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Streptomyces has been known to form two types of septa. The data in this research demonstrated that
Streptomyces griseus forms another type of septum near the base of sporogenic hyphae (basal septum). To
understand the regulation of the septation machinery in S. griseus, we investigated the expression of the ftsZ
gene. S1 nuclease protection assays revealed that four ftsZ transcripts were differentially expressed during
morphological differentiation. The vegetative transcript (emanating from Pveg) is present at a moderate level
during vegetative growth, but is switched off within the first 2 h of sporulation. Two sporulation-specific
transcripts predominantly accumulated, and the levels increased by approximately fivefold together shortly
before sporulation septa begin to form. Consistently, the sporulation-specific transcripts were expressed much
earlier and more abundantly in a group of nonsporulating mutants that form their sporulation septa prema-
turely. Promoter-probe studies with two different reporter systems confirmed the activities of the putative
promoters identified from the 5* end point of the transcripts. The levels and expression timing of promoter
activities were consistent with the results of nuclease protection assays. The aseptate phenotype of the Pspo
mutant indicated that the increased transcription from Pspo is required for sporulation septation, but not for
vegetative or basal septum formation.

The early discernible event in bacterial cell division is the
involvement of FtsZ, which governs the localization of septum
formation. ftsZ is present in all bacteria so far examined, in-
cluding wall-less bacteria (55), as well as in archaea (34, 56)
and plastids of Arabidopsis (42). FtsZ forms the leading edge of
the cell division septum by migrating from random cytoplasmic
locations to the internal face of the cell membrane at the
division plane, where FtsZ polymerizes into a ring structure
(7). In Escherichia coli, the Min proteins appear to permit this
ring structure to form at the center of the cell rather than at
either pole (12). In Bacillus subtilis, ftsZ is required for both
binary fission and asymmetric septation (6). Sharing some
structural and biochemical properties with the eucaryotic cy-
toskeletal protein tubulin, FtsZ possesses GTPase activity (11,
40, 46). Interaction of FtsZ with GTP appears to be necessary
for polymerization in vitro (9, 41). The inward growth of the
division septum is presumably accompanied by the controlled
depolymerization of the FtsZ ring, the appositional sliding of
polymeric subunits (9), or a profound change in the ring ar-
chitecture.

Although the role of FtsZ appears to be similar in pro-
caryotes, the pattern of synthesis of FtsZ differs, apparently in
compliance with the physiological demands of each species.
The level of FtsZ from Caulobacter crescentus varies in concert
with the division cycle; FtsZ reaches a maximal level in predi-
visional cells and is absent from swarmer cells, in which FtsZ
appears to be specifically degraded (45). In E. coli, FtsZ is

present at a constant number of molecules in each cell (1, 8).
To guarantee this constancy independent of the physiological
status of the cell, five promoters direct the expression of ftsZ;
these promoters also govern the expression of adjacent genes
in polycistronic transcription units (1, 47, 48). Recent evidence
suggests that there may be rather small fluctuations in the
expression of ftsZ that correspond to discrete stages in the E.
coli cell cycle (16). Rothfield and colleagues have identified a
gene (sdiA) the product of which enhances expression of ftsZ
from the distal promoter primarily responsible for the tran-
scription of ftsZ during steady-state growth (54); the synthesis
of SdiA appears to be regulated in part by an extracellular,
diffusible factor (17). Expression of ftsZ in B. subtilis appears to
be less complicated: three promoters have been identified, two
of which are recognized by the major vegetative form of RNA
polymerase and the third of which is recognized by RNA poly-
merase containing the sporulation-specific sigma factor, sH

(18, 19). Elimination of the last promoter by mutation did not
prevent sporulation, indicating that the sporulation-specific
promoter is not necessary for the action of FtsZ during asym-
metric septation.

Streptomyces is a gram-positive soil bacterium that is distinc-
tive because of its morphological differentiation. Vegetative
growth is characterized by production of branched, filamen-
tous, multinucleoidal hyphae that contain relatively infrequent,
thin, single-layer vegetative septa. The sporulation process in-
cludes the formation of specialized branches designated aerial
(10) or sporogenic (29) hyphae and the synchronous septation
events changing the sporogenic hyphae into chains of uninucle-
oidal compartments separated by double-layer, thick, lysozyme-
and sonication-resistant sporulation septa (28, 29). At a later
stage, chains of the uninucleoidal compartments are destined
to become individual spores (28). The Streptomyces ftsZ gene
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has been studied to understand the unique septation machin-
ery and regulation of the septum deposition during the repro-
ductive cell division process (13, 36). The transient accumula-
tion of FtsZ into ladder-like structures in sporogenic hyphae
suggested that FtsZ assembles at sporulation septum sites and
degrades after septum formation is complete (50). Like in
other bacteria, the gene is also clustered in cell division and
cell wall synthesis genes in Streptomyces, such as ftsQ, ftsW, and
ftsI (36, 39). The viability of ftsZ and ftsQ null mutants of
Streptomyces coelicolor (35, 36) indicates that two of the genes
required for cell division in other bacteria are not essential for
vegetative growth of Streptomyces.

