shown above each restriction fragment. These plasmids were integrated into
the chromosome by transformation of strain PY79. The sporulation phenotypes of strains containing the integrated plasmids are indicated at the
right of the figure. Linearized plasmid p5Bclac was used to introduce a lacZ fusion cassette within the Bcll site of orfl by the double-crossover event
depicted. Similarly, p5BgK was used to replace the wild-type chromosomal spoVR gene with a disrupted allele containing the Kanr cassette within
the BgIII site of spoVR. The SauIIA site (Sa) shown within spoVR is the boundary of the chromosomal sequence transcriptionally fused to lacZ
in phage SP,BE5. Abbreviations: Bc, BclI; X, XmnI; Sa, SaulIIA; EV, EcoRV; Ps, PstI; Bg, BglII; Sp, SphI; St, StuI.
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EcoRV

I D R V L R A V L W G I L V I L A A A F L K P L F A L V S E M M N

TGTAAAAGGACCTGAAATGCCGCTGATTTTCAAAGAAGATAACCCTGGCAGAAAAACAAGCAGCACGAGATAA AAGACAATTTGTGAAGCGGTATTG
T F P G S I G S I K L S S L V G P L F V L L V L Y F V I Q S A T N

ACAGCCTGGTGAATATCTTTTCCTTCAGACACCAAATTCCACTTGCGCAGTTTGTCACTCGTGTTCAGCTTCATCCCGATTTTTTTGACAAGGAAGCTCA
V A Q H I D K G E S V L N W K R L K D S T N L K M G I K K V L F S

PstI
AAACAGAAGCTGCAGCCCATCCTAACAGCAGAATGAGTCCGGCTTTCAGCACGCTTGGGATCGCAGCTGCAATCGCCGAAAGCATACTGACAAACGGCAG

100

200

300

4V0
L V S A A A W G L L L I L G A K L V S P I A A A I A S L M S V F P S

BclI
401 TGCCACTGTTGTCAGGTGCAAATGTA GATAAAATAAACGACCTTGCTTATGACTTTTTCCGAGGAATAG 500

A V T T L H L I N F F L I F V I I L A I F Y V V K S I V K E S S Y

501 CGTGAAGGCTTTTTCCCAGCAAAGAGCTTGTCGTCGATTTTTGTTTTGCTGAGTCCTTTGTATACCGCTTTTTCAATGATTTTAGCAATAGCCCAGCCGA 600
R S P K K G A F L K D D I K T K S L G K Y V A K E I I K A I A W G

601 TTAATAAGACGAGTAAAGCAATGATTACGTTTGGCAGCTTACA TGCTACATTCAATTGGTATCGCTCCTTTTTCGTAGT 700
I L L V L L A I I V N P L K S L Y S S F V D A V N L Q Y R E K K T T

701

801

901

-35

ATGGTGTGTGTTTACCCACTTATCCAATAAGCAAACAGATGAATGTGCCGGGGGAATTTTTTCTTGCCCGAGTGAGACTATCATCTTTTGTCTGGCGGGC
H H T N V W K D L L C V S S H A P P I K E Q G L S V I M K Q R A P

-10
+1 spoVR start -+

TCATACATTATAGATAAGTCCAAGTAGGGGGATCGGTTGAACGC G G_MAGCGGGCAATTGAGGAAATTACCGAAATTGCAAA
E Y M -------- M N A E E K K G L Q R A I E E I T E I A K

<- divergent orfl start

G F G L D F Y P M R Y E I C P A E I I Y T F G A Y G M P T R F S H
BglII

800

. 900

1000

1001 TGGAGCTTCGGCAAGCAGTTTCACAAGATGAAGCTGCACTATGATCTAGGGTTAAGTAAGATCTATGAGCTGGTCATTAACTCAGATCCATGCTACGCTT 1100
W S F G K Q F H K M K L H Y D L G L S K I Y E L V I N S D P C Y A F

