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Chromosomal Rearrangement Generating a 
Composite Gene for a Developmental 

Transcription Factor 

Differential gene expression in the mother cell chamber of 
sporulating cells of Bacillus subtilis is determined in part 
by an RNA polymerase sigma factor called wK (or u2'). 
The uK factor was assigned as the product of the sporula- 
tion gene spoIVCB on the basis of the partial amino- 
terminal amino acid sequence of the purified protein. The 
spoIVCB gene is now shown to be a truncated gene 
capable of specifying only the amino terminal half of uK. 
The carboxyl terminal half is specified by another sporula- 
tion gene, spoIIIC, to which spoIVCB becomes joined in- 
frame at an intermediate stage of sporulation by site- 
specific recombination within a 5-base pair repeated 
sequence. Juxtaposition of qoIVCB and spoIIIC need not 
be reversible in that the mother cell and its chromosome 
are discarded at the end of the developmental cycle. The 
rearrangement of chromosomal DNA could account for 
the Dresence of wK selectivelv in the mother cell and mav 

T HE METAMORPHOSIS OF CELLS OF THE Gm-POSITIVE 
bacterium Bacillus subtilis into endospores involves the forma- 
tion of a sporangium consisting of two cell types known as 

the mother cell and the forespore (1, 2). The mother cell and 
forespore arise by an asymmetric septation, which partitions the 
sporangium into two unequal compartments. These compartments 
each receive a chromosome generated by the last round of vegetative 
DNA replication, but then undergo divergent developmental fates 
as a consequence of differential gene expression. The forespore can 
be thought of as a germline cell, because it ultimately becomes the 
mature spore and gives rise to subsequent progeny. The mother cell, 
however, is a terminally differentiating cell because it and its 
chromosome are discarded by lysis when maturation of the spore is 
complete. 

The authors are in the Department of Cellular and Developmental Biology, Biological 
Laboratories, Harvard University, Cambridge, MA 02138. 

be precedent for the geieration of cell tyP*specifii 
regulatory proteins in other developmental systems where 
cells undergo terminal differentiation. 
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DiEerential gene expression in the two compartments is deter- 
mined in part by compartment-specific RIVA polymerase sigma 
factors kno~vn as uG (3) and the newly discovered aK (or oz7) 
described in an accompanying report (4). The a" factor is present in 
the forespore compartment (5) where it directs the transcription of 
forespore-expressed genes, such as sspA-E (3), which encode a family 
of small basic proteins found in the core of the mature spore (6 ) .  In 
contrast, aK is present in the mother cell (4) and directs the 
transcription of genes encoding the structural components of the 
coat, the tough protein shell that encases the mature spore (1, 7). 
The factor a' is the product of the forespore regulatory gene 
spoIIIG (3, 5, 8) ,  whereas aK is specified by the mother cell 
regulatory gene spoIVCB (9), as deduced from the partial amino- 
terminal sequence determination of the sigma factor (4). 

The selective synthesis of uG in the forespore and of uK in the 
mother cell is at least in part the basis for compartmentalized gene 
expression in sporulating cells. As a result of our studies on the 
mechanisms that govern the differential localization of these tran- 
scription factors in the two-compartment sporangium, we report the 
surprising discovery that spolVCB is an incomplete structural gene 
that is capable of encoding only the amino terminal half of uK. The 
remainder (that is, the carboxyl terminal half) of uK is specified by 
another regulatory gene that is specific for the mother cell; this gene, 
know~l as spollIC (10, 111, is separated by at least 10 kilobases from 
spoIVCB on the chromosome. We show that spoIVCB becomes 
joined in-frame to spoIlIC to create a composite structural gene for 
uK by a chromosomal rearrangement occurring at an intermediate 
stage of sporulation. We suggest that the rearrangement occurs only 
m the mother cell and is in part responsible for the presence of aK 
only in the mother cell. Because the mother cell is a terminally 
ditferentiating cell and is discarded at the end of the sporulation 
cycle, DNA rearrangements altering its chromosome need not be 
reversible. 

The spaIVCB gene encodes a truncated sigma factor. The 
spoIVC locus consists of B and A genes (12) that are separately 
transcribed and convergently oriented (9). The nucleotide sequence 
of the 5' strand of the B gene of the locus (henceforth spoI VCB) and 
the predicted amino acid sequence of its product are shown in Fig. 
1. The underlined residues correspond to the NHz-terminal se- 
quence of aK  as determined by sequential Edman degradation (4). 