Here we report by S1 nuclease protection and promoter
probe studies that ftsZ expression is developmentally regulated
at the transcription level in Streptomyces griseus. The wild-type
strain accumulated sporulation-specific transcripts at high lev-
els during submerged sporulation. A group of nonsporulating
mutants, which are unimpaired in vegetative growth and veg-
etative septum formation but prematurely form sporulation
septa, accumulated ftsZ transcripts much earlier and more
abundantly than the wild-type strain. We also identified that S.
griseus forms another kind of septa, designated basal septa,
separating sporogenic from vegetative hyphae. Transmission
electron microscopic study with the Pspo mutant showed that
the upregulation of ftsZ transcription from the Pspo promoter
is required for sporulation septation.

MATERIALS AND METHODS

Bacterial strains and plasmids. S. griseus NRRL B-2682 obtained from the
Northern Regional Research Laboratory (Peoria, Ill.) was used as the wild-type
strain. Three nonsporulating mutants, SKK1015 (class IIIA), SKK1008 (class
IIIB, bldA mutant), and SKK1003 (class IIIC), used in this research were de-
scribed previously (29). SKK968 is an independent isolate containing the Pspo

null allele in which 20 nucleotides (nt) between the 210 and 235 regions of the
Pspo region have been deleted. S. lividans TK24 was used as the wild-type strain.
E. coli DH5a was used for routine plasmid construction and preparation. E. coli

ET12567 (dam dcm) (33) was used to demethylate plasmid DNA prior to its
methylation in vitro and introduction into S. griseus. The characteristics and
construction of plasmids used in this study are described in Table 1.

Growth and induction of sporulation. E. coli cultures were grown in Luria-
Bertani medium (LB) (2) supplemented with ampicillin (100 mg/ml) or apramy-
cin (100 mg/ml) as needed. Starter cultures of S. griseus were grown in SpM (28)
for 2 to 5 days to generate spore suspensions that were then used as inoculums
for induction of sporulation. SpM agar, supplemented as needed with apramycin
(20 mg/ml) or thiostrepton (5 mg/ml), was used for maintenance of S. griseus
strains. Two or 15 mg of thiostrepton per ml was used for maintaining pIJ486 and
pIJ4083 in S. griseus or S. lividans, respectively. SpMR was used for protoplast
transformation (3). Trypticase soy broth (BBL), 2XYT (49), or LB was used for
isolation of genomic and plasmid DNA from S. griseus (21). R2YE medium was
used for S. lividans transformation (21). Sporulation was induced by phosphate
starvation or nutritional downshift (31).

DNA manipulation and analysis. Standard (2, 21, 49) or previously published
(29) methods were used for analysis and manipulation of DNA fragments for
colony hybridization, plasmid DNA minipreparations, and transformations. For
Southern analysis, we used the Genius II system after transfer of the DNA to a
positively charged membrane (Boehringer).

RNA studies. RNA was purified from vegetative and sporulating cultures of S.
griseus NRRL B-2682, SKK1003, SKK1008, and SKK1015 by a standard method
(21) with modifications (31). The 1.45-kb BamHI-MluI DNA fragment from
pKK920 was used as a probe for low-resolution S1 nuclease protection studies.
A double-stranded DNA probe for high-resolution S1 nuclease protection ex-
periments was produced by PCR amplification with Deep Vent polymerase
(NEB) with the upstream primer 158 (59-GCAGGTGTGGCAGGGGACAC-39,
corresponding to nt 418 to 437) and the downstream primer 162 (59-ATTCGG
TTGATGGCATTGACA-39, complementary to nt 983 to 963). The reaction
conditions were the same as those recommended by the manufacturer, except
that 2% dimethyl sulfoxide and 3 mM MgCl2 were combined in reaction buffer.
The fragments were purified from an agarose gel by the phenol freeze-fracture
method (22). We used the S1 nuclease protection assay (13, 21) by combining 50
mg of RNA with 100,000 cpm of end-labeled DNA probes. The sequencing
reactions were prepared with the same primer used to make the probe. E. coli
tRNA was served as the negative control. A 1.0% agarose gel was used for
low-resolution S1 nuclease protection experiments. A 6% polyacrylamide gel was
used for fractionation of the protected fragments for high resolution (31). The
relative intensity of transcripts was compared by densitometry (ChemiImager;
Alpha Innotech Corporation) with developed films.

