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During a genetic screen to identify metalloregulated loci in Bacillus subtilis, we isolated a Tn917-lacZ
insertion in the second gene of an operon downstream of the flagellin (kag) gene. Sequence analysis indicates
that this gene encodes a homolog of the enteric flagellar filament cap protein FliD. The fliD gene is followed
by homologs of the fliS and fliT genes. Transcription of the fliD-lacZ fusion is o® dependent, with peak
expression at the end of logarithmic-phase growth. Like other o°-dependent genes, expression of fliD-lacZ is
greatly reduced by mutations in genes essential for assembly and function of the basal body and hook complex
(class II functions). These results suggest that B. subtilis flagellar genes are organized in a hierarchy of gene
expression similar to that found in enteric bacteria with hag and fliD as class III genes. Expression from the
JiD operon promoter, but not the hag promoter, is repressed by iron, which suggests that the target of
metalloregulation is the promoter rather than the o protein.

A large regulon of fifty or more genes is required for
bacterial motility and chemotaxis (10, 22, 31). In Escherichia
coli and Salmonella typhimurium, flagellar genes are expressed
in a complex hierarchy (20). The master regulators, encoded by
the fIhDC loci, are expressed from a o’°-dependent promoter
under control of the cyclic AMP-cyclic AMP receptor protein
complex. The FIhD and FIhC proteins activate expression of
class II genes required for assembly of the flagellar basal body
and hook (4, 20). One of the class II genes, fli4, encodes an
alternative o factor which activates expression of class III
genes encoding flagellin, the hook-associated proteins, the
motor proteins, and the methyl-accepting chemotaxis proteins
(2, 30).

In recent years many of the flagellar and chemotaxis genes of
Bacillus subtilis have been cloned and sequenced (31). These
genes are subject to complex regulation and also appear to be
arranged in a hierarchy of interdependent gene expression (6,
40, 41). Many of the genes required for synthesis of the hook
and basal body (the equivalent of the enteric class II functions)
are present in a large operon designated the fla4 locus (1, 31).
One of the last genes in the fla4 operon encodes the alterna-
tive o factor, o, which is absolutely required for expression of
flagellin, motor proteins, and methyl-accepting chemotaxis
proteins and contributes to the expression of autolzsins (10, 11,
19, 23, 28, 29). Genetic analyses indicate that ¢ -d%pendent
promoters are often clustered. At least three other o”-depen-
dent loci are present near the flagellin gene, hag (28). These
are defined by the o°-dependent promoters, Py, ,, Py_;, and
Pps (8, 31).

In the course of a screen to identify metalloregulated genes
in B. subtilis, we isolated a transposon insertion downstream of
the P, 5 promoter (28) which lies immediately downstream of
hag (28). We report the DNA sequence of this operon which
encodes homologs of the E. coli FliD, FliS, and FIiT proteins
(17). Transcription of the fliD operon depends on the o
regulatory protein and is reduced in mutant strains defective
for flagellar assembly and function (class II functions). The

* Corresponding author. Mailing address: Section of Microbiology,
Wing Hall, Cornell University, Ithaca, NY 14853-8101. Phone: (607)
255-6570. Fax: (607) 255-3904. Electronic mail address: jdh9@
cornell.edu.

Py,s promoter is repressible by iron, but the mechanism and
significance of this effect are unclear. Iron regulation of
motility functions has been previously reported for Vibrio
parahaemolyticus (24). In addition, iron and several other
metals induce transcription of the E. coli flagellin gene (9), and
it has been suggested that the iron uptake repressor (Fur
protein) interacts with the promoter region of the master
operon of the flagellar hierarchy, flhkDC (36).

MATERIALS AND METHODS

Bacterial strains and plasmids. All B. subtilis strains and
plasmids used in this study are listed in Tables 1 and 2. Strain
HB1058 was produced by transformation of CU1065 compe-
tent cells with chromosomal B. subtilis DNA containing ran-
dom insertions of transposon Tn917-lacZ (21). Strain HB1002
was produced by transformation of CU1065 with chromosomal
DNA from strain CB125 containing a translational fusion
between flagellin and lacZ (a gift from D. Mirel and M.

+ Chamberlin). This translational fusion links codon 71 of hag

(flagellin) to the lacZ gene and is present in the integrational
plasmid pDM633D (27). Strain IS876 contains a kanamycin
cassette disrupting the sinR (flaD) gene and was obtained from
I. Smith.

Media and growth conditions. Iron-deficient minimal me-
dium was prepared as described elsewhere (7) and contained
the indicated metal ions. Minimal media and plates were
prepared with high-purity (Milli-Q) water to control the level
of adventitious iron contamination. E. coli strains were grown
on Luria-Bertani plates and 2X YT broth (34) with ampicillin
(200 pg/ml) as appropriate. B. subtilis strains containing inte-
grated Tn917 were selected with erythromycin (1 pg/ml) and
lincomycin (25 pg/ml) (MLS). Chloramphenicol (5 pg/ml) or
kanamycin (10 pg/ml) was added as indicated.