1101

1201

1301

1401

TTTTGCTGGACAGCAACTCACTGATCCAAAATAAATTGATTGTCGCACACGTTCTTGCTCATTGCGATTTCTTCAAAAACAACTGCCGTTTCCAAAACAC 1200
L L D S N S L I Q N K L I V A H V L A H C D F F K N N C R F Q N T

XmnI
GAAGCGCGATATGGTGGAAAGCATGGCGGCAACAGCTGAACGGATAAAACACTATGAACAGGTTCACGGGATAAAAGAAGTCGAATCTTTTTTAGATGCA 1300
K R D M V E S M A A T A E R I K H Y E Q V H G I K E V E S F L D A

I L S I Q E H I D P S L V R P K L Q W S V D D E E E E I E E A A T P
EcoRV

CTTACGATGATCTATGGTCTTTAGATGAAAAGAAACCGAAAAAACAAGTGAAAAAATCGAAAAAACCGTTCCCGCCGCGGCCTGAAAAAGATATCCTGCT

1400

Y D D L W S L D E K K P K K Q V K K S K K P F P P R P E K D I L L
SmaI

1501 TTTTATCGAGGAGCATTCCCGGGAGCTGGAGCCATGGCAGCGTGATATATTAACGATGATGAGAGAGGAAATGCTTTATTTCTGGCCTCAGCTGGAAACC 1600
F I E E H S R E L E P W Q R D I L T M M R E E M L Y F W P Q L E T

1601 AAGATTATGAA,TGAGGGCTGGGCTTCCTATTGGCACCAGAGAATTATACGTGAGCTTGATTTAACCTCTGATGAAGCGATCGAGTTCGCCAAGCTGAATG 1700
K I M N E G W A S Y W H Q R I I R E L D L T S D E A I E F A K L N A

1701 CAGGTGTCGTTCAGCCGTCCAAAACAGGCATTAATCCTTATTATTTAGGGCTGAAAATATTTGAAGACATTGAAAAGAGGTACAACAACCCGACGGAGGA 1800
G V V Q P S K T G I N P Y Y L G L K I F E D I E K R Y N N P T E E

EcoRV
1801 AATGAAGAAAATGGGCGTGCAGCCTGACTCCGGCCGGGAGAAAATGTTTGAGGTCAGGGAGATTGAATCCGATATCTCTTTCATCCGCAATTATTTAACC 1900

M K K M G V Q P D S G R E K M F E V R E I E S D I S F I R N Y L T
library fusion site

1901 AAAGAATTAGTCATGCGCGAGG&TCTTTATTTGTTTCAAAAACAGGGCCGAGATTATAAAATCATCGATAAACAGTGGAAGTCGGTGCGCGACCAGCTCG 2000
K E L V M R E D L Y L F Q K Q G R D Y K I I D K Q W K S V R D Q L V

SphI
2001 TAAGCATGCGGGTAAATGGCGGTTTTCCATATTTGACAGTAAACGACGGCGATTATATGAAAAATAACGAACTCTATATTAAGCATTGGTATGAGGGCAT 2100

S M R V N G G F P Y L T V N D G D Y M K N N E L Y I K H W Y E G I

2101 AGAGTTGGATTTGAAATATTTGGAGAAAGTGCTTCCTTATTTATTCCAGCTTTGGGGAAGAAGCGTGCACATTGAGTCTGTGCTTGAGGATAAGGAAGTC 2200

2201

E L D L K Y L E K V L P Y L F Q L W G R S V H I E S V L E D K E V
SPOVR stop

ATGTTTTCGTACGACGGAAAAGGTGTTCACCGCAGATATTTATAAAAAAGAGGATGCAGCGTTCTGCATCCTTTTTATTTTCCAGTTTTTAAAATCTTAA 2300
M F S Y D G K G V H R R Y L * * K G T K L I K

phoAIV stop
2301 ATATGATGTTTGCCTGGTCCGTATTGTTAATCAATCCGCGGAATTTTTCTTTTCCGGGGCCGTA 2364

F I I N A Q D T N N I L G R F K E K G P G Y

FIG. 2. Nucleotide sequence and translation of the spoVR region. The - 35 and - 10 sequences of the spoVR promoter are indicated by a solid
overline, as are the potential promoter sequences for orfl. Potential ribosome binding sites are indicated by a dashed underline (spoVR) or dashed
overline (orfl). Inverted repeats of a potential transcriptional terminator downstream of spoVR are underlined. The sequences of divergent open
reading frames, orfl and phoAIV, immediately upstream and downstream, respectively, of spoVR are also shown. Note that, although both strands
were fully sequenced, the DNA sequence shown represents the nontranscribed strand of spoVR and the transcribed strand for the divergent open
reading frames. Asterisks indicate stop codons.