Catechol dioxygenase assay. Crude cell extracts were prepared according to
the method of Ingram et al. (23), except that the mycelia were disrupted by high

TABLE 1. Plasmids constructed in this study

Plasmid Vector
(reference) Contents

pKK991 pIJ4083 (43) 400-bp SmaI-XhoI fragment containing Pveg and Pspo from pKK970 as an EcoRI-BglII fragment into
EcoRI and BamHI sites

pKK992 pIJ4083 340-bp BclI-Nrul fragment containing Pspo from pKK975 as an EcoRI-HindIII fragment
pKK1509 pIJ4083 200-bp MscI-StuI fragment containing Pveg and Pspo from pKK967 as an EcoRI-BglII fragment into

EcoRI and BamHI sites
pKK976 pIJ486 (57) 400-bp SmaI-XhoI fragment containing Pveg and Pspo from pKK970 as an EcoRI-HindIII fragment
pKK977 pIJ487 (57) 400-bp SmaI-XhoI fragment containing Pveg and Pspo from pKK970 as an EcoRI-HindIII fragment
pKK981 pIJ486 340-bp BclI-NruI fragment containing Pspo from pKK975 as an EcoRI-HindIII fragment
pKK982 pIJ487 340-bp BclI-NruI fragment containing Pspo from pKK975 as an EcoRI-HindIII fragment
pKK999 pXE4 (23) 3.0-kb BglII fragment containing ftsQ, ftsZ, and ftsW from pKK920 (A. J. Dharmatilake and K. E.

Kendrick)
pKK1500 pXE4 2.2-kb BglII fragment containing ftsZ and ftsW from pKK932 (Dharmatilake and Kendrick)
pKK1501 pXE4 400-bp SmaI-XhoI fragment containing Pveg and Pspo from pKK970 as a BglII fragment into BamHI site
pKK2000 pIJ2925 (24) 1.4-kb apramycin resistance cassette BamHI site
pKK984 pKK2000 3.0-kb BamHI fragment containing Pspo mutation from pKK967 (200-bp BstXI-Xhol fragment of

pKK920 replaced by same fragment from pKK967)
pKK970 pIJ2925(24) 400-bp SmaI-XhoI fragment containing Pveg and Pspo from pKK920 (Dharmatilake and Kendrick)
pKK975 pIJ2925 340-bp BclI-NruI fragment containing Pspo from pKK920 at BamHI and SmaI sites
pKK966 pIJ2925 200-bp MscI-StuI fragment from pKK920 at the HincII site
pKK967 pIJ2925 SalI site of 200-bp MscI-StuI fragment from pKK966 digested with SalI and treated with S1 nuclease;

missing 20 nt in Pspo region
pKK968 pIJ2925 SalI site of 200-bp MscI-StuI fragment from pKK966 digested with SalI and filled in with Klenow

fragment in Pspo region
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pressure with a French press. Catechol dioxygenase activity was determined
spectrophotometrically by monitoring the rate of appearance of 2-hydroxymu-
conic acid semialdehyde (59). The absorption coefficient is 33 3 103 mol21 Cm21

(5).
Gene disruption. To generate disruption in the 210 and 235 regions of Pspo,

pKK984 was passed through E. coli ET12467 and subsequently methylated with
HpaII methyltransferase. After incubation for 1 h at 30°C, the methylated DNA
was introduced into protoplasts of S. griseus NRRL B-2682 suspended in P-buffer
(21). Apramycin-resistant transformants were selected, and the single-crossover
event was confirmed by Southern hybridization. The single-crossover transfor-
mants were incubated for 4 days in an apramycin-free SpM liquid medium and
plated on apramycin-negative SpM plates. The apramycin-sensitive strains, in-
dicative of a double-crossover event, were isolated by replica plating. The Pspo

mutants were isolated by Southern hybridization and confirmed by nucleotide
sequencing, after PCR amplification of the genomic DNA. Seven such strains,
SKK968-1 through SKK968-7, were identified.

Microscopy. Phase-contrast microscopy and transmission electron microscopy
were performed according to methods used in the previous experiment (31).
TMax 400 film was used for the photographs. Either the prints or the negatives
were scanned and imported as TIFF files into Corel PhotoPaint 8 for cropping,
and then CorelDraw 8 was used for labeling and assembly of composite photo-
graphs. The appearance of each TIFF file was adjusted with Corel PhotoPaint 8
to resemble the microscopic view as closely as possible.

Sonication resistance. Sonication resistance units (SRU) were measured ac-
cording to methods used in previous experiments (29).