DNA manipulations and sequencing. Isolation of B. subtilis
chromosomal DNA and transformation were as previously
described (13). For several experiments, a modified one-step
transformation procedure was used (18). Restriction endo-
nucleases and DNA ligase were from New England Biolabs
and were used in accord with the manufacturer’s instructions.
Single-stranded DNA was isolated by infection of JM101 cells
containing pLC5810, pLC5820, or pLC5830 with M13K07
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TABLE 1. Bacterial strains

Strain Characteristics Source or reference
B. subtilis
CU1065 W168 trpC2 attSPB 38
CB100 trpC?2 sigD::pLMS5 (Cm") 23
HB1002 CU1065 fliC-lacZ (MLS") This work
HB1058 CU1065 fliD::Tn917-lacZ (MLS") This work
HB2058 CU1065 fliD::Tn917-lacZ::pTV21A2 (Cm") This work
HB3058 CU1065 fliD::Tn917-lacZ::pLC5810 (MLS" Cm") This work
HB3158 CU1065 fliD::Tn917-lacZ::pL.C5820 (MLS" Cm") This work
HB3519 CU1065 fliS::pLC5809 (Cm") This work
HB3516 CU1065 ORF189::pLC5806 (Cm") This work
012537 fliM::cat (Cm") 40
012826 fliP::cat (Cm") 5
1S876 sinR::kan (Km") I. Smith
HB1057 HB1058 fliM::cat (MLS" Cm") This work
HB1068 HB1058 fliP::cat (MLS" Cm") This work
HB1078 HB1058 sin::kan (MLS" Km") This work
HB1052 HB1002 fliM::cat (MLS" Cm") This work
HB1062 HB1002 fliP::cat (MLS" Cm") This work
HB1076 HB1002 sinR::kan (MLS" Km") This work
HB1001 CB100 fliD::Tn917-lacZ (MLS" Cm") This work
E. coli
JM101 supE hsdDS5 thiA(lac-proAB) F' (traD36 proAB™* lacI® lacZAM15) 7
JM2r~ mcrAB hsdR hsdM™* recAl A(lac proAB) thi gyrA96 relAl srl::Tnl0 F' (proAB lacZAM15) 7

helper phage. Double-stranded plasmid DNA was prepared by
alkaline lysis and polyethylene glycol precipitation as previ-
ously described (34). Sequencing reactions with single- and
double-stranded templates were performed with Sequenase
version 2.0 (United States Biochemicals, Cleveland, Ohio) and
the Sequenase kit according to the manufacturer’s directions.
The M13—40 primer, reverse primer, a synthetic primer cor-
responding to the left end of transposon Tn917 (5'TTTCTTA
TCGATACAAATTC3'), and primers complementary to the
T7 and T3 RNA polymerase recognition sequences were used
to prime DNA synthesis. DNA sequence was determined by a
combination of random and directed cloning of DNA frag-
ments between the two regions of known sequence.

Plasmid rescue experiments. To recover DNA linked to the
Tn917 insertion in strain HB1058, linearized plasmid
pTV21A2 (39) was introduced by homologous recombination
to generate HB2058. This plasmid contains an ampicillin
resistance gene and a ColE1 origin of replication. Chromo-
somal DNA from strain HB2058 was isolated and digested with
restriction endonuclease HindIII or EcoRI to isolate upstream
DNA or with BamHI to recover downstream-linked DNA.
Each restriction digest was treated with T4 DNA ligase under

dilute conditions and used to transform E. coli Jm2r~ (38) to
ampicillin resistance.

B-Galactosidase assays. Samples (1 ml) were removed from
each culture, centrifuged for 5 min, and stored at —20°C for at
least 30 min. Samples were assayed for B-galactosidase levels
by the method of Miller (26) at room temperature (approxi-
mately 21°C). Frozen cells were resuspended in working buffer
(Z buffer with 400 uM dithiothreitol) and stored on ice.
Samples of each cell suspension were diluted to a final volume
of 1 ml with working buffer and partially lysed by incubation for
5 min at 37°C with 100 pg of lysozyme per ml. All assays were
performed on duplicate samples, and the values were aver-
aged.

Computer analysis. Sequence comparisons and data base
searches were performed with the Genetics Computer Group
software package. The protein sequence alignments of Fig. 3
and 4 were generated with the GAP program.

Nucleotide sequence accession number. The DNA sequence
as illustrated in Fig. 2 has been deposited in the GenBank and
EMBL data bases under accession numbers U07822 and
731376, respectively.

TABLE 2. Plasmids

Plasmid Characteristics Source or reference
pTV21A2 Amp* and pBR322 replicon; Cm" and pE194 replicon 39
pGEM3zf(+)-cat-1 Amp" Cm"; pBR322 replicon 39
pBluescript SK(+) Amp*; pBR322 replicon Stratagene
pLC58-RI Plasmid rescue from EcoRI-digested HB2058 DNA This work
pLC58-H3 Plasmid rescue from HindIII-digested HB2058 DNA This work
pLC5810 pGEM-3zf(+)-cat-1 with EcoRI-BamHI fragment from pLC58-RI This work
pLC5820 pGEM-3zf(+)-cat-1 with HindIII-BamHI fragment from pLC58-H3 This work
pLPJ58Bm Plasmid rescue from BamHI-digested HB2058 DNA This work
pLC5890 pBluescript SK(+) with PstI-PstI fragment from pLPJ58Bm This work
pLC5895 pBluescript SK(+) with SnaBI-Spel fragment from pLPJ58Bm This work
pLC5809 pGEM-3zf( +)-cat-1 with a Smal-Sphl fragment internal to fliS This work
pLC5806 pGEM-3zf(+)-cat-1 with a PsfI-BamHI fragment containing internal sequence of ORF189 This work
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FIG. 1. Gene organization in the vicinity of the fliD operon (310°). P, ¢ and Py, ¢ are the two sigD-dependent promoters (indicated by open
triangles), and putative rho-independent terminators are indicated by the stem-loop structures. The DNA sequence between the indicated EcoRI

and Spel sites is shown in Fig. 2.