As noted bv Kroos et a l .  14). the NH7-terminus of mature aK is 
\ ,  

preceded in the predicted coding sequence by 20 amino acids, from 
which we infer that the primary gene product is a pro-protein that is 
subsequentlj7 processed to the mature sigma. The size of the 
spoIVCB open reading frame (155 codons) is inadequate to encode 
a polypeptide of the apparent molecular size (27,000 daltons) of uK, 
even allowing for the fact that sigma factors often migrate more 
slowly than expected during SDS-polyacr)7lamide gel electrophore- 
sis (PAGE). Thus, the product of the entire open reading frame 
(that is, the predicted pro-protein) is only 17.3 kD in size, and the 
deduced product of the mature form (135 codons) is only 15.2 M) 

in size. 
The validity of the surprisingly short open reading frame is 

substantiated by the following considerations: 
1) The open reading frame is based on sequence determinations 

of both DNA strands with the use of two inde~endentlv cloned 
copies of the gene (13). Therefore the position of the termination 
codon is unlikely to be due to a sequencing error or the consequence 
of a mutation generated during the course of cloning in Escherichia 
coli. 

2) Integration into the chromosome by single-reciprocal (Camp- 
bell) recombination of a plasmid bearing a 0.4-kb fragment extend- 
ing from the Sac I site within the open reading frame to the Sac I site 
located 60 bp downstream of the open reading frame (Fig. 1) 
yielded Spo' transformants. If the true spol VCB sequence extended 
a sufficient distance (at least 200 bp) downstream to encode a 27-kD 
protein, then the Sac I-Sac I segment would have been internal to 
the open reading frame and hence would have been expected to disrupt 
the gene upon integration. The fact that the transformants were Spot 
confirms that this Sac I-Sac I segment is not internal to spolVCB, and 
hence that the uK coding sequence must be interrupted. 

3) The spoIVCB open reading frame is similar to the NH2- 
terminal part of sigmi factors. It contains a region of substantial 
similarity to a highly conserved feature of sigma factors thought to 
be the binding site to core RNA polymerase (14) (Fig. 2). This 
region is known as the core binding site or region 2.2 (14). 
Downstream of region 2.2 is an element that is thought to mediate 
contact with the - 10 region of cognate promoters (15, 16). In other 
sigma factors, this element displays three highly conserved hydro- 
phobic residues (generally isoleucines) at intervals of four amino 

Fig. 1.  Nuclcotide sequence of the 5' strand of 
the s p o I V C B  genc. Nucleotide sequence analysis 
was carried out as described (13). The deduced 
amino acid sequence is shown beneath the nucfeo- 
tide sequence. The column of numbers at the 
right indicates the positions in the amino acid 
sequence of predicted residues at the end of each 
line. The predicted initiation codon is shifted 
downstream by one codon from that proposed 
previously (9)  in order to achieve a more appro- 
priate spacing relative to the ribosome binding 
site (underlined). The position of the NH2-termi- 
nal sequence of aK as determined by sequential 
Edman degradation (4) is shown by the under- 
lined amino acids. The previously determined (9)  
transcription start site is at the base of the arrow. 
The asterisks above the sequence AATGA identify 
the site of recombination with spoI I IC .  Single 
letter abbreviations for the amino acid residues 
arc: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H, His; I, Ile; K, Lys; L, Leu; M, iMet; N, 
Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, 
Val; W, Trp; and Y, Tyr. 

GGT GTT TTC GCA GCG CTC GGC TTT GTT GTT AAA GAG CTT GTC TTT TTA GTA TCT TAC GTG 
G V F A A L G F V V K E L V F L V S Y V  

S a c l  
AAA AAC AAT GCC TTT CCA CAA CCG CTC TCA AGC AGC GAA GAA AAA AAA TAC TTA - 
K N N A F P O P L S S S E E K K Y L E L  