RESULTS

Identification of the basal septum. Cefoxitin inhibits sporu-
lation septation, but not vegetative septation, by its binding to
85-kDa sporulation-specific penicillin-binding protein (20).
Transmission electron microscopy showed that in the presence
of 50 mg of cefoxitin per ml, septum materials accumulated to
form inward growths at the sporulation septum sites of sporo-
genic hyphae, but failed to centripetally grow to become ma-
ture sporulation septa (Fig. 1A). However, another type of
septum was observed at the bases of all sporogenic hyphae
after 12 h of phosphate starvation, when treated with the same

concentration of cefoxitin (Fig. 1B). The septa differ from
vegetative septa, since vegetative septa are much thinner and
are found in the middle of vegetative hyphae but not at branch
points (Fig. 1C). Phase-contrast microscopy showed that the
aseptate sporogenic hyphae were detached from vegetative
hyphae at the branch septum sites between 12 and 16 h of
phosphate starvation (data not shown). We measured sonica-
tion resistance of the cultures treated with 50 mg of cefoxitin
per ml. Thick walls of sporogenic hyphae and spores are resis-
tant to ultrasonication, so that the culture sporulated in liquid
culture shows approximately 6 3 109 viable counts after soni-
cation (SRU per milliliter), whereas the vegetatively growing
culture has approximately 3 3 104 SRU/ml (29). After 12 h of
phosphate starvation, the cefoxitin-treated cultures showed ap-
proximately 104 times higher sonication resistance than vege-
tative cultures and approximately 10- to 20-fold less sonication
resistance than the sporulated cultures without treatment (Ta-
ble 2). These observations indicate that the basal septum is
resistant to ultrasonication, and each sporogenic hypha treated
with cefoxitin contains 1 SRU.

Transcription of ftsZ in the wild-type strain of S. griseus. To
determine whether ftsZ expression is regulated during growth
of S. griseus, we investigated the transcription of ftsZ in the
wild-type strain during vegetative growth and sporulation.
Low-resolution S1 nuclease protection assays with a 1.44-kb
DNA probe (extending 902 bp upstream and 538 downstream
of the translation start site) showed that a ftsZ transcript was
present at substantial levels during vegetative growth (Fig. 2).
However, from the RNA isolated from cultures induced to
sporulate by phosphate starvation, two protected fragments,
one major and the other minor, accumulated at much higher
levels than from the vegetative growth (Fig. 2).

To more precisely characterize the transcripts, we per-

FIG. 1. Ultrastructure of three different types of septa in S. griseus. (A) Sporogenic hypha in untreated culture after 12 h of phosphate
starvation. (B) Sporogenic hypha in 50-mg/ml cefoxitin-treated culture after 12 h of phosphate starvation. Arrowheads mark the initiated
sporulation septa. (C) Vegetative septum.
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formed high-resolution S1 nuclease protection assays with the
same RNA preparations. The probe was designed to extend
486 bp upstream and 80 bp downstream of the translation start
codon. The experiments revealed that there were at least four
protected fragments upstream of the translation start site (Fig.
3). A transcript was present at a high level only during vege-
tative growth. The 59 end point of the vegetative transcript
(Tveg) mapped 207 nt upstream of the translation start codon.
After 8 h of phosphate starvation, at least two transcripts (a
major transcript and a readthrough transcript) accumulating at
much higher levels than other transcripts were detected (Fig.
3). The major sporulation-specific transcript (Tspo) mapped at
151 nt upstream transcript. The minor sporulation-specific
transcript (readthrough; Tspo2) mapped more than 500 bp up-
stream of ftsZ inside of the ftsQ open reading frame, since
Tspo2 was approximately 0.4 kb bigger than Tspo, as shown in
the low-resolution S1 protection assay (Fig. 2). We also com-
pared the amounts of transcripts at different time points during
sporulation in the wild-type strain (Fig. 3A). Within the first
2 h of sporulation, the level of Tspo appeared equal to that
during vegetative growth and started to increase about 6 h
after phosphate starvation. The transcript reached a maximum
at 8 h of phosphate starvation, at which point the level of this
transcript was approximately four- to fivefold higher than that
of the vegetative transcript (Fig. 3A). The minor sporulation-
specific transcript (Tspo2) reached its maximum levels after 8 h
at which time point the level of Tspo2 was slightly higher than
that of the vegetative transcript. Another transcript, Tcon,
which mapped 101 bp upstream of the translation start codon,

accumulated at a relatively constant level throughout growth
(Fig. 2 and 3A). The same pattern of transcription was ob-
served in the same experiments after nutritional downshift, an
alternative method for inducing sporulation (data not shown).