RESULTS

Isolation of the mrgB-lacZ (fliD-lacZ) transcriptional fusion.
We have transformed a wild-type B. subtilis strain (CU1065)
with a chromosomal DNA library containing random Tn917-
lacZ fusions (21). The resulting insertion library was screened
for strains that demonstrated visibly enhanced production of
B-galactosidase on plates containing the iron chelator ethyl-
enediamine di(o-phenylacetic acid) (EDDA) (7). One such
strain, B. subtilis HB1058, contained a candidate metalloregu-
lated gene fusion (mrgB-lacZ) as described in more detail
below. Sequence analysis demonstrated that mrgB is tran-
scribed from a previously characterized ¢°-dependent pro-
moter, Py, ¢, and is the B. subtilis fliD gene. In this study we
describe the isolation, sequencing, and regulation of the fliD
operon.

Identification of the promoter directing fliD-lacZ transcrip-
tion. To identify the mrgB gene and its promoter region, DNA
linked to the inserted Tn917-lacZ transposon was isolated and
sequenced as follows. Plasmid pTV21A2 (39) was integrated by
homologous recombination at the site of transposon insertion
to generate strain HB2058. Purified chromosomal DNA from
strain HB2058 was digested with restriction endonucleases and
recircularized to generate plasmid molecules containing up-
stream or downstream flanking DNA. These molecules were
recovered by transformation into E. coli JM2r~ with selection
for ampicillin resistance.

To define the promoter region for expression of the mrgB
gene, DNA upstream of the transposon insertion was cloned
into the integrational plasmid vector, pGEM-3zf(+)-cat (39).
Transformation of strain HB1058 with one such plasmid,
pLC5810 (Table 2), generated strain HB3058. This strain still
expressed B-galactosidase, and B-galactosidase levels were still
affected by metal ions, though not in precisely the same way as
in the parent strain HB1058 (see below). This suggested that
the metal-responsive promoter for mrgB transcription was
located downstream of the EcoRI site (Fig. 1). In contrast,
transformation of HB1058 with a plasmid containing less
upstream DNA, pLC5820 (Table 2), eliminated expression of
B-galactosidase. These results localized the putative metal-
regulated promoter to a 471-bp EcoRI-to-HindIII fragment.
Sequence analysis of this DNA indicated that this fragment
contained the intergenic region downstream of the flagellin
gene and suggested that the mrgB promoter was Pp, ¢ (28). This
conclusion was strengthened by the finding that mrgB-lacZ
expression was eliminated in a sigD mutant strain (Table 3).

Sequence analysis of the fliD operon. To determine the
complete DNA sequence of this o°-dependent operon, we
isolated 8 kb of downstream DNA by plasmid rescue as
described in Materials and Methods. DNA sequence analysis
of this downstream region revealed overlap with a region of B.
subtilis DNA which encodes a sec4 homolog (33) and protein
release factor 2 (32). The genetic organization of this region of
the chromosome is presented in Fig. 1.

We determined the sequence of the fliD operon including
2.7 kb of new sequence between the start of the fliD open
reading frame and the DNA fragment containing the sec4
gene (Fig. 2). This analysis suggests that the Pp, g promoter
controls an operon of four genes designated ORF99, fiiD, fiiS,
and fliT. The ORF99 reading frame is similar to that proposed
previously for this region (28), except that we hypothesize that
translation initiates with the indicated TTG codon rather than
with a downstream ATG. The predicted protein product of
ORF99 is apparently unrelated to proteins in the GenBank
data base.

The second open reading frame encodes a homolog of the
enterobacterial hook-associated protein 2, FliD (Fig. 3). The
Tn917-lacZ insertion is after the 87th codon of the fliD gene,
indicating, as suggested above, that mrgB is fliD. FliD functions
in E. coli as a filament cap which forms the distal end of the
flagellum (15). As expected for an insertion in an essential
flagellar gene, strain HB1058 and its derivatives are Fla™ (see
below).

Downstream of fliD are two small reading frames with
significant similarity to the E. coli fliS and fliT genes (Fig. 2 and
4). These encode essential flagellar proteins in E. coli but are
not thought to be part of the final flagellar structure (17). It has
been speculated that FliS or FIliT might be regulatory rather
than structural proteins, since mutations in the fliD operon led
to an overexpression of other late flagellar genes (17, 20).

