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We identified a cluster of four two-component signal transduction genes that are necessary for proper
progression of Myxococcus xanthus through development. redC to redF mutants developed and sporulated early,
resulting in small, numerous, and disorganized fruiting bodies. Yeast two-hybrid analyses suggest that Red-
CDEF act in a single signaling pathway. The previously identified esp4 gene displays a phenotype similar to
that of redCDEF. However, combined mutants defective in esp4 redCDEF exhibited a striking additive devel-
opmental phenotype, suggesting that EspA and RedC to RedF play independent roles in controlling develop-

mental progression.

Myxococcus xanthus is a gram-negative soil bacterium that
exhibits a complex developmental program in which cells re-
spond to starvation by first aggregating into mounds of approx-
imately 100,000 cells and then, within these mounds, differen-
tiating into spores (15). Previous work in our laboratory
demonstrated that the timing of developmental progression in
M. xanthus is modulated by EspA, a histidine kinase (HisKA)
homolog (3). espA mutants develop earlier than wild-type cells,
forming small, numerous fruiting bodies, with many spores

outside of fruiting bodies. Epistasis analysis suggested that
EspA functions downstream from EspB, a putative transport
protein, in a signal transduction pathway. We hypothesized
that EspA inhibits development until a signal is sensed that
allows development to proceed. However, a cognate response
regulator for EspA has not been identified, and the mechanism
for regulation of developmental timing is unknown.

To identify additional genes in this regulatory pathway, we
have employed a genetic screen to search for new mutations
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FIG. 1. Genetic arrangement of five independent transposons inserted into a single locus. A) Genetic arrangement of the red locus. Arrows
indicate sites of magellan4 transposon insertions. B) Analysis for polycistronic red mRNA by reverse transcriptase PCR. Intergenic regions between
each gene (represented by bars in panel A) were amplified either from genomic DNA (g) or cDNA generated using RNA isolated from vegetatively
growing cells in the presence (+) or absence (—) of reverse transcriptase. S, DNA size standards.
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FIG. 2. Domain architecture and sequence alignments of histidine kinase and receiver domains. A) Arrangement of signal transduction
domains of the two-component signal transduction proteins predicted by SMART. Histidine kinase (HisKA) and ATP-binding (HATPase_c)
domains are depicted in RedC and RedE. Receiver (REC) domains are depicted in RedD and RedF. RedC was modified to add an additional
transmembrane domain predicted by transmembrane hidden Markov model (16). B) Sequence alignments of RedC and RedD compared to several
histidine kinases shown to modulate developmental progression in M. xanthus (EspC [9], EspA [3], TodK [12]) and to canonical histidine kinase
EnvZ from E. coli (Ec EnvZ) (11). Conserved regions within the HisKA (H box) and HATPase_c (N, D, F, and G boxes) domains are shown. An
asterisk denotes the conserved histidine residue which is the site of autophosphorylation in EnvZ (8). C) Receiver domains identified in RedD and
RedF were aligned with those from the hybrid kinases EspA and EspC and canonical response regulator proteins OmpR and CheY from E. coli.
Important functional residues are indicated by bars. An asterisk denotes the conserved aspartate residue which is the site of autophosphorylation

in OmpR and CheY (19). Mx, M. xanthus; Ec, E. coli.

that cause an EspA-like phenotype (9). The screen involves
using the magellan4 mariner transposon (13) to isolate mutants
that sporulate early. We identified nine independent insertion
mutants that showed this phenotype. One transposon insertion
was mapped to the espA gene itself and a second insertion was
mapped to espC, a hybrid histidine kinase that also functions to
control the timing of fruiting body formation (9).
Identification of the red locus. Five of the nine magellan4
insertion mutants were mapped (13) to a single locus consisting
of at least seven genes (Fig. 1A). The locus was sequenced

(GenBank accession number AY772188). Reverse transcrip-
tase PCR analysis performed (18) on RNA isolated from veg-
etative cells indicated that these genes are part of an operon,
since they are all expressed from a single transcript (Fig. 1B).
The seven open reading frames were designated redA to redF
(regulation of early development). BLAST (1) and SMART
(10, 14) analysis of each open reading frame suggested that
RedA contains a ribosomal SAE30/sigma 54 modulation do-
main, RedB contains no defined functional domains, and
RedG contains a metallopeptidase domain. Interestingly,
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FIG. 3. Developmental phenotypes of red mutants. A) Developmental phenotypes of redB::Q04439, AredB, A(redCDEF), A(redCD), and
A(redEF) were analyzed in wild-type (DZ2) (DZ4657, DZ4663, DZ4659, DZ4665, or DZ4667, respectively) (A) or AespA (DZ4227) (DZ4658,
DZ4664, DZ4660, DZ4666, or DZ4668, respectively) (B) backgrounds. Ten microliters of 2 X 10%/ml cells was spotted on clone fruiting agar (18)
and incubated at 32°C. Pictures were recorded at 24 and 48 h of development. Strains bearing AredA or an insertion in redG in the wild-type
(DZ4661 or DZ4669, respectively) or AespA (DZ4662 or DZ4670, respectively) background behaved essentially as the respective AredB mutants