Transcription of ftsZ in the class III nonsporulating mu-
tants. Among the developmental mutants of S. griseus that we
have isolated is one phenotypic class, class III. All three sub-
classes of class III nonsporulating mutants are characterized by
their premature and ectopic sporulation septum formation
(29). To investigate whether the premature septation of the
mutants is caused by a premature increase in ftsZ expression,
the ftsZ transcripts were analyzed by S1 nuclease protection
assays in the class IIIA (SKK1015), class IIIB (bldA,
SKK1008), and class IIIC (SKK1003) mutants. Low- and high-
resolution S1 nuclease protection assays showed that tran-
scripts of the class III nonsporulating mutants accumulated at
higher levels than the wild-type strain, whereas the same
amounts of Tveg were detected during vegetative growth (Fig.
2 and 3B). Tspo accumulated at levels approximately 4 times
higher than that of Tveg after 2 h in SKK1015 and after 4 h in
SKK1008 (Fig. 2 and 3B). After 4 h of phosphate starvation,
the level of Tspo was approximately 10 times higher than that of
the vegetative transcript in SKK1015 (Fig. 2 and 3B). In
SKK1008, the level of Tspo reached a maximum after 6 h of
sporulation, at which time point Tspo accumulated at levels
approximately 8 times higher than that of Tveg. In both mu-
tants, the minor sporulation-specific transcript (Tspo2) was also
evident after 2 to 4 h of phosphate starvation and showed
maximum expression at 4 to 6 h of phosphate starvation, at

FIG. 2. Analysis of the ftsZ transcript by low-resolution S1 nuclease protection studies. A double-stranded 1,440-bp DNA probe (including 903
bp upstream and 437 bp downstream of the translation start site) was generated by restriction digestion of the ftsZ structural gene with BamHI
and MluI. Kb indicates the molecular size standard (in kilobases). The numbers at the top (2, 4, 6, and 8) indicate the number of hours of culture
after the shift to sporulation induction medium. Veg, vegetatively growing cells.

TABLE 2. Sonication resistance of the Pspo mutant and cefoxitin-treated cultures

Culture
Sonication resistance (SRU/ml)

Wild type Pspo mutant Cefoxitin treated

Vegetative (2.2 6 0.4) 3 104 (1.1 6 0.8) 3 104 (3.8 6 1.9) 3 104

Sporulated for 12 h (6.7 6 1.6) 3 109 (4.2 6 1.0) 3 108 (3.1 6 1.3) 3 108
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which time the level of this transcript was slightly higher than
that of the vegetative transcript (Fig. 3B). Like the wild-type
strain, the level of Tcon was unchanged during sporulation. The
transcription pattern of SKK1003 was the same as that of
SKK1015 (data not shown).

Promoter activity. The S1 nuclease protection assays re-
vealed that there were three putative promoters assigned from
the 59 end points of these transcripts. The putative vegetative
promoter (Pveg) included 210 (TAGGGT) and 235 (TTGGTC)
regions, and the putative sporulation-specific promoter (Pspo)
contained 210 (TAGTGT) and 235 (TTGAAC) regions at
appropriate distances upstream from the 59 end points (Fig. 4).
The putative constitutive promoter (Pcon) has a 210 sequence
motif (TAAACT), but not an obvious 235 region upstream
region, so that further confirmation is required (Fig. 4B). Both

putative promoters resembled the consensus sequence for the
Es70-like promoters in Streptomyces (25, 51). The nucleotide
sequences in the 210 and 235 regions of Pspo were identical in
16 of 20 nt to those of the promoter of eshA in S. griseus, which
encodes a sporulation-specific factor required for sporogenic
hypha formation (31). To confirm the location of the vegeta-
tive promoter (Pveg) and the major sporulation-specific pro-
moter (Pspo) lying immediately upstream of ftsZ, we tested
promoter activities by using the neo reporter system that con-
tains a promoterless neomycin phosphotransferase gene
(pIJ486 and -487) (57), conferring resistance to kanamycin in
both S. griseus and S. lividans TK24. Insertion of a 400-bp DNA
fragment containing both Pveg and Pspo of ftsZ into the pro-
moter-probe vector pIJ486 (pKK976) led to expression of the
neo reporter in S. lividans and S. griseus, whereas the same

FIG. 3. Analysis of the ftsZ transcripts by high-resolution S1 nuclease protection. A double-stranded 567-bp DNA probe (including 487 bp
upstream and 80 bp downstream of the translation start site) was synthesized by PCR with oligonucleotides 158 and 162. In each case, the sequence
ladder (A, C, G, and T) was extended from the same primer and used as a size marker. (A) Time course of ftsZ transcription in the wild-type strain
during phosphate starvation. Total RNA was prepared from vegetative cells (V) and phosphate-starved cells for 2, 4, 6, and 8 h. E. coli tRNA served
as the negative control. (B) ftsZ transcripts in the class III mutants during phosphate starvation. Total RNA was prepared from class III
developmental mutant SKK1015 (class IIIA) during vegetative growth (V) and after phosphate starvation for 2, 4, and 6 h. Tveg, Tspo, Tspo2, and
Tcon indicate the vegetative, major sporulation-specific, minor sporulation-specific, and constant transcripts, respectively.
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fragment in the opposite orientation in pIJ487 (pKK977) did
not confer kanamycin resistance to either strain. A 340-bp
BclI-NruI fragment containing only Pspo in pIJ486 and pIJ487
(pKK981 and pKK982) did not confer kanamycin resistance to
S. lividans and S. griseus.