Following the fliT structural gene is a 560-bp intergenic
region. This region includes a possible rho-independent termi-
nator (Fig. 2) which may define the end of the fliD operon. The
next open reading frame, encoding a 189-amino-acid polypep-
tide designated ORF189, initiates approximately 400 bp down-
stream of this proposed terminator. The carboxyl-terminal 117

TABLE 3. Expression of B-galactosidase in B. subtilis strains

Gene fusion -Gal U
and strain Relevant genotype (‘[;b control)
fliD-lacZ
HB1058 fliD-lacZ 100
HB3058 fliD-lacZ::pLC5810 200
HB1001 fliD-lacZ sigD 0
HB1057 fliD-lacZ fliM::cat 0
HB1068 fliD-lacZ fliP::cat 0
HB1078 fliD-lacZ sin::kan 13.6
hag-lacZ
HB1002 hag-lacZ 100
HB1052 hag-lacZ fliM::cat 0.67
HB1062 hag-lacZ fliP::cat 0.42
HB1072 hag-lacZ sin::kan 20.5

2 Maximal activity measured during late logarithmic phase relative to that of
the control strain (first line in each set); 100% activity is 37 Miller units for
fliD-lacZ and 1,270 Miller units for hag-lacZ. B-Gal, B-galactosidase.
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end of flagellin (hag) gene