plasmid was prepared. Plasmid DNA was sequenced according
to the Sequenase protocol (U.S. Biochemical Corp.) for dou-
ble-stranded DNA with a primer to the 5' end of the lacZ gene.
Additionally, appropriate M13 subclones of the spoVR region
were sequenced by the Sequenase protocol.

Nucleotide sequence accession number. The DNA sequence
reported here has been deposited in GenBank with the acces-
sion number L26337.

RESULTS

Cloning spoVR. To identify genes from B. subtilis that are
transcribed by uE-RNA polymerase, we used an approach
similar to one that we described previously (2) in which we
screened for cE-dependent promoters in a phage SPI-borne

library of random B. subtilis DNA fragments fused to lacZ. In
the previous study, the collection of transducing phage was
used to lysogenize B. subtilis cells that had been engineered to
produce an active form of aE (that is, lacking the pro-amino
acid sequence) in response to IPTG. Those lysogens were
screened for transductants that produced 3-galactosidase in
response to IPTG and hence contained lacZ fused to a gene
whose transcription is directed by aE. For reasons that remain
obscure, strains containing the engineered active form of aE

fail to complete sporulation in spite of their ability to express
urE-dependent promoters. This sporulation defect offers the
advantage that the LacZ-positive transductants probably con-
tain promoter fusions that are directly dependent on aE, rather
than promoters that are dependent on other sigma factors that
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MNAEEKKGLQRAIEEITEIAKGFGLDFYPMRYEICPAE- IITYF ing an eunenlssing aII nIndsequence analysis.

NKDTTRLSDGPDWTFDLLDVYLAEIDRVAKLYRLDTYPHQIEVITSEQMDAY The three transductants in which lacZ was induced after the
10 20 30 40 50 60

fourth hour of sporulation were found to contain lacZ fusions
60 70 80 90 100 prmtrCrFa-iilrt hs tlzd OK..N

RFSHWSFGKQFHKMKLHYDLGLSKI-YELVINSDPCYAFLLDSNSLIQNKLIV to promoters that are very similar to those utilized by -RNA
NYPHWSFGKKFIETERLYKHGQQGLAYEIVINSNPCIAYLMEENTITMQALVM polymerase (data not shown). One of these contained a fusion
70 80 90 100 110 120 to the spoVF operon, which is known to be transcribed by

10 120 130 140 150 UK-RNA polymerase (7). Primer extension analysis combined
DCDFFKNNCRFQN--TKRDMVESMAATAERIKHYEQVHGIKEVESFLDAILSIQ with genetic analysis strongly suggests that the other two

: : : : :1 :1 :1:C1NSFFKNNYLFRSWTDASSIVDYLIFARKYITECEERYGVDEVERLLDSCHALM promoters are also used by UK-RNA polymerase, and these130 140 150 160 170 180 will be the subject of future studies (data not shown).
170 180 190 200 210Thstrndcatinwihlcwaidueabt2hVRP-KLQWSVDDEEEEIEEA--ATPYDDLWSLDEKKPKKQVKKSKKPFPPRPE Those transductants in which lacZ was induced about 2 h

11 I: I: II: : 1:l: after the onset of sporulation were thought likely to contain
KRPQKISLQEEKARQKSREEYLQSQVNMLWRTLPKREEEKTVAEARRYPSEPQ .E
190 200 210 220 230 240 fusions to cru-dependent promoters. Subsequent analysis