The promoter activity was also determined by using another
promoter-probe vector, pIJ4083, which contains the xylE gene
encoding catechol dioxygenase from Pseudomonas putida (23),
since the antibiotic resistance can be detected only during
vegetative growth. S. lividans strains containing plasmid
pKK991 (400-bp SmaI-XhoI fragment containing Pveg and Pspo

in pIJ4083) showed substantially high levels of xylE expression
during vegetative growth (until 2 days on plates) and early
stages of sporulation between 2 and 3 days on plates). A more
intense expression was observed in the plates incubated for
more than 5 days when colonies were in a more advanced stage
of sporulation. S. lividans TK24 containing pKK992 (340-bp
BclI-NruI fragment containing only Pspo in pIJ4083 in the
proper orientation) did not develop a yellow color until 2 days,
when colonies were in the vegetative growth stage. As ex-
pected, the strain carrying pKK1509, in which 20 nt had been

deleted from the Pspo region, did not develop a yellow color
after prolonged incubation.

However, a faint yellow color was observed on plates of S.
griseus strains containing pKK991 or pKK992 only in heavily
inoculated areas during late sporulation, presumably due to
the low copy number of pIJ4083. The vector, a derivative of
pIJ486, exists in multiple copies in S. lividans, but less than a
single copy in S. griseus, for unknown reasons (A. J. Dharma-
tilake, unpublished observations). To more quantitatively esti-
mate the xylE expressions in S. griseus, we used spectropho-
tometry after inducing sporulation in liquid culture by
phosphate starvation. The S. griseus strain carrying pKK991
and -992 showed a relatively high level of xylE activity during
vegetative growth, compared to the S. griseus strain carrying
pIJ4083 and pKK1509 (Fig. 5). The levels of expression sub-
stantially increased after 10 and 12 h of phosphate starvation
(Fig. 5). Pspo::xylE (pKK992) was active only during sporula-
tion (Fig. 5). After 10 and 12 h of phosphate starvation, the
xylE activity was approximately 3 times higher than that of
vegetative growth, respectively (Fig. 5). These observations
were in agreement with the previous results obtained from the
S1 nuclease protection experiments and with the neomycin
phosphotransferase reporter system regarding the location of
Pveg and Pspo and the lack of expression from Pspo during
vegetative growth.

Characterization of a Pspo mutant. To study the role of the
major sporulation-specific promoter (Pspo) in sporulation sep-
tum formation, we constructed a Pspo mutant (SKK968) in
which 20 nt, including the 18-nt spacer region, was deleted
between the 210 and 235 regions of Pspo. The proper con-
struction of the mutated gene was confirmed by Southern hy-
bridization and restriction digestion of the genome, and the
nucleotide sequence of the PCR amplified genomic DNA from
the mutant. The mutant did not accumulate Tspo, but did
accumulate Tspo2, Tveg, and Tcon to the same levels after 8 h of
phosphate starvation (data not shown). SKK968 had no obvi-
ous phenotypic defect during vegetative growth. The mutant
grew at the same rate as the wild-type strain in complex me-
dium and had a hairy colony morphology indistinguishable
from that of the wild-type strain, indicating that the mutant
produces sporogenic hyphae on plate growth. Phase-contrast
microscopy revealed that sporogenic hyphae formed in the
mutant after growth on agar and induction of submerged
sporulation in complex medium and by phosphate starvation.
However, the mutant sporogenic hyphae of the length of ap-
proximately 10 to 15 spores did not develop into spore chains
but did develop thick walls and appear bright under the phase-
contrast microscope, which is characteristic of mature spores
(Fig. 6). Electron micrographs of strain SKK968 cultures phos-
phate starved for 12 h showed that each sporogenic hypha
contained no sporulation septa (Fig. 7B). Like in the cefoxitin-
treated cells, one basal septum was present in all of the asep-
tate sporogenic hyphae. The mutant strain starved for 12 h had
more than 104 times the number of SRU of the vegetative cells
and 10 to 20 times less SRU than the wild-type strain induced
to sporulate for 12 h (Table 2).