E F T K N I
GAATTCACAA AGAACAACAT
EcoRI

AAAAAAGACC TTGGCGTTGC

CACTAACTTT TTATAAATGT

RBS
GATAGATTGG GGCATAGGGG

D NDN E V P
GATAATGATA ACGAGGTTCC

K F E L H D
TGAAGTTCGA GCTTCATGAC

D F Y A AMT
TGATTTTTAT GCGGCTATGA

S GM DI D
AGTCAGGAAT GGATATAGAT

R DS Y REV
GCGTGACAGC TATCGTGAAG

VT S S NE S
GTGACAAGCT CTAATGAGTC

Y KA NNY
CGTATAAGGC AAACAATTAT

s VT S ADT
TAGTGTGACG AGTGCCGATA

E Y V E T I A
GAGIACGTAG AAACGATTGC
SnaBI
G F S8 L D A
TTGGTTTTTC TTTGGATGCT

N F T VNGV
CAATTTCACG GTGAATGGTG

N Q I K E F V
AACCAAATCA AAGAGTTTGT

E Q K E A M
GTGAACAAAA AGAAGCCATG

N QM RTDF
GAACCARATG CGGACTGACT

R G HL EIN
CGAGGGCACT TAGAGATTAA

Y s D K G I
ACTATAGCGA TAAAGGTATT

s Y s I G K N
TAGCTATTCC ATTGGAAAAA

S AMD s A I
AGTGCAATGG ATTCTGCGAT

Q N P Y T A
TCCAAAATCC ATATACAGCC

L AA QATIE
ACTTGCCGCT CAGGCCATTG

R NI E L S A
CGTAACATAG AGCTTTCCGC
VEG Y VT
AGGTTGAAGG TTATGTAACA

I DQL Y TE
ATAGATCAAC TATACACTGA

R s E L I Q
CACGGTCTGA ACTGATTCAG

M ER L K Q S
AATGGAAAGA CTGAAGCAGT

I bDG6GT Y YD

L S Q A S QA
TCTTTCTCAG GCTTCTCAAG

CAGGGTCTTT TAATTTAAAT

ATTTCCATAC AAGAAATCTA
START ORF99
(L) N I E

ATGATCAATT GAACATTGAA

vV H Q
TGTTCATCAA

Vs Y T
GTTTCATATA

Y vy v
AATACTATGT

G L F
TGGGTTATTT

K L M
CAAAGCTGAT

N s K
TAAACTCAAA

I K E
AATAAAAGAA

vV L T
TGTGTTAACT

A T G S
GCTACAGGAA

T G Y T
ACGGGATACA

Q G D
CACAAGGCGA

I DN
CGATTGATAA

vV I s
TGTGATTTCT

F s s
GTTTTCTTCT

K A TG
AAAGCAACAG

D N KL TAY
GATAATAAGC TTACTGCTTA
HindIII
T Y S I K N

TTACTTATTC GATTAAAAAT ACAACIGCAG

D K Y
AGATAAATAC

N E L V
AATGAACTGG

S D K E
TCCGATAAAG

V E L

SacI
V N A
AGTGAATGCG

Y T Q
TTTATACTCA

E E K
CGAAGAGAAA

L K A K
TTGAAAGCAA

M K R I
ATGAAGCGGA

T N T
TTACTAATAC

L N S
ATTTAAACTC

I s T
GATAAGTACT
Scal
N E Q A
AACGAACAAG

Q K M
TCAAAARATG

Y Q @ N
TATCAGCAAA

s VN
ATTCAGTGAA

N D D
AGAATGATGA

M E R
TATGGAACGT

S M G
TTCTATGGGT

A M Y D
GCGATGTACG

D F RD A W K

GATTTICGCG ATGCTTGGAA
Nrul

T K S M L S H

GACGAAGAGT ATGCTGTCAC

E I s L P L S
GAGATATCTC TGCCGCTTTC
EcoRV
I AT EL Q
CAATCGCAAC AGAACTTCAG

K R K *

AGGTAGAGCT CTGGGAGGAG

M L A
CTATGCTTGC

Q AN
TCAAGCAAAC
TTCTATCTCC TAATCATTCC
AAACAGAAGA TTTTTTTCCA

R L T T
AGGCTCACTA

L QP
CGTTACAACC

N L A
CCAATCTTGC

E MV
TGAAATGGTG

K Vv I
AAAGGTAATA

E D S T
GAGGACTCTA

V D E K K *
GTAGATGAAA AAAAGTAGAA

Q T E
GCAGACAGAA

R A P L
AGAGCGCCGC

L Q D Y
TTGCAAGATT

M s K
ATATGTCTAA

vV s A
GCGTAAGTGC

P N s
GCCAAATTCT

Y N L
TTACAATTTG

A F NV
GCATTTAACG

K L N s
AAACTTAACA

S DL
GCTCAGATCT

A G G
GTGCAGGAGG

s I 9Q
AAGCATACAG

K E G
CAAAGAAGGC

T N A K

ACAAATGCCA
T T A A T G P

CCACAGGCCC
Pstl

D s L

TTGACAGCCT

N E K
GAATGAAAAG
W EE KAK S
AAGGCGAAAA

D G K T
GATGGGAAAA

Y ¢ L
CCTATCAATT

I A E
AAATAGCAGA

D P Q
AGATCCTCAA

L R S T V K S
ACTTAGAAGT ACTGTGAAAA
Scal
E I T D M Q D
GAAATAACTG ATATGCAGGA

S YL s QL
CGTCCTATTT ATCACAGCTT

T AT P G E L

TACGGCTACA CCCGGGGAGC
Smal

K N EN L I K

AAAAATGAAA ATCTGATTAA

M Y R R L
ATTATATGTA TCGCAGATTG
Q A I Q s E R
ACAAGCCATT CAAAGTGAGC

I ¢ N T PE
ACATACAAAA TACGCCGGAA

E EE R K Q M
AGAAGAAGAG CGAAAGCAGA

Q M KR KRV
CAGATGAAAA GAAAACGTGT

Q QP Q NV L
CAACAGCCGC AAAACGTACT

TCATCCTGTC ACTAACTCAT

L L R *
TCAATTATTA CGTTAATTTT

GATATAATAA CCGGATTCTC

Promoter Pp-g

AAAATATGTG_TAATCTTATC

VWD R Y DT
TGTTTGGGAT CGTTATGATA

G EMN KL L
GGGGAAATGA ACAAGCITTT
HindIII
N EV I R E
CAAATGAAGT GATCCGCGAA
START
MV
TAGGAGTGGT TTGAGATGGT

D KL T Q K
TTGATAAGCT GACACAAAAA

N TL T Y P S
AAATACGTTG ACATATCCGA

S S TV E V A
TCGTCTACTG TTGAAGTGGC

V A P G E T
TTGTTGCGCC TGGCGAAACA

G Vs A F KD
AGGAGTATCA GCATTTAAAG

A ADS A TA
GCAGCAGACT CTGCTACAGC

vV T I N G F
AAGTCACAAT CAACGGCTTT

vV TT SV s T
TGTTACCACA TCTGTTTCTA

L K EE K YR
CTGAAAGAAG AAAAATACCG

G L L R ND
GCGGATTGCT GAGAAACGAT

T EF G I T T
AACTGAATTT GGCATCACAA

G V A N L F T
GGAGTTGCTA ATCTTTTTAC

I E A K AG
GTATTGAAGC TAAAGCTGGG

R L N T I E N
CAGATTGAAT ACCATAGAAA
£1iD (end)
L vV Q *
CTTGTACAAT AAATGTAATT

T L M L YN
TGACGCTTAT GCTGTATAAT

A QN I I Q E
AGCGCAAAAT ATTATTCAGG

vV o AN I K N
GTACAGGCAA ATATCAAAAA

Sph
START £1iT

K DR H G S

TCGACTTAGI _CGATATAAAC

Q I H N Q K
CTCAAATACA TAATCAGAAA

E P S Q V H L
GGAACCTTCG CAAGTTCATC

I PP K R WL
ATTCCACCAA AACGGTGGCT
£1iD

T R I T G L E
CACAAGAATA ACAGGTCTGG

K ¢ T L E W Q
AAGCAGACTC TTGAATGGCA

T Y Q S K T
GCACGTATCA GAGCAAAACT

S LA T A AT
GAGCTTGGCA ACTGCAGCAA
PstI>>>

T A KT V NI

ACAGCAAAAA CAGTGAACAT

K I W NG T
ATAAAATTTG GAATGGTACA

D F M S G QL
TGACTTTATG TCCGGTCAGC

EMEIK L TN
GAAATGGAGA AGCTGACAAA

D VD GIY
CTGATGTTGA TGGGATTTAT

D YT P LT S
AGACTATACG CCACTCACGA

s s I s T G T
TCAAGCATCA GCACTGGCAC

S s A Y QL
CTTCAAGTGC TTACCAACTG

S GT N D S N
AAGTGGAACA AATGATAGTA

N S T M G A S
AACTCGACAA TGGGAGCTAG

R Y Y $ K F
ACCGCTATTA TTCAAAATTC
START £1iS
M A I
TGGAGGATGA CACATGGCGA

G C L K F I R
GGCTGTTTGA AATTTATAAG

L NF T LN
AATTAAATTT TACACTTAAC

D TG M L AE
TGATACGGGC ATGCTGGCTG
I
M N N
G G I A *

GGAAGGACCG GCACGGATCA_GGCGGGATCG CATGAATAAT

S D EL L KQQ

I ED F VAT

AGCGATGAAC TTTTAAAGCA AATTGAAGAC TTTGTGGCTA

K L I L T W D QL I V K E
TGAAACTTAT TTTGACATGG GATCAGCTGA TTGTGAAGGA

M HT T Y LN P YN NTIT
GATGCATACG ACGTATTTAA ACCCTTATAA CAACATTACG

ATTGACGGCA CATATTATGA CAAGCGTAAA TAGGTGAGTG CCTTGAAGAG CATTGAAGAT TATACGCTTT TATCAGCTTA TTATCATCTT CTTTTTACCA