230 240 250 260 270 showed that several of these contained fusions to previously
EHSRELEWRDILTMMREMLYFWPQLETKIMNEGWASYWHQRIIREL--- described a'E-dependent promoters (data not shown). These
EKNAPLLESWOREILRIVRKVSQYFYPQKQTQVMNEGWATFWHYTILNHLYDE included three independent isolates containing fusions to
250 260 270 280 290 300 spoIID (29), one isolate containing a fusion to dacB (4), and
0 290 300 310 320 one containing a fusion to cotE (36, 37). We also found six
AIEFAKLNAGVV------QPSKTGINPYYLGLKIFEDIEKRYNNPTEEMK-KM c W
:11 :11111 11: :1:11:: :::JI I differentoa-dependent lacZ fusionsthatappeartobe ingenes
310S320Y 330N 340F 350S 360 that have not been described previously, since searches of the

340 350 360 370 380
GenBank bacterial sequence base did not reveal that these

R-EKM-FEVREIESDISFIRNYLTKELVMREDLY-LFQKQGRDYKIIDKQWKS sequences had been deposited. The characterization of one of
1:: 1: 1::::: I1 1 1 I is..descri.b.edWLETLHFAMRDFKDE-SFISQFLSPKVMRDFRFFTVLDDDRHNYLEISAIHNE these genes, spoVR,bSescribed elow.

370 380 390 400 410 Strains containing fusions to spoVR were isolated indepen-
0 400 410 420 430 440 dently twice. To clone the DNA containing the spoVR-lacZMRVNGGFPYLTVNDGDYMKNNELYIKHWEGIELDLKYLEKVLPYLFQLWGRS transcriptional fusion contained in one transductant, chromo-
NRLSSQYNLSNLEPNIQIWNVDLRGDRSLTLRVIPHNRAPLDRGAKKS somal DNA from the transductant, which carried the spoVR-430 440 450 460 470

0 460 lacZ fusion in the prophage designated SPf3E5, was used to
EDKEVMFSYDGKGVHRRYL transform B. subtilis PY222 (pTV17) to chloramphenicol resis-

tance and LacZ+, resulting in a strain harboring recombinant
nparison of SpoVR with a deduced product of an open plasmid pTVE5. Sequence analysis of pTVE5 with a primer to
in E. coli with unknown function. The two sequences telc eervae httelc rxmlSuIAst a
,corf) were compared by using the method of Pearson the lacZ gene revealed that the lacZ proximal SaulIA site was
25). Identical residues are indicated by a line, and within an open reading frame (Fig. 2, position 1923). Plasmid
Lbstitutions are shown by two dots. A possible DNA PUS5V5 (Fig. 1) was then constructed and used to transform
shared by the two proteins is underlined at positions strain 168 to spectinomycin resistance, which resulted in
;poVR and 247 to 266 of the E. coli protein. Campbell-type insertion of the entire plasmid into the chro-

mosome. DNA from one transformant was cleaved with
HindIII, ligated, and used to transform E. coli JM109 to
ampicillin and spectinomycin resistance. The plasmid obtained
from these transformants, pUS5H, contained the rest of the