Complementation of the phenotype of SKK968. A potential
open reading frame encoding a 24-amino-acid polypeptide was
found in the intergenic region between ftsQ and ftsZ. orf24
lacks the GC bias at the third position of the codons, which is

FIG. 4. Transcription map of ftsZ from S. griseus. (A) Diagram of
four transcripts of ftsZ. The open reading frames at the ftsZ locus are
indicated (boxes), together with approximate 59 ends of transcripts
(arrows) as identified by high- and low-resolution S1 nuclease protec-
tion studies. The thickness of each arrow indicates the relative amount
of each transcript. Tspo, Tspo2, Tveg, and Tcon represent the major
sporulation-specific, minor sporulation-specific, vegetative, and con-
stant transcripts, respectively. (B) Locations of the 59 ends of the two
major ftsZ transcripts as determined by high-resolution nuclease pro-
tection studies. The 59 ends of transcripts are marked in boldface. The
210 and 235 regions of promoters are underlined. The C-terminal
region of FtsQ and the N-terminal region of FtsZ are shown.
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characteristic of streptomycete open reading frames. However,
the deduced amino acid sequence and the rare TTA codon are
highly conserved in S. coelicolor (90% amino acid identity)
(15). Therefore, the 20-nt deletion mutation in strain SKK968
has the potential to affect the expression of orf24 and ftsW
located downstream of the ftsZ gene. To distinguish between
these various possibilities, we complemented mutant SKK968
with the following fragments. As described in Table 1,
pKK1501 contained the 400-bp intergenic region (orf24);
pKK1500 contained the intergenic region (orf24) and the
whole ftsZ open reading frame; and pKK999 contained orf24,
ftsZ, and ftsW. Transmission electron microscopy showed that
the septum formation in sporogenic hyphae was restored, when

the mutant was transformed with only pKK999 or pKK1501
(Fig. 7B).

DISCUSSION

Key events in Streptomyces differentiation include the exten-
sive growth of multinucleoidal vegetative cells and massive and
relatively synchronous septation necessary to form the com-
partments destined to become the spores. So far only two
septa, vegetative and sporulation, have been found in research
with the wild-type strain. However, in this report, by using the
Pspo mutant and cefoxitin-treated culture in which sporulation
septum formation is arrested, we could identify another type of
septum during growth of S. griseus, named basal septum, which
differs from vegetative or sporulation septa. Unlike vegetative
septa, basal septa are located near the bases of sporogenic
hyphae and are resistant to ultrasonication, so that multinucle-
oidal structures of the aseptate sporogenic hyphae from the
Pspo mutant and cefoxitin-treated cultures are resistant to son-
ication. This leads to viable counts approximately 104 times
higher than those of vegetative cells, but approximately 10 to
20 times lower than that of the sporulated culture of the wild-
type strain. However, the lack of sporulation septa does not
prevent certain subsequent developmental steps such as wall
thickening and acquisition of phase brightness in the sporo-
genic hyphae, as observed in the sporogenic hyphae of the Pspo

mutant and the cefoxitin-treated cells. We speculate that the
basal septum formation is complete between 10 and 12 h of
submerged sporulation, based on the timing of sonication re-
sistance and the timing of the basal septum detection.

Increased ftsZ transcription from sporulation-specific pro-
moters is required for sporulation septation, but not for vege-
tative or basal septum formation. This was true in the sporu-
lation processes of the wild-type strain, the Pspo mutant, and
the class III nonsporulating mutants. The very low level of ftsZ
expression from Pveg may not yield enough FtsZ for massive
septation during sporulation. Sporulation septation also seems
to require ftsZ expression localized to sporogenic hyphae.
Transcription fusion study of ftsZ in S. coelicolor showed that
the sporulation-specific promoter is only transcribed in aerial
hyphae (15). The ftsZ expression in sporogenic hyphae may be
caused by differential expression or activity of the trans-active
factors, including RNA polymerase sigma factors and activa-
tors suggested by recent experiments with S. coelicolor (15). In
compliance with the localized expression, the basal septum
may function as a physical barrier for dividing two different cell
types: vegetative and sporogenic hyphae.

The sporulation septation occurs in a highly coordinated
manner in S. griseus. When S. griseus is induced to sporulate in
liquid culture, it begins to deposit sporulation septa from the
sporogenic hyphae after 10 h of phosphate starvation and com-
pleted its septum formation by 12 h of phosphate starvation
(29). Results from nuclease protection studies clearly demon-
strated that the ftsZ expression is tightly regulated at the tran-
scription level during the life cycle of s. griseus in such a man-
ner that the accumulation timing of the ftsZ transcripts
coincides with the timing of sporulation septum deposition.
The regulation of ftsZ transcription appeared to be exerted at
two discrete stages: the switch from the vegetative to the sporu-
lation-specific transcript and the subsequent increase in the
level of sporulation-specific transcript.