FIG. 2. Complete nucleotide sequence of the 4.2-kb EcoRI-to-Spel fragment containing the fliD operon. Promoter P, g and the putative
ribosome-binding sites (RBS) for the ORF99 and fliD genes are underlined. Arrows indicate regions of dyad symmetry which, when indicated, are
hypothesized to function as rho-independent terminators. Deduced amino acid sequences are shown on top of the corresponding coding strand.
The region of DNA not previously sequenced is bracketed by arrowheads (>>> and <<<) and extends from the PsfI site at position 992 to the
Cfr131 site at position 3708.
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3001
3101

3201

3301

3401
3501
3601
3701
3801
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amino acids of ORF189 are identical to ORF1 in the sequence
of Sadaie et al. (33). The amino-terminal half of ORF189 is
highly related to a family of small proteins frequently encoded
downstream of rpoN genes (Fig. 4C). It is thought that these
genes might play a role in modulating o>*-dependent promoter
activity (25), but the mechanism of this effect is unclear. This
open reading frame is followed by a putative rho-independent
terminator and the proposed promoter for the secA gene (33).

Genetic analysis of fliD, fliS, and ORF189 mutants. We
measured motility in the fliD::'Tn917-lacZ fusion strain
HB1058 and found that this strain was completely nonmotile
by swarm plate and light microscopy assays (data not shown).
In addition, we were unable to raise a PBS1 phage-transducing
lysate of strain HB1058, which is consistent with the require-
ment of a flagellum for PBS1 phage infection. Electron
microscopy confirmed the absence of flagella in strain HB1058
(data not shown). Integration of a plasmid into the fliS gene
(strain HB3519) also led to a Fla™ phenotype, consistent with
the fact that FliS and FliT are essential flagellar proteins in E.
coli. In contrast, integration of a plasmid into ORF189 did not
impair motility (strain HB3516).

Regulation of the fliD operon by other flagellar genes. As
predlcted for a oP-dependent operon, fliD-lacZ transcription
is eliminated in a sigD mutant (Table 3). This suggests that
Py_g is responsible for fliD expression but does not rule out
contributions from the upstream flagellin promoter, Pp, . Like
other o°-dependent genes, fliD-lacZ expression is regulated by
growth phase (see below). Transcription is induced at the end
of logarithmic phase and declines upon entry into stationary
phase. Therefore, we analyzed P, g-dependent gene expres-
sion at the end of logarithmic growth and during early station-
ary phase. The growth phase dependence of gene expression
probably reflects the regulation of si gD gene expression (19)
and the consequent modulation of o® protein levels.

Expression of at least some oP-dependent genes is also
affected by mutations in other flagellar loci or in the sinR gene.
We have tested the influence of fliM::cat and fliP::cat insertions
on the maximal expression of both fliD-lacZ and hag-lacZ
(Table 3). The fliM and fliP genes encode a component of the
flagellar switch and a protein required for early stages of
flagellar assembly, respectively, and have previously been
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FIG. 3. Comparison of the deduced amino acid sequence of the B.
subtilis F1iD protein to the E. coli FliD protein. Identical residues are
indicated by the vertical lines, and conservatively substituted residues
are indicated by one or two dots as assigned by the Genetics Computer
Group GAP program. Asterisks indicate the conserved hydrophobic
heptad repeat proposed to be an important structural element for the
S. typhimurium FliD protein (14).
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FIG. 4. Comparison of the deduced amino acid sequences of the B.

subtilis FliS (A), FIiT (B), and ORF189 (C) proteins to the homologs

from E. coli (Eco) or Klebsiella pneumoniae (Kpn). Alignments were

optimized with the Genetics Computer Group GAP program as
described for Fig. 3.

shown to be required for high-level hag-lacZ expression (31,
40). We find that either of these nonpolar insertions prevents
transcription of both fliD-lacZ and hag-lacZ. These results
suggest that like hag (6, 31, 41), the fliD gene is at level III of
the B. subtilis flagellar hierarchy. In contrast, the presence of a
sinR mutation reduced but did not eliminate transcription of
hag-lacZ and fliD-lacZ. (Table 3).

Regulation of the fliD operon by metal ions. Since the
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fliD-lacZ gene fusion was originally detected during a genetic
screen for iron starvation-regulated genes, we tested the effects
of metal ions on gene expression. For these studies, we have
used three different strains, as illustrated in Fig. 5. Strain
HB1058 contains the original Tn917-lacZ transposon insertion
in the fliD gene. Strain HB3058 is derived from strain HB1058
by insertion of plasmid pLC5810 and selection for chloram-
phenicol resistance. This strain expresses fliD-lacZ from the
P _g promoter element, but the flagellin gene and its associ-
ated promoter element are now several kilobases removed.
Finally, we have used strain HB1002 (containing a transla-
tional hag-lacZ fusion [27]) to test whether a different o®-
dependent gene might also be affected by metal ions.