ATG GCT AAA GCC GAT GAA CAT GCC AGA AAC ATG CTG ATT GAG CAT AAT CTT CGC TTG GTC 
M A K G D E H A R N M L I E H N L R L V  

GCC CAT ATT GTG AAA AAG TTC GAA AAT ACA GGT GAG GAT GCA GAG GAC TTA ATC TCC ATC 
A H I V K K F E N T G E D A E D L I S I  

GGA ACG ATC GGG CTT ATT AAA GGA ATT GAA AGC TAT TCC GCT GGA AAA GGG ACA AAG CTG 
G T I G L I K G I E S Y S A G K G T K L  

*H H 
GCG ACG TAT GCA GCG AGG TGT ATT GAA AAT GAG ATT GTA ATT ACA AAA GGG GGG TGC ATA 
A T Y A A R C I E N E I V I T K G G C I  

CAC CCC TCT TTA ATA CGT TTC AAT ATA TAT GGT GTC AGA ATC CAC AAT GGT AAC TTC TTT 
H P S L I R F N I Y G V R I H N G N F F  

CAC GAT AAA GTT AAC AAT TGT TTT TTT ATC TTC AAG AGT TAA GTTATCTGCACCGATTGATTGAA 
H D K V N N C F F I F K S -  

Sac l 
AATAGTCGATGGCTCTTTTTAGAGCATTTTCACTTGAGCT 3 ' 
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acids (Fig. 2). The homology of the spo1VCB product to other 
sigma factors ends within this element, with the third highly 
conserved hydrophobic residue being replaced by a lysine (at codon 
118) (Fig. l), and with the open reading frame terminating 37 
codons downstream of this lysine codon. 

4) Analysis of sequences downstream of the stop codon at 
position 156 did not reveal any potential amino acid sequence with 
significant similarity to the characteristic a helix-p turn-a helix 
region found at the COOH-terminus of bacterial sigma factors, an 
element that is believed to be responsible for the recognition of the 
-35 sequences of promoters (16, 17). 

5) Another open reading frame of more than 145 codons in 
length of converging orientation, which is likely to be the A gene of 
the spol VC locus, extends all the way to and actually overlaps with 
the last 29 codons of the B open reading frame. It seems unlikely 
that the overlap of the coding sequences on the two DNA strands 
could extend much further. 

The spoIVCB gene is joined to qoZIZC by a chromosomal 
rearrangement during sporulation. The spoll1C gene is a sporula- 
tion gene whose predicted product (11) is similar to the COOH- 
terminus of sigma factors, as noted by Errington (10). [The name 
spoIl1C is actually a misnomer as spo11lC mutants are blocked at 
stage IV and their phenotype is similar to that of spolVCB mutants 

(Z).] The similarity of the spo1llC product to the COOH-terminus 
of sigma factors begins close to and partially overlaps with the end of 
the similarity of the spolVCB product with the NH2-terminus of 
sigma factors (Fig. 2). We postulated that spo1VCB is joined to 
spoll1C by a site-specific recombinational event to create a compos- 
ite coding sequence for oK. If the recombinational event occurred 
within the repeated sequence of AATGA (as shown in Figs. 3 and 
4A), which is present near the terminus of spolVCB and close to the 
beginning of spoIIIC, the resulting composite gene (241 codons) 
would specify after processing a 221-residue polypeptide with a 
molecular size of 25.4 kD. 

To test this hypothesis, we extracted DNA from cells early (hour 
1) and late (hour 5) in development, and subjected the DNA's to 
DNA hybridization analysis with radioactively labeled spolVCB- 
and spol11C-containing DNA's as probes. Hybridization to DNA 
from early sporulating cells (Fig. 4B) shows that radioactive 
spo1VCB DNA reacted with a 7.5-kb Sac I fragment, a 1.7-kb Pvu 
I1 fragment, a 3.6-kb Eco RI fragment, a 7.7-kb Hind I11 fragment 
and Stu I fragments of about 1.3 and 0.7 kb, a hybridization pattern 
that was fully consistent with the known endonuclease restriction 
map of the spo1VCB region of the chromosome. Similarly, the 
spo11lC probe (Fig. 4C) reacted with Eco RI and Hind I11 
fragments of 4.7 and 1.3 kb, respectively, and Stu I fragments of 

SpoIVCB 1 

245 amino acid deletion in 0"' - - - 

SpoIVCB 95 SAGKGT NE ITKGGCIHPS NIYGVRIHNGNFFHDKVNNCFFIFKS 155 
Sp0IIIc 1 ~ ~ - T I ~ S L H ~ - - - - - - - - - Q D K E G N E I S L I I ~ S E N E D V I D T @ L ~ - - - - - - - - - - - - - - - - - - - - - - - - -  d 