during the later stages of sporulation after the spoVR gene and about 2.7 kb of sequence downstream of
ch ( EiS active. In the present study, however, we spoVR.
strain in which expression of a wild-type allele of Nucleotide sequence of the spoVR region. Restriction frag-
structural gene) was dependent on an IPTG- ments from plasmid pTVE5 were subcloned into M13 phages
Imoter. Induction of this sigE allele not only mpl8 and mpl9 as well as plasmid pUS19 and used for DNA
ression of (E-dependent genes but also enables sequence analysis (as described in Materials and Methods).
complete endospore formation. By screening the The DNA sequence of the pTVE5-derived subclones revealed
in this strain (EU101), we expected to find genes an open reading frame that is preceded by a potential ribo-
ectly dependent on (E, as well as genes whose some binding site (Fig. 2, positions 826 to 833) and extends 359
is indirectly dependent on aE, for example, those codons to the junction of the lacZ fusion (Fig. 2, position
,cribed by cE-RNA polymerase. 1924). The sequence obtained with subclones of pUS5H, which
te library of SP, phage to transduce strain EU101 overlapped and extended downstream of the library junction
J 8,000 transductants on DS agar plates for site, extended this open reading frame to 468 codons and also
that produced P-galactosidase when IPTG was revealed the 3' end of the phoAIV gene, which encodes a
not in its absence. We identified 26 IPTG- vegetatively expressed alkaline phosphatase (15) (Fig. 2). The
ic+ transductants. Preliminary characterization of phoAIV gene is located at about 730 on the genetic map (18),
,e transductants showed that lacZ was induced in the opposite orientation from spoVR. Between the 468-
or the end of the exponential growth phase in DS codon open reading frame designated spoVR (see below) and
ut the time that pro_aE is processed to the active phoAIV lies a DNA sequence characteristic of a transcriptional
,er, ,B-galactosidase production was induced 4 h terminator, which may terminate transcripts from the spoVR
t of sporulation in three transductants, indicating promoter, as well as the converging transcripts from the
trains may contain promoter fusions that are phoAIV promoter (Fig. 1 and 2, positions 2251 to 2276).
factors other than f E. The promoter-lacZ fusion A data base (GenBank) search revealed a high degree of
nsducing phage was crossed onto plasmid pTVl7 similarity of the deduced spoVR gene product to a deduced
previously (2) in order to move the fusion into E. gene product of unknown function from E. coli (accession no.
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FIG. 4. Phase-contrast microscopy of spoVR mutant spores. Spores were purified by centrifugation through Renografin. The size bar indicates
1,000 nm.

.20 -

P29013) (Fig. 3). Both proteins have a predicted isoelectric
point of about 5.5 to 5.9. The hydropathy profiles of the two
proteins are similar along most of their lengths (not shown),
with neither of the two proteins having hydrophobic sequences
typical of integral membrane proteins. Analyses of the two
proteins with the Regulat program of PC/Gene, release 6.01,
from IntelliGenetics, Inc., revealed potential helix-turn-helix
DNA binding motifs typical of transcriptional regulatory pro-
teins (residues 223 to 242 for spoVR and 247 to 266 for the E.
coli hypothetical protein) (Fig. 3).
The open reading frame encoding the spoVR homolog lies

adjacent to the 5' end of the E. coli dadA operon (accession no.
L02948), although in the opposite orientation. No function has
been deduced for this open reading frame found adjacent to
the dadA operon in E. coli. It is interesting that there is also a
long open reading frame adjacent to the 5' end of spoVR that
is in the opposite orientation from spoVR (Fig. 1). The
deduced product of this open reading frame has no obvious
significant homology to the dadA gene product which encodes
D-alanine dehydrogenase. However, the dadA gene product
has two potential membrane-spanning regions characteristic of
integral membrane proteins, and it may be worth noting that
this deduced product encoded upstream of spoVR also has
several potential membrane-spanning sequences. Also notable
is a sequence similar to promoters directed by UE-RNA
polymerase just upstream of a potential translation start site
for this open reading frame (Fig. 2).

Insertional mutagenesis of the spoVR region. To determine
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FIG. 5. DPA accumulation in a spoVR mutant. Cultures of the
spoVR mutant (-) and the wild-type strain (-) were allowed to
sporulate in DS medium, and aliquots were harvested at the indicated
time points. Time zero (0) corresponds to the onset of sporulation. DPA
was assayed by the calorimetric assay described in reference 24 and is
expressed as units of optical density at 440 nm, which are directly related
to DPA concentration.
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FIG. 6. Electron microscopy of a spoVR mutant. Strain PY79flpUS5v5 was allowed to sporulate, and samples were examined at hour 16 of
sporulation. (A) Wild-type sporangia with the forespore (F) surrounded by the cortex (C) and the coat (CT); M indicates the mother cell
compartment. (B and C) spoVR mutant sporangia in which little or no cortex is seen surrounding the forespore. (D) spoVR mutant sporangium
in which cortex appears more diffuse than normal. Size bars indicate 500 nm.