with respect to fruiting body formation.

RedC to RedF appear to be two-component signal transduc-
tion proteins with unusual domain organization (Fig. 2A).
Both RedD and RedF lack predicted DNA-binding elements,
suggesting that they are not directly involved in regulating
transcription. Sequence alignments indicate that RedC to
RedF contain the conserved functional residues necessary for
kinase and receiver function (5, 19), although the carboxy-
terminal end of the RedF receiver domain contains either a
truncation or deletion such that a conserved lysine residue is
not positionally conserved (Fig. 2B and C).

Interruptions in the red locus accelerate both aggregation
and sporulation during development. The redB::Q24439 mutant
(Fig. 1A) was backcrossed into the wild-type DZ2 strain (3),
generating DZ4657, and the developmental phenotype was
analyzed (Fig. 3A). DZ4657 cells aggregated earlier than the
wild type and formed fruiting bodies that were small and nu-
merous (Fig. 3A). Sporulation in the mutant was also early and

yielded approximately 25% more spores than the wild type
(Fig. 4A). These observations suggest that the red locus serves
to inhibit progression of the developmental program until an
unidentified condition, or set of conditions, is met.

red and espA mutant phenotypes are additive with respect to
developmental timing. To determine whether espA and red
function in the same signaling pathway, we analyzed the phe-
notype of a AespA redB::Q4439 double mutant (DZ4658) gen-
erated by introducing redB::Q4439 into DZ4227 (3), a AespA
strain. Surprisingly, although both mutations by themselves
cause accelerated and more numerous fruiting bodies, the dou-
ble mutant failed to form visible fruiting bodies under the
conditions tested here (Fig. 3B); however, heat- and sonica-
tion-resistant spores were formed more than 48 h earlier than
with the wild type and at least 24 h earlier than with either
AespA or redB::Q14439 single mutant (Fig. 4A). The espA redB::
04439 double mutant ultimately formed 1.5 times as many
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FIG. 4. Timing of spore formation during development in redB::Q4439. A) Spore production during the first 70 h of development. Ten
microliters of 2 X 107 cells/ml of wild-type (solid circles), redB::Q4439 (solid triangles), AespA (solid squares), or AespA redB::Q4439 (open
diamonds) cells were spotted in triplicate on clone fruiting media and incubated at 32°C. Cells were harvested at the indicated time points, and
the number of heat- and sonication-resistant spores (3) was determined. B) AespA redB::Q04439 (DZ4658) cells after 72 h of development pictured
at 12X magnification (center panel) and 1,000X magnification of the swarm edge (bottom panel), demonstrating undifferentiated cells and the

center of the spot (top panel) showing lawns of spores.

spores as the wild type or the espA single mutant and 1.25 times
as many spores as the redB::(04439 mutants. The additive de-
fects observed in the double mutants of timing and total spore
production suggest that esp4 and the red loci independently
inhibit development progression.

Examination of the spots of developing AespA redB::Q14439
mutants under higher magnification revealed that these cells
differentiated into thin layers of spores (Fig. 4B), but as ob-
served with wild-type cells, they remained as rods near the
edge of the spot, presumably because cells at this location are
not sensing the same degree of starvation as cells at the center
of the spot or, alternatively, because the population density is
lower there. The AespA redB::Q24439 double mutants exhibited
growth rates identical to those of the wild type under high- or
low-nutrient conditions (Casitone-yeast extract [CYE] [18],
CYE lacking yeast extract, or the latter medium with Casitone
reduced to 0.5% or 0.25%). The double mutants also showed
no signs of development when incubated under vegetative con-
ditions, shaking in liquid starvation media, or at low cell den-
sity on starvation media (data not shown). These observations
suggest that these cells were still responding appropriately to
signals required for the initiation of development and that the
double mutant phenotype arises from the combined loss of two
inhibitors of developmental progression rather than a defect in
nutrient sensing.