' LDD 
'LE 

Fig. 2. Alignment of the predicted products of s p o I V C B  and r o I I I C  with K and R; S and T; F and Y; I, L, and V. A black background indicates 
7iY bacterial sigma factors. Two sigma factors of E. coli (a3' and a ) and seven positions occupied by identical or similar amino acids in eight or nine sigma 

sigma factors of B .  rubtilir are aligned according to Karmazyn-Campelli et 01. factors. A grey background indicates positions occupied by identical or 
(5). A 245-amino acid deletioil corresponding to residues 130 to 374 was similar residues in six or seven sigma factors. The locations of functional 
introduced in the a'' sequence at the position shown by the arrow. domains arc indicated. The alignment of the s p o l l I C  product corresponds to 
Chemically similar amino acids are defined as the following groups: D and E, that suggested by Errington (10). 



Fig. 3. Altgnment of spolVCB and spolllc nude- ~DOIVCB GCGACGTATGCAGCGAGGTGTATTGAA~X~~GATAATTACAMAGGGGGGTGCAT~CA 
otide sequences at the site of recombination. The CGCTGCATACGTCGCTCCACATAACTTTTACTCTAACATTAATGTTTTCCCCCCACGTATGT 
spolllC sequence is h m  Errington et al. (1 1). The 
identical 5-bp sequence within which recombiia- p-x ~ A ~ ; C C C C C C ~ T M ~ ; M T ~ ~ ~ T C C T C A ~ ; C A T T T G C G C G C A T T G ~  
tion occurs is identified by the asterisks. The ~ T A ~ ~ ~ ~ ~ A ~ A T " A C ~ ~ T A G G A G T A C  
arrows indicate the 21-bp inverted repeat sequence. 

approximately 5 and 3.4 kb, a pattern of hybridization that was once 
again in accord with the known physical map of the spoZIZC 
chromosomal region (1 1). 

To determine whether spoZVCB becomes joined to spoZIZC at late 
developmed stages, we compared the pattern of hybridization 
observed with DNA fragments from early sporulating cells with that 
obtained by hybridization to DNA from late sporulating cells. 

Em RI Hind m Hind m 
I I I 

spb rn c 
Pvu 11 

Em Rl Hind JU Stu 1 
-n 

Fig. 4. Southern hybridization analysis of DNA h m  sporulaung cells. (A) 
Partial endonudease restriction maD of the molVCB and molllC reeions of 
the chromosome based on (9.11 ), &d our own mapping &cuxi~~~en&. Only 
previously known restrictio;l sites relevant to the DM hybrihization analysis 
are shown. and certain sites (Stu 1) revealed in the DNA hvbridization that 
had not becn previously madped ir; cloned DNA are not shbwn in the map. 
The cross-hatched boxes show the location and orientation of spolVCB and 
spolllC. The horizontal bars show the sequences used as probes in the DNA 
hybridizations. These are the 0.74 kb Pvu 11-Sac I segment for spolVCB and 
0.92-kb Bss HII-Hind III segment for spolllC. (The Bss HI1 site is not 
labeled in the map.) The vertical dotted line indicates the proposed site of 
recombiiaaonal joining of the two genes. (B and C) Autoradiographs of 
filters containingclem~phorcti~al~Y separated resmction f?agmen&thit had 
been incubated under hvbridization conditions with radioactivelv labeled 
plasmid subclones c o n t a k g ,  respectively, the spolVCB and spo11i~ inserts 
identified by the thick bars in (A). The filters were prepared by transfer from 
a 0.7 percent agarose gel in which resmction fragments generated by 
cleavage with the indicated endonudease resmction enzymes had been 
subjected to electrophoresis. The lanes alternately contain restriction frag- 
ments of DNA from cells harvested early (hour 1) and late (hour 5) in 
sporulation (28). The arrowheads identify hybridized fragments that occur 
only in the DNA from cells harvested at hour 5. 