the effects of inactivation of spoVR, and to determine its
functional boundaries, fragments of the gene were subcloned
into the vector pUS19, which cannot replicate in B. subtilis but
contains a spectinomycin resistance gene that is selectable in
this host. Integration of plasmids pUS5V5 and pUSSVS, which
contain 375- and 570-bp internal spoVR gene fragments,
respectively (Fig. 1), resulted in about a 3- to 10-fold reduction
of lysozyme-, heat-, and chloroform-resistant spores, presum-
ably from disruption of the spoVR gene (data not shown).
Insertion of these plasmids resulted in the formation of free
phase-dark spores which appeared to outnumber the phase-
bright spores by at least a 3:1 ratio after overnight incubation
in DS medium (not shown). The defective sporulation pheno-
type of this strain was easily detectable upon examination of
DS agar plates after 1 to 2 days of incubation at 37°C, since
colonies of the spoVR mutant were more translucent than
colonies of the parental strain.
We also wanted to isolate a mutant containing an insertion

in spoVR that resulted from a double crossover. Therefore, a
1.5-kb kanamycin resistance cassette was inserted into the
spoVR coding region in vitro as described in Materials and
Methods. The plasmid carrying this allele of spoVR, p5BgK

(Fig. 1), was linearized with BamHI and used to transform
strain PY79 to kanamycin resistance. Resulting transformants
were spectinomycin sensitive, indicating the absence of vector
sequence, and indicating that a double- rather than single-
crossover recombinational event had occurred. These transfor-
mants, in which spoVR was replaced with the spoVR allele
containing a 1.5-kb kanamycin resistance cassette at the BglII
site within spoVR (Fig. 1), had phenotypes identical to those of
strains containing spoVR alleles that were disrupted by the
Campbell-type insertions of plasmids pUSSV5 and pUSSVS.

Campbell-type integration of plasmid pUS5BcV, which con-
tained a fragment that included the 5' end of spoVR and its
uE-dependent promoter, and integration of plasmid pUS5S,
which contained a fragment that included the 3' end of spoVR
and extended into the phoAIV gene, conferred no detectable
sporulation or germination phenotypes (Fig. 1). We also
inactivated the divergent open reading frame directly upstream
of spoVR by replacement with a fragment carried on plasmid
p5BcK that contained an insertion of a lacZ-cat cassette in the
BclI site at position 458 (Fig. 1 and 2). This insertion also
conferred no detectable growth or sporulation phenotypes.
However, it should be noted that expression of lacZ from this
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FIG. 7. Mapping the transcription start site of the spoVR gene. An
oligonucleotide complementary to the 5' sequence of the nontran-
scribed strand of the spoVR structural gene was used to prime cDNA
synthesis from total RNA prepared from sporulating DS cultures of
strain 168 (lanes e to h) at the indicated times relative to the onset of
sporulation. Also, total RNA was used from mid-log-phase cultures of
strain EU8701 (pDG180) in the presence and absence of 1 mM IPTG
(lanes i and j). Plasmid pDG180 contains an allele of sigE that encodes
an active form of aE under spac promoter control. The primer
extensions shown were generated with equal amounts of total RNA.
The asterisks correspond to the transcription start site of spoVR and
the start of each extension product (arrow). The DNA sequence in
lanes a to d was generated on the nontranscribed strand in an M13
subclone with the same oligonucleotide used for the primer extensions.

transcriptional fusion, albeit weak, increased by hour 2 to 6 of
sporulation. This transcription was not investigated further.

Disruption of spoVR affects cortex formation. Examination
of spoVR mutants by phase-contrast microscopy of sporulated
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cultures (not shown) and Renografin-purified spores (Fig. 4)
revealed that, unlike wild-type strains, these mutants accumu-
lated a large fraction of phase-dark spores that did not become
phase bright. We also found that the mutant spores accumu-
lated about threefold less DPA than did wild-type strains (Fig.
5). We found that expression of spoVF, which encodes DPA
synthetase, was normal in the spoVR mutant (not shown);
therefore, it appears likely that DPA is synthesized in the
spoVR mutant but does not accumulate to normal levels.
Furthermore, addition of DPA at a level known to rescue the
sporulation defect of a DPA- mutant (1) had no effect on the
spoVR mutant phenotype (data not shown).