The redCDEF genes are necessary for timely development.
Since the red genes are part of an operon, the redB::(24439
mutant is likely to be polar on the expression of downstream
genes. To analyze these genes further, we constructed in-frame
deletions (7) in redC to redF, redA, or redB (DZ4659, DZ4661,
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and DZ4663, respectively) and an insertion in redG (DZ4669).
Phenotypic analysis of these mutants determined that only the
A(redCDEF) deletion displayed the redB::(04439 mutant phe-
notype (Fig. 3A and data not shown). Additionally, when these
deletions were introduced into a AespA strain, only the AespA
A(redCDEF) mutant (DZ4660) showed the early-sporulation,
nonaggregation phenotype (Fig. 3B and data not shown).
These results suggest that RedC to RedF two-component sig-
nal transduction proteins regulate the timing of development,
while RedA, RedB, and RedG have unknown functions.

redEF mutants are epistatic to redCD mutants. We next
constructed and analyzed A(redCD) (DZ4665) and A(redEF)
(DZ4667) mutants. Both the A(redCD) and A(redEF) mutants
aggregated early, but the resulting fruiting bodies were less
numerous and more organized in the A(redCD) mutant than in
the A(redEF) mutant (Fig. 3A). In addition, only AespA
A(redEF) (DZ4668) double mutants formed the early-sporu-
lation, nonaggregation phenotype; AespA A(redCD) (DZ4666)
double mutants still formed fruiting bodies, albeit even smaller
and more numerous than either single mutant alone (Fig. 3B).
In both the wild-type and AespA backgrounds, the A(redEF)
mutants phenocopy the A(red CDEF) mutants with respect to
fruiting body appearance (Fig. 3) and timing of sporulation
(data not shown), indicating that redEF is epistatic over redCD.
These results suggest that RedEF may act downstream of
RedCD in a signal transduction pathway.

RedD interacts with both RedC and RedE in a yeast two-
hybrid interaction assay. When all possible combinations of
Red histidine kinase (HisKA) and receiver (REC) domains
were analyzed for interactions in the yeast two-hybrid system
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TABLE 1. Yeast two-hybrid interaction analysis”

Prey protein and domain

Bait .
protein Domain RedC, RedD, RedD, RedE, RedF, FrzZ, FrzZ, RNM
HisKA REC1 REC2 HisKA REC RECI REC2

RedC HisKA  ++ + + - + - - -
RedD RECI - - - ++ - - - -
RedD REC2 - * + + - - - -
RedE HisKA - + - — - — - -
RedF REC - - - ++ - - - -
FrzZ  RECI1 - — - - - - - -
FrzZ REC2 - - - - - - - -
ON - - - - - - - ++

“ Plasmids encoding B42 activation domain (prey, pJG4-5) (6) fusions to the
histidine kinase (HisKA) domains of RedC (pLSE16) and RedE (pLSE19) and
the receiver (REC) domains of RedD (RECI, pLSE17; REC2, pLSE18) and
RedF (pLSE20) were paired with plasmids encoding the respective LexA binding
domain (bait, pEG202) (6) fusions (pLSE06, pLSE07, pLSE08, pLSE09, or
pLSE10) in the Saccharomyces cerevisiae EGY48/pSH18-34 lacZ reporter strain
(4, 6) and tested for relative beta-galactosidase activity in the presence of galac-
tose and 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside after 72 h of growth.
Strong positive interactions (++) were defined by RNW (pDEW020) and QN
(pDEW002) (2). +, positive interaction; =, insignificant interaction; —, no in-
teraction.

(20), specific positive interactions were detected between the
RedC HisKA domain and the second receiver domain of
RedD (REC2) as bait and prey, respectively (Table 1). Like-
wise, a specific strongly positive interaction was also detected
between the RedE HisKA domain and the RedF REC domain
as prey and bait, respectively. In addition, strong positive and
reciprocal interactions between the RedE HisKA domain and
RedD RECI were detected. These interactions were specific,
since neither HisKA domain interacted positively with either
receiver of FrzZ, another protein consisting of dual-receiver
domains (17). These results are consistent with the genetic
epistasis experiments and suggest that RedC to RedF partici-
pate in an unusual signal transduction pathway which, distinct
from the EspA signaling pathway, controls developmental tim-
ing in M. xanthus. We are currently investigating the molecular
mechanisms by which this control is mediated.

Nucleotide sequence accession number. The sequence of the
red locus was deposited in GenBank under accession no.
AY772188.
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