FIG. 5. Promoter-probe studies of the vegetative and sporulation-
specific promoters. (A) Diagram of transcription fusions of each pro-
moter region with xylE (pIJ4083) and neo (pIJ486 and 487). The open
reading frames are indicated by open bars. Pspo, Pveg, and Tcon below
the boxes indicate the sporulation-specific, vegetative, and constant
promoters, respectively. The restriction enzymes used for the fusion
construction are BclI (B), NruI (N), SmaI (S), and XhoI (X). Further
details for cloning plasmids are given in Table 1. (B) Catechol dioxy-
genase activities of S. griseus strains transformed with pIJ4083 deriva-
tives containing transcription fusions during sporulation induced by
phosphate starvation.
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The appearance of the sporulation-specific transcript is the
consequence of a developmentally regulated promoter activity
rather than transcript processing. Based on the extensive sim-
ilarity in nucleotide sequence and expression timing of eshA
and Pspo transcripts (31), we speculate that Pspo and the pro-
moter of the eshA gene may be recognized by the same RNA
polymerase holoenzyme and may be subject to the same tem-
poral regulation. The nucleotide sequences of Pveg and Pspo

resemble those recognized by the housekeeping sigma factor in
Streptomyces (51), although the spacing is not optimal. Still it is
possible that Pspo is recognized by the sporulation-specific
sigma factor WhiG (26, 38), although the nucleotide sequence
of Pspo does not align extensively with the WhiG consensus
sequence (52). However, we do not think that Pspo is recog-
nized by RNA polymerase containing the sigma factor, SigF,
which is required in S. coelicolor for sporulation events that

occur after septation (26, 44). Recent studies of ftsZ transcrip-
tion in S. coelicolor also demonstrated that ftsZ expression is
controlled at the transcription level through modification of
transcription activities from several different promoters (15).
Four ftsZ transcripts have almost the same 59 end points as
those of S. griseus, and the same promoters have been sug-
gested (15).

Expression of ftsZ from Pspo may require not only RNA
polymerase holoenzyme but also a trans-active transcription
factor. Circumstantial evidence suggests that ftsZ transcription
is activated by a positive regulatory factor during sporulation
rather than being repressed by a negative factor during vege-
tative growth. The presence of the entire region upstream of
ftsZ on a high-copy plasmid did not impart a phenotype to the
transformant, suggesting that this region could not titrate out a
negative regulatory factor (A. J. Dharmatilake, unpublished

FIG. 6. Phase-contrast microscopy of the Pspo mutant (SKK968) and the wild-type strain of S. griseus after 16 h of sporulation induced by
phosphate starvation. (A) Spore chains were evident in the sporogenic hyphae of the wild-type strain. (B) No sporulation septation was found from
the sporogenic hyphae of the mutant. The bar represents 10 mm. No differences in vegetative cultures of the mutant and wild-type strains were
apparent.

FIG. 7. Transmission electron microscopy of the Pspo mutant (SKK968) and the mutant complemented with pKK999 after 12 h of sporulation
induced by phosphate starvation. (A) The sporogenic hypha was divided by sporulation septa in the complemented mutant. (B) No sporulation
septum was formed in the sporogenic hypha of the Pspo mutant. Bar, 1 mm.
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observations). In S. coelicolor, ftsZ transcription from the Pspo

counterpart is greatly reduced or eliminated by null mutations
in several regulatory genes, including whiG, whiH, and whiI,
which may encode families of transcription activators (15).

Our previous results also support the presence of other
regulatory factors that govern ftsZ expression. We have iden-
tified three genetic complementation groups among the class
III mutants that do form their sporulation septa prematurely
from the preexisting vegetative hyphae (30–32, 37). Our results
to date suggest that the class III mutants have not undergone
extensive rearrangements or multiple mutations, but rather are
the consequence of point mutations (30; J. Kwak, unpublished
observations). The earlier and more abundant accumulation of
the sporulation-specific transcripts of ftsZ is consistent with the
precocious and abundant sporulation septation in these mu-
tants. This defect appears to be due to the enhanced produc-
tion of the sporulation-specific transcripts from Pspo and Pspo2.
The straightforward interpretation of these results is that the
class III genes are required for the regulation of ftsZ transcrip-
tion from the promoters. Because septation is not the only
defect in these mutants, however, the products of these loci
probably indirectly influence expression of ftsZ.

Despite of its functional similarity, regulatory mechanisms
of ftsZ expression in other bacteria differ from that of Strepto-
myces. This seems to be due to the fact that bacteria have
different life cycles, so that they need to respond to different
developmental or environmental signals. In E. coli, transcrip-
tion of ftsZ oscillates during the cell division cycle: ftsZ tran-
scription increases when DNA replication is initiated (16), and
ftsZ expression is maximal in the middle of the cell cycle and
minimal at the end of cell division (58). ftsZ is transcribed from
at least five promoters that are recognized by different sigma
factors (1, 4, 14, 53). Unlike the case of E. coli, Caulobacter
crescentus ftsZ is transcribed by a single promoter, and the
transcription is negatively regulated by the global cell cycle
regulator CtrA, presumably by binding to a site that overlaps
the transcription start site (27). The complexity of ftsZ expres-
sion shows that ftsZ is regulated at many different regulatory
factors responding to many signals during the cell cycle.
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