Electron microscopy of sporulated cultures revealed that
many spoVR mutant sporangia were entirely or almost entirely
lacking cortex, although spore coat layers were evident (Fig. 6b
and c). Additionally, many spoVR mutant spores contained
cortex that appeared more diffuse than that in wild-type spores
(Fig. 6d and a).

Free phase-dark spores of the spoVR mutant copurified
through Renografin gradients with phase-bright spores (Fig.
4), although, after pelleting through Renografin, the ratio of
phase-dark to phase-bright spores had shifted from a 3:1 ratio
in 24-h DSM cultures to about a 1:3 ratio, indicating that many
of the phase-dark spores may be less dense. Electron micros-
copy of purified spores from a spoVR mutant revealed many
spore ghosts which consisted of empty coat structures, indicat-
ing that these defective spores were damaged during prepara-
tion for electron microscopy (not shown). These ghosts were
not seen upon electron microscopic examination of wild-type
purified spores (not shown).

Germination of the spoVR mutant was monitored by the
change in optical density of purified spores in response to PAB
medium, AGFK, and L-alanine (data not shown). In these

C

a)

a)

,CU

U)
0

co
cCIe15

-2 0 2 4 6 8 10

hours
-2 -1 0 1 2 3 4 5 6 7

hours

FIG. 8. 1-Galactosidase activity of strains carrying a spoVR-lacZ transcriptional fusion. (A) SP,3E5 transductants of PY79 (wild type) (-),
BK541 (spoIIID) (G), M01027 (spoIVC) (A), and EU8701 (sigE) (V) were grown in DS medium, and aliquots were assayed for ,B-galactosidase
activity at the indicated time points. (B) A SP,BE5 transductant of EU101 was grown to mid-log phase in DS medium and divided into two cultures.
IPTG (1 mM) was added to one of the cultures (U), and no IPTG was added to the other (-). Cells were harvested and assayed for f3-galactosidase
activity at the indicated time points. Time zero corresponds to the onset of sporulation.
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assays, the mutant spores appeared to germinate as efficiently
as those of the wild-type parental strain. The spoVR mutant
spores were also lysozyme and chloroform resistant (data not
shown).
To assess whether spoVR mutants were defective in expres-

sion of genes expressed during the later stages of sporulation,
for example, those controlled by aK-RNA polymerase in the
mother cell, lacZ fusions to cotD, gerE, and spoVF carried on
SPP specialized transducing phages were introduced into the
spoVR mutant. Expression of these fusions in the spoVR
mutant was not significantly different from expression of these
fusions in the sporulation-proficient strain PY79 (data not
shown). Similar results were found with an SPP-borne sspE-
lacZ fusion, suggesting that genes transcribed by (u0-RNA
polymerase are expressed normally in a spoVR mutant (data
not shown).

Expression of the spoVR gene in B. subtilis. Primer extension
of total RNA from sporulating cultures of wild-type B. subtilis
with an end-labelled primer revealed a transcript with a 5'
terminus mapping to position 816 (Fig. 7, lanes a to g). The
transcript appeared by about 2 h after the start of sporulation,
increased by hour 4, and was still abundant at hour 6.5 of
sporulation. The same 5' terminus was observed by using RNA
from vegetatively growing cultures of strain EU8702 that had
been induced with IPTG (Fig. 7, lane i). The 5' terminus of this
transcript maps downstream of a sequence (ATCATCT'TT-13
bp-CATACA) with high similarity to a consensus sequence for
cr -directed promoters (Fig. 2) (2). These results taken to-
gether with the results of the genetic analysis described below
lead us to conclude that this region is used as a promoter by
aE-RNA polymerase. A faint extension product that mapped
upstream of the spoVR promoter that was visible at To, T2, and
T4 was also seen (Fig. 7, lanes e, f, and h).
To examine the genetic requirements for spoVR expression