Reaction of the spoZVCB probe (Fig. 4B) to Sac I fragments 
revealed no difference between early- and late-purified DNA's. This 
was the expected result as Sac I cuts spoZVCB upstream of the 
anticipated rearrangement site and the radioactive probe was ho- 
mologous only to sequences upstream of Sac I. However, hybridiza- 
tion of the spoZVCB probe to Pvu 11, Eco RI, Hind 111, and Stu I 
fragments revealed, in addition to the fragments that were present in 
DNA from the early developing cells, new fragments of 2.4, 2.8, 
4.2, and 1.2 kb, respectively, which occurred only in the DNA from 
late developing cells (Fig. 4B). The sizes of the new fragments were 
in each instance completely consistent with those expected as a result 
of a recombinational event between a site (the vertical dotted line in 
Fig. 4A) near the terminus of the spoZVCB open reading frame and 
a corresponding site near the beginning of the spoZZZC open reading 
frame. 

As further evidence that the new fragments were the consequence 
of a juxtaposition of spoZVCB and spoZZZC, hybridization with 
spoZZZC-containing probe (Fig. 4C) revealed the same sized, rear- 
ranged Eco lU, Hind 111, and Stu I fragments (2.8,4.2, and 1.2 kb, 
respectively) as had been detected with the spoIVCB-bearing probe. 
That the spoZVCB and spoZZZC probes had reacted with identical- 
sized fragments in DNA from late developing cells was confirmed in 
an experiment in which the filter of Fig. 4B was washed under 
denaturing conditions to melt off the spoZVCB probe and then 
hybridized again with radioactive spoZIIC DNA. 

Joining of spoZVCB i n - h e  to spoZZZC generates a composite 
opem reading fhme. As a direct test of the rearrangement hypothe- 
sis, we cloned the putative spoZVCB-spoZZZC gene h i o n  from DNA 
extracted h m  late sporulating cells. To do this, we cloned into 
phage M13mp19 size-selected fragments of DNA, 1 to 1.5 kb in 
length, that had been digested with both Sac I and Hind 111. (The 
juxtaposition of the two genes was expected to generate a Sac I- 
Hind I11 fragment of about 1.1 kb.) Clones bearing the expected 
insert were identified by plaque hybridization with radioactively 
labeled DNA containing spoZZZC sequences as a probe. A nudeotide 
sequencing ladder was obtained across the expected junction of 
spoZVCB and spoZZZC DNA of one such clone (Fig. 5). It can be 
seen (i) that the done contains both spoZVCB and spoZZZC se- 
quences; (ii) that the junction lies within the 5-bp repeated sequence 
postulated (above) to be the site at which the recombinational event 
would take place; and (iii) that the two genes had been joined in- 
frame so as to generate a composite open reading frame (whose 
predicted length is 241 codons). 

The spoZVCB-spoZZZC joining (as monitored by the appearance of 
the rearrangement-specific 4.2-kb Hind I11 fragment) was not 
detected until the third hour (stage 111) of sporulation (Fig. 6A). 
The rearrangement was prevented in sporulation mutants spoZZG 
(Fig. 6B, lane 7) and spoZZZD (lane 8), but it was not prevented in 
mutants spoZZD (lane 6) and spoZZZG (lane 9). 

Implications for the role of chromosomal -ent in 
developmental regulation. The chromosomal DNA rearrangement 
that generates a composite gene for the mother cell sigma factor uK 
is developmental-specific because it occurs at the third hour of 
spodation, and it is prevented in certain (for example, spoZZG and 
spoZZZD) but not all (for example, spoZID and spoZZZC) mutants 
blocked at stages I1 and I11 of sporulation. The rearrangement is 
probably restricted to the mother cell chromosome because it is 
prevented by a mutation in spoZZID, a regulatory gene for the 

510 SCIENCE, VOL. 2-43 



Fig. 5. Nudeotide sequence across 
the expected junction of spolVCB 
and spolllc in the rcan;mged, com- 
posite gene fbr oK. A Sac I-Hind III 
fhgment of 1.1 kb spanning the 
junction of spolVCB and spolllC 
was cloned into phage M13mp19 as 
described (29) from DNA amacted 
from ceh at a late stage of sporula- 
don. S~ngle-stranded phage DNA 
from the clone was subjected to se- 
quencing by the procedure of Sanger 
et a!. (30). Primer extension DNA 
synthesis began h n  the Sac I end 
of the 'agment (representing 
spolVCB DNA) and continued to 
and across the junction site with 
spolllC. A region of the sequencing 
ladder comaining the junction of 
spolVCB sequences (italicized bclses) 
with spolllC sequences (nonitali- 
cized bases) is shown. The boldface 
sequence (AATGA) represents a 5- 
bp sequence unnmon to both genes 
at the site at which recombination 
OCCLVS. 