Assays of B-galactosidase production as a function of growth
phase and iron concentration for these three strains are shown
in Fig. 6. In the case of strain HB1058, iron starvation does not
alter the induction of B-galactosidase, but the persistence of
B-galactosidase activity in stationary-phase cells is enhanced
about 10-fold (Fig. 6A). This may explain why this strain was
originally recovered during our screens and could reflect either
decreased turnover or increased synthesis of B-galactosidase
during stationary phase. We measured the effect of various
metal ions on the level of B-galactosidase in strain HB1058 at
24 h of incubation (Fig. 7), a time when the effect of iron
supplementation is at a maximum (Fig. 6A). These data
demonstrate that supplementation with micromolar levels of
Mn(II) and Fe(III) [but not Ca(II), Zn(II), or Co(II) (data not
shown)] all decreased the stationary-phase level of B-galacto-
sidase. Addition of Cu(II) also repressed PB-galactosidase,
though at significantly higher concentrations than for Mn(II)
or Fe(III). The origins of these effects are not yet understood,
but since the vast majority of the lacZ transcriptional fusions
we have characterized are not repressible by addition of metal
ions, we favor the hypothesis that this repression indicates
metalloregulation of gene expression rather than a decrease in
[B-galactosidase stability. Consistent with this idea, we note that
the levels of iron or manganese which reduced the stationary-
phase level of B-galactosidase in strain HB1058 are the same (1
to 10 uM) as the levels required for the metalloregulation of
other genes (7).

Surprisingly, when fliD-lacZ regulation in strain HB3058
(Fig. 6B) was compared with that in strain HB1058 (Fig. 6A),
several differences were noted. First, although the temporal

P P
D-6 D-8
Tn917-lacZ
HB1058 iD”
]
RI H3 B
P
D-6 Pp.g Ppg
i Tn917-lacZ
HB3058 ha; iD" pGEM-3zf(+)-cat-1—{hag | [ T N Tacz ]
RI 03 B (42kb) RI H3 B
P P P

D-6

HB1002 —I:uax'_l_mz_o—pnrsn (MLS")

(5.8 kb)

FIG. 5. Organization of chromosomal DNA in strains HB1058, HB3058, and HB1002. The positions of the sigD-dependent promoters P, ¢ and
Pp, 5 are indicated by arrows. RI, H3, and B refer to EcoRlI, HindIll, and BamHI restriction sites, respectively. Strains HB1058 and HB3058 both
contain Tn917-lacZ transcriptional fusions to the truncated fliD gene but differ by the presence of plasmid pLC5810 integrated via a Campbell
insertion. This leads to a duplication of the EcoRI-to-BamHI fragment containing the Pp, g promoter. Strain HB1002 contains a translational fusion

between the hag gene and lacZ.
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FIG. 6. Effect of Fe(III) on the expression of B-galactosidase (Bgal) in strains HB1058, HB3058, and HB1002. Cells were grown in minimal
medium lacking added iron (squares) or containing 5 pM Fe(III) (circles), and both cell growth (open symbols, right axis) and gene expression
(closed symbols, left axis) were monitored versus time. ODjgq, Optical density at 600 nm.

regulation of fliD-lacZ expression was the same in the two
strains, the level of expression in iron-deficient minimal me-
dium was reproducibly increased about twofold by integration
of plasmid pLC5810 (fold increase of 2.2 * 0.53 [mean *
standard deviation] in 14 experiments). The second significant
difference between strain HB1058 and strain HB3058 was the
response to metal ions. Expression of B-galactosidase in strain
HB3058 was no longer reduced by Mn(II) or Cu(II) addition,
but the repression by Fe(III) was much more dramatic. When
separated from the upstream ﬂagellin gene by plasmid integra-
tion, the PD-8 promoter was clearly iron repressible. However,
not all P-dependent promoters were affected by iron, since no
significant effect was seen in strain HB1002 expressing a
hag-lacZ fusion protein (Fig. 6C). The complexity of the
metalloregulation we have observed is surprising and suggests
that there are several independent metal-sensing systems
influencing gene expression in B. subtilis.

DISCUSSION

On the basis of its apparent metalloregulation, we have
identified a transcriptional fusion in an essential flagellar

80-
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203
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S Metal Ton (uM)

FIG. 7. Effects of Fe(III) or Mn(II) supplementation on the level
of B-galactosidase (Bgal) in strain HB1058 during stationary phase (24
h postinoculation). Cells were grown in minimal medium (7) contain-
ing the indicated concentration of FeCl; (@) or MnCl, (H). For the
Fe(III) titration, the minimal medium contained 80 nM Mn(II) to
allow for good growth.

Bgal (Miller

104

0.011

operon. The transposition event that generated the mrgB-lacZ
fusion disrupts the fliD gene in B. subtilis and will therefore be
referred to as fliD-lacZ. Measurements of B-galactosidase
demonstrate that promoter Py g is functional in vivo and is
dependent on the presence of the alternative sigma factor, o,
as predicted from previous characterization (8, 28, 35).