during sporulation, the spoVR-lacZ fusion contained in SPPE5
was examined in sigE, spoIIID, and spoIVCB mutant back-
grounds. There was no detectable fusion activity in a sigE null
mutant (Fig. 8a). Similarly, there was no measurable fusion
activity in a strain with sigE under space promoter control,
unless the inducer IPTG was added to the culture (Fig. 8b).
These results show that transcription ofspoVR is dependent on
a E. Therefore, the uE-dependent transcript identified in the
primer extension experiments probably accounts for most
spoVR transcription. The role, if any, of the faint primer
extension product seen before cE becomes active is unknown.
There was no apparent effect on spoVR-lacZ fusion activity

when expressed in a strain with a null mutation in spoIIID (Fig.
8a , a gene which is involved in the regulation of some
f -dependent promoters (20, 31). Likewise, there was no
decrease of expression in a spoIVCB mutant, which indicates
that oK is not required for spoVR expression (Fig. 8a).

DISCUSSION

The spore cortex consists of a thick peptidoglycan layer that
is deposited on the inner surface of the outer prespore
membrane. The cortex is critical for providing spore resistance
properties since defective cortex structure has been correlated
with sensitivity to heat and organic solvents (1, 11, 26). DPA
probably also plays an important role in the heat resistance.
DPA accumulates to high levels in wild-type spores, and most
mutants defective in its synthesis or accumulation produce
temperature-sensitive spores (11). Spores do not attain heat
resistance until they become refractile under the phase-con-
trast microscope, and refractility appears to be largely attrib-
utable to the completion of cortex synthesis and dehydration of

the spore (17). Spores with completed cortex that fully lack the
spore coat are refractile, and several known mutants that are
defective in cortex synthesis are either phase dark or only
partially refractile (11, 26).
The results presented here suggest that mutations in the

spoVR gene result in spores that lack a typical spore cortex.
Electron microscopy of a spoVR mutant revealed that a
significant portion of the spores completely or nearly com-
pletely lacked cortex. They also appeared to have less than a
normal content of cortex because of their phase-dark appear-
ance and decreased accumulation of DPA.
The amount of cortex synthesis can be controlled by limiting

concentrations of diaminopimelic acid in sporulating cultures
of Bacillus sphaenicus mutants defective in its synthesis (17). In
these experiments, it was shown that refractility and DPA
accumulation in the spores required about 20% of the maxi-
mum cortex content (17). We found reduced DPA accumula-
tion by a spoVR mutant. Since transcription of the spoVF
operon encoding DPA synthetase is normal in this strain, it is
unlikely that DPA synthesis is defective in spoVR mutants.
Therefore, the reduced accumulation of DPA in the spoVR
mutant probably results from leakage through the defective, or
in some spores completely absent, cortex. In this way, spoVR
mutants resemble spoVD mutants, which lose 50% of synthe-
sized DPA to the surrounding medium, apparently because of
an altered cortex structure (5).
Although spoVR mutants produce spores that lack typical

cortex structures, it seems somewhat unlikely that the spoVR
product plays a direct role in the enzymatic synthesis of cortex
peptidoglycan. The amino acid sequence of the spoVR product
is not similar to those of other enzymes that are known to be
involved in peptidoglycan synthesis. Moreover, 10 to 30% of
the spores produced by spoVR mutants probably contain nearly
wild-type levels of cortex since more than 90% of the wild-type
cortex content is thought to be required for the heat resistance
exhibited by these spores (17). In our view, it seems more likely
that spoVR may be involved in regulating cortex synthesis,
possibly by interacting with the enzymes that synthesize cortex
peptidoglycan. In this regard, it may be interesting to study the
effects of inactivation of the E. coli homolog of spoVR. The
function of this homolog is unknown, but given its similarity to
SpoVR, it could play a role in regulating peptidoglycan
synthesis. SpoVR and its E. coli homolog both have a con-
served sequence that is similar to those found in helix-turn-
helix domains involved in binding to DNA. However, currently
there is no evidence that supports a regulatory role at the
transcriptional level for these proteins. Instead, the similarity
between these proteins may reflect conserved interactions with
other proteins involved in peptidoglycan synthesis or structure.
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