G A T C  

3P, 

I A His 
C 
G 
T Met 

A Glu 
G 
T 
T Ile 
A 

G 
C Ala 
G 

Fig. 6. The rearrange- 
ment of chromosomal 
DNA is developmentally 
regulated. Bacillus subtilis 
chromosomal DNA was - 4  

digested with Hind I11 
and subjected to DNA 
hybridization analysis as 3 4 5  7 8 9  
described for Fig. 4B, 
with radioactively labeled spolVCBsontaining DNA as a probe. The 
arrowheads idenufy the 4.2-kb rearranged fragment. (A) The DNA was 
extracted fiom wild-type cells (strain PY79) harvested at hours 1 to 5 of 
sporulation (lanes 1 to 5, respectively). (B) The DNA was amacted at hour 
5 from the following mutants (31): strain 298.4 bearing the mutation 
spollD298 (lane 6); strain 55.3 bearing the mutation spolIC55 (lane 7); strain 
BK395 bearing the mutation spolIID83 (lane 8); and strain BK338 bearing 

. the mutation spolllGA1 (lane 9). 

mother-cell line of gene expression (4, 9), but not by a mutation in 
spoZZZG, a gene that governs forespore gene expression (3). If the 
juxtaposition of spoZVCB and spoZZZC is restricted to the mother 
cell, then the rearrangement process need not be reversible because 
the mother cell chromosome is discarded at the end of the develop- 
mental cycle. 

The rearrangement of chromosomal DNA in the mother cell 
could be part of the underlying mechanism for compartmentalized 
gene expression. Thus, transcription that is directed by #-contain- 
ing RNA polymerase may be limited to the mother cell simply 
because the spoZVCB-spoZZZC composite gene, which we designate 
sigK, is generated only in this compartment. Compartmentalization 
of uK could also be achieved, however, by selective utilization of the 
spoZVCB promoter in the mother cell or by compartment-specific 
processing of pro-uK, the hypothetical primary product of the 
composite gene. Insofar as spoZVCB is autoregulatory (it has a #- 
utilized promoter) (4), the previously observed compartmentaliza- 
tion of spoZVCB transcription (9) may largely be a secondary 
consequence of the compartmentalization of the rearrangement 
process. Thus, if the composite gene and hence uK is present only in 
the mother cell, then transcription fiom the spoZVCB promoter 
would necessarily be largely confined to the mother cell. The relative 
contributions of DNA rearrangement, selective transcription, and 
pro-# processing to the compartmentalization of uK and of #- 
directed gene expression remain to be determined. 

The gene sigK is a composite that encodes a presumed binding 

domain to core RNA polymerase; this domain is a region of high 
amino acid conservation among sigma factors, which is provided by 
spoZVCB. The gene sigK also encodes a presumed -35 recognition 
region, the a helix-p turn-a helix element near the COOH- 
terminus, which in nun is provided by spoZZZC (Fig. 2). Interesting- 
ly, recombination between spoZVCB and spoZZZC occurs withii the 
coding region for a third domain that is similar to the element in 
other sigma factors that is thought to interact with the - 10 region 
of promoters (14-1 6). Thus, the presumed - 10 recognition region 
of uK is encoded in part by spoZVCB and in part by spoZZZC. Each 
gene appears therefore to encode one of two functional domains of 
uK, the third one (the -10 recognition element) being a hybrid 
region resulting from the recombination process. 

The rearrangement is the result of site-specific recombination 
within a 5-bp sequence (AATGA) present identically in spoZVCB 
and spoZZZC. A striking inverted repeat sequence (identical in 19 out 
of 21 bp) is present (Fig. 3) in spoZVCB and spoZZZC at positions 
flanking the recombination site. Conceivably, the inverted repeat 
sequences are recognition elements for a recombinase that has as its 
substrate chromosomal segments aligned as shown in Fig. 3. The 
recombinase could be the product of the second member of the 
spoZVC locus because in preliminary experiments we have found 
that recombination is prevented in a spoZVCA mutant. 