The fliD operon. Sequence data suggest that the Ppg
promoter element controls expression of an operon of four
genes expressing homologs of the enterobacterial FliD, FIiS,
and FIliT proteins and a predicted protein of 99 amino acids
(ORF99). The role of the ORF99 gene product is unknown.
Insertions in this operon led to a Fla™ phenotype, suggesting
that one or more of these genes are essential for flagellar
structure or function. By analogy with the enterobacterial
system, we hypothesize that FliD, FliS, and FlT are all
essential flagellar proteins. S. typhimurium fliD mutants fail to
make hook-associated protein 2. Flagellin is still synthesized in
these mutant strains but fails to assemble onto the basal
body-hook structure and accumulates to a high level in the
medium (15, 16). In contrast, we do not detect obvious
accumulation of the B. subtilis flagellin in the spent growth
medium of strain HB1058 by either Coomassie blue staining or
immunoblotting of sodium dodecyl sulfate-polyacrylamide
protein gels (data not shown).

Following the fliD operon, there is an mtergemc region and
a gene (ORF189) whose product is homologous to a family of
small proteins postulated to play a role in regulating o>*
function in gram-negative organisms (25). Insertional disrup-
tion of the ORF189 reading frame did not impair motility. We
speculate that transcription of the fliD operon terminates in
the intergenic region between FIiT and ORF189. The ORF189
reading frame is followed by the B. subtilis secA and prf2 genes
sequenced previously (32, 33).

Regulation of the fliD operon. The ¢ regulon includes
genes involved in flagellar synthesis, motility, and autolysis
(10). In all cases studied, the expression of these genes is
primarily regulated by the availability of the ¢® protein (19, 23,
31). Levels of ¢® protein reach a peak of about 200 molecules
per cell at the end of logarithmic-phase growth (12). Transcrip-
tional studies of a sigD-lacZ fusion are consistent with the
hypothesis that this induction is largely transcnptnonal in origin
(19). Proteolytic turnover of the o polypeptide probably
accounts for the shutdown of o-dependent transcription
observed in stationary-phase cells (23). We have observed that
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the fliD operon, like the hag gene, is completely dependent on
the o for expression and is temporally regulated with a peak
in expression at the end of logarithmic growth.

We have shown that mutations in either of two structural
genes of the flad operon block expression of the hag gene and
the fliD operon, consistent with the presence of a hierarchy of
flagellar gene expression in B. subtilis, as noted previously (6,
31, 40, 41). In addition, we find that expression of both the fliD
and the hag genes is reduced but not eliminated by a mutation
in the sinR gene (3, 37). Both the hag-lacZ and fliD-lacZ
fusions display a fivefold or greater decrease in peak levels of
expression in the presence of the sinR mutation. Both hag and
fliD are completely dependent on sigD for expression, suggest-
ing that there is active o in the sinR mutant strain. This is
despite the fact that sigD-lacZ transcription is severely reduced
by a sin mutation (19). It has previously been shown that even
very low levels of o® protein can support near-normal levels of
flagellin synthesis (23), consistent with the idea that a sin
mutation reduces but does not eliminate expression of sigD.

Our data reveal that insertion of a plasmid between the
flagellin (hag) gene and the fliD operon reproducibly increase
the level of expression of the fliD-lacZ fusion about twofold in
iron-deficient minimal medium (Fig. 6B versus 6A). If
readthrough transcription from the highly expressed Pp ¢
promoter was contributing to fliD-lacZ expression, we would
have expected the opposite result. One possibility is that active
transcription of the hag gene reduces the local negative
superhelical density in the vicinity of the fliD promoter and
thereby decreases the rate of initiation. Transcription from
oP-dependent promoters in vitro is known to be greatly
stimulated by negative supercoiling of the template DNA
(10a). Further experiments are needed to test this hypothesis.

Metalloregulation of the fliD operon. Superimposed on the
factors that affect overall levels of ¢® activity, there are likely
to be promoter-specific regulatory controls. In this study, we
see evidence that expression from Ppg, but not Pp, is
regulated by levels of iron in the medium. This repression is
most striking when the Pp_g promoter is separated from the
upstream hag gene by plasmid integration (Fig. 6B). Curiously,
the repressive effect of Mn(II) [and Cu(II) (data not shown)]
we noted in strain HB1058 (Fig. 7) was lost when a plasmid was
inserted upstream of Py, g. This suggests that the repression
elicited by these ions operates through a different mechanism
or requires different cis-acting sites than the iron-mediated
repression. This is consistent with our previous suggestion that
iron and manganese metalloregulation require separate regu-
latory proteins, since some genes are regulated exclusively by
iron and others are regulated exclusively by manganese (7).

We have previously described an iron-regulated gene from
B. subtilis designated mrgC which requires an iron box se-
quence similar to those recognized by the E. coli ferric uptake
repressor (Fur) protein for efficient metalloregulation (7).
Similar iron box sequences upstream of the B. subtilis ferric
hydroxamate uptake (fhu) locus have been described, and they
function in E. coli to bind Fur protein (36). There are two
possible binding sites for a Fur-like protein downstream of the
Py _g promoter and within the coding sequence for the ORF99
protein (13 of 19 and 14 of 19 matches to the iron box
consensus). The role of these sequences in the iron effects we
have observed, if any, is not yet clear.

We do not understand the significance of the observed
metalloregulation of the fliD operon. We note, however, that
regulation of flagellar gene expression by iron has been
reported for both E. coli (9) and V. parahaemolyticus (24).
Therefore, we hypothesize that the availability of iron and
other metal ion nutrients serves to modulate the growth-phase-
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dependent activation of the motility and chemotaxis systems of
B. subtilis.
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