In that the relative positions and orientations of spoZVCB and 
spoZZZC are unknown, several topological possibilities exist for the 
recombination event. If spoZZZC is located downstream of and in the 
same orientation as spoZVCB, then the recombinational event would 
result in thc excision of sequences located between the genes. If 
spoZZZC is located downstream (or upstream) of spoZVCB but in the 
opposite orientation, then site-specific recombination would result 
in an inversion of intervening sequences. If spoZZZC is located 
upstream and in the same orientation as spoZVCB, then recombina- 
tion would result in the excision of the composite gene and 
expression of sigK from an extrachromosomal element. 

Whatever the basis for the juxtaposition, a significant segment of 
chromosomal DNA is involved in the rearrangement process. Even 
though they are located in the same general vicinity of the chromo- 
some, spoZVCB and spoZZZC are at least 10 kb apart, as judged by the 
failure to detect linkage between them by co-transformation. Never- 
theless, the rearrangement mechanism evidently imposes a limit on 
how far apart fiom each other (or in what relative orientation) 
spoZVCB and spoZZZC can be. Thus, in the course of our work we 
have found that a spoZVCB mutation is complemented very poorly 
(c0.1 percent efficiency) by a cloned copy of the entire spoZVC 
locus that has been inserted into the chromosome at the distantly 
located amy locus. The same DNA does, however, complement a 
spoZVCA mutation with high efficiency. Errington et al. (11) have 
reported complementation of a spoZZZC mutation by a specialized 
a105 transducing phage bearing a cloned copy of spoZZZC contained 
in a 1.3-kb Hind I11 fiagment, but the efKciency of complementa- 
tion was found to be low (18). 

Chromosomal DNA rearrangements associated with alternative 
developmental states are well known in prokaryotes and eukaryotes. 
Examples are (i) flagellar antigen phase variation switching in 
Salmonella, in which gene expression is regulated by recombination- 
al inversion of promoter-bearing DNA (19); (ii) host-range varia- 
tion in phage Mu in which recombinational inversion generates 
alternative composite coding sequences for phage tail fiber genes 
(20); (iii) mating type interconversion in yeast, in which regulatory 
information for alternative mating types is transferred (in mother 
cells but not in daughters) by a kind of site-specific "gene conver- 
sion" process to an expression locus (21); and (iv) the generation of 
vertebrate immunoglobulin genes, in which antibodies are generat- 
ed by the juxtaposition during B cell development of coding 
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elements for the variable and constant domains of the light and 
heavy chains of immunoglobulin molecules (22). 

The joining of s p o I V C B  to spoIIIC during differentiation in B .  
subtilis is, however, most reminiscent of the case of the rearrange- 
ment of nitrogen fixation genes during heterocyst differentiation in 
the cyanobacterium Anabaena. Golden et al. (23) have shown that 
the formation of heterocysts, a terminally differentiated cell type that 
carries out nitrogen fixation, involves the excision of an 11-kb 
intervening sequence that interrupts n t f D  in chromosomal D N A  of 
vegetative cells. The excision, which occurs by site-specific recombi- 
nation between an 11-bp repeated sequence and is catalyzed by a 
recombinase specified by sequences within the 11-kb inten~ening 
sequence (24) ,  replaces the terminal 26 codons of the vegetative 
t l i f l  open reading frame with 43 codons juxtaposed as a result of the 
rearrangement, and creates a complete niJHDK operon (23). Anoth- 
er rearrangement deletes a 55-kb sequence in the n $ S  region (25). 

Whereas the rearrangement process in Anabaena creates the open 
reading frame for a nitrogenase gene and restores nif operon 
expression, the chromosomal juxtaposition we have described gen- 
erates a regulatory gene whose product directs gene expression in 
the cell type (the mother cell) in which the rearrangement occurs. 
We suggest that the generation of cell type-specific regulatory genes 
by chromosomal rearrangements could be a general feature of 
developmental systems that involve terminally differentiating cell 
types. In B ,  subtilis itself other rearrangements could activate or 
inactivate additional regulatory genes in a temporal and compart- 
ment-specific way. In Anabaena other yet to be identified chromo- 
somal rearrangements could be responsible for generating regula- 
tory genes whose products mediate heterocyst-specific gene expres- 
sion. Other microbial developmental systems that might be expected 
to employ such a strategy are those involving cell types that are 
programmed to undergo lysis, such as aerial mycelium formation in 
streptomycetes (26) and fruiting body formation in myxobacteria 
(27). In higher organisms irreversible rearrangements may create 
regulatory genes whose products govern gene expression in non- 
germline cell types. 
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