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ABSTRACT Myxococcus xanthus produces several extracellular signals that guide fruiting body morphogenesis and spore differ-
entiation. Mutants defective in producing a signal may be rescued by codevelopment with wild-type cells or cell fractions con-
taining the signal. In this paper, we identify two molecules that rescue development of the E signal-deficient mutant LS1191 at
physiological concentrations, iso15:0 branched-chain fatty acid (FA) and 1-iso15:0-alkyl-2,3-di-iso15:0-acyl glycerol (TG1), a
development-specific monoalkyl-diacylglycerol. The physiological concentrations of the bioactive lipids were determined by
mass spectrometry from developing wild-type cells using chemically synthesized standards. Synthetic TG1 restored fruiting
body morphogenesis and sporulation and activated the expression of the developmentally regulated gene with locus tag
MXAN_2146 at physiological concentrations, unlike its nearly identical tri-iso15:0 triacylglycerol (TAG) counterpart, which has
an ester linkage instead of an ether linkage. iso15:0 FA restored development at physiological concentrations, unlike palmitic
acid, a straight-chain fatty acid. The addition of either lipid stimulates cell shortening, with an 87% decline in membrane surface
area, concomitantly with the production of lipid bodies at each cell pole and in the center of the cell. We suggest that cells pro-
duce triacylglycerol from membrane phospholipids. Bioactive lipids may be released by programmed cell death (PCD), which
claims up to 80% of developing cells, since cells undergoing PCD produce lipid bodies before lysing.

IMPORTANCE Like mammalian adipose tissue, many of the M. xanthus lipid body lipids are triacylglycerols (TAGs), containing
ester-linked fatty acids. In both systems, ester-linked fatty acids are retrieved from TAGs with lipases and consumed by the fatty
acid degradation cycle. Both mammals and M. xanthus also produce lipids containing ether-linked fatty alcohols with alkyl or
vinyl linkages, such as plasmalogens. Alkyl and vinyl linkages are not hydrolyzed by lipases, and no clear role has emerged for
lipids bearing them. For example, plasmalogen deficiency in mice has detrimental consequences to spermatocyte development,
myelination, axonal survival, eye development, and long-term survival, though the precise reasons remain elusive. Lipids con-
taining alkyl- and vinyl-linked fatty alcohols are development-specific products in M. xanthus. Here, we show that one of them
rescues the development of E signal-producing mutants at physiological concentrations.
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Myxococcus xanthus responds to amino acid deprivation by
inducing a multicellular developmental cycle that culmi-

nates in spore-filled fruiting bodies. While triacylglycerols (TAGs)
and the related monoalkyl-diacylglycerols are relatively rare in
prokaryotes, lipid bodies containing these neutral lipids are pro-
duced during M. xanthus development (1, 2). M. xanthus lipid
bodies are surrounded by a monolayer phosphatidylethano-
lamine membrane containing an alkyl- or vinyl-linked fatty alco-
hol (1). As limited carbon and energy induce development (3, 4),
it remains unclear what resources contribute to lipid body pro-
duction.

Fruiting body development leads to differentiation of three
distinct cell types, peripheral rods, myxospores, and cells that un-
dergo programmed cell death (PCD) (5–7). Peripheral rods re-
main outside the fruiting body and seem to express different genes
than sporulating cells (1, 5). They fail to produce lipid bodies (1).

PCD and sporulation occur inside the fruiting body. PCD begins
approximately 12 h after initiation and claims up to 80% of the cell
population (6–8). The mechanism and role of PCD remains un-
known (9, 10).

A variety of extracellular signals are thought to guide morpho-
genesis, since many developmental mutants can be rescued for
sporulation by codevelopment with wild-type cells or mutant cells
belonging to a different complementation group (11). In most
cases, the signaling molecules remain unknown. The E signal
complementation group is attractive for signal identification since
mutations that block E signal production also block the synthesis
of isovaleryl-coenzyme A (CoA), the primer used for iso15:0 fatty
acid (FA) biosynthesis and the production of certain secondary
metabolites. Isovaleryl-CoA is synthesized by two pathways in
M. xanthus. The first pathway uses branched-chain keto acid de-
hydrogenase (Bkd) to produce isovaleryl-CoA from leucine (12).
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The second pathway produces isovaleryl-CoA by a novel mecha-
nism involving LiuC, MvaS, MXAN_4264, MXAN_4265, and
MXAN_4266 (13–15). Isovaleryl-CoA is extended by fatty acid
synthase into iso15:0 and iso17:0 FAs.

E signal mutants exhibit incomplete aggregation and produce
few spores (12, 16, 17). E signal mutants can be restored for ag-
gregation and sporulation when allowed to develop atop agar con-
taining 1 mM isovalerate or 1 mM iso15:0 FA, suggesting that
iso15:0 FA or a molecule containing it may be the E signal (2). In
addition, certain molecules containing iso15:0 FA, such as the
monoalkyl-diacylglycerol TG1 (1-iso15:0-alkyl-2,3-di-iso15:0-
acyl glycerol), also rescue aggregation and sporulation when
placed on a lawn of cells (2). These experiments provide tantaliz-
ing evidence that certain lipids may be signaling molecules but
stop short of proving the point, since excessive lipid concentra-
tions were used and the metabolism of these molecules could gen-
erate other compounds.

We approached signal identification from a traditional bio-
chemical standpoint by purifying bioactive molecules that restore
E signal mutant development. Our data indicate that iso15:0 FA
and TG1 are developmental signals that stimulate development
when presented extracellularly at physiological concentrations.
Lipid body synthesis begins before cells commit to PCD, and we
suggest that cells undergoing PCD release these lipids into the
fruiting body.

RESULTS

Bioactive molecules were extracted with chloroform and metha-
nol 24 h after initiation of the development of M. xanthus strain
DK5614, which exhibits normal development and is highly en-
riched in branched-chain fatty acids (18). Purification by solid-
phase extraction on silica gel produced five fractions representing
the major M. xanthus lipid classes (19). The activity of each frac-
tion was quantified using a bioassay involving the restoration of
sporulation to the E signal-deficient mutant LS1191 (esg
MXAN_4265). LS1191 is unable to synthesize isovaleryl-CoA by
either pathway and is consequently unable to synthesize iso15:0
and iso17:0 branched-chain fatty acids. Lipids dissolved in chlo-
roform/methanol (2:1) were applied to Whatman filter paper
disks. The filter disks were dried and then applied to LS1191 cells
undergoing development. During a 4-day incubation period, cells
swarm on to the disks and form myxospores if a stimulatory lipid
is present. Cells were killed by heat treatment, and spores on the
filter disks were germinated on nutrient-rich CYEK medium (9).
After 24 to 48 h of incubation, swarms of cells migrated away from
the filter paper disks. Swarming is a social behavior, and the rate of
swarm expansion is directly proportional to the cell number (20).
In our assay, swarm expansion is used as a proxy for spore num-
ber. Swarm expansion increases with lipid concentration over a
broad range of concentrations, reflecting improved sporulation
with increasing amounts of lipid (Fig. 1A). The metric used for
comparing the bioactivity of each lipid fraction is the lipid amount
per disk that caused half-maximal swarm expansion (half-
maximal concentration), calculated from a plot of lipid concen-
tration versus swarm expansion.

Fraction 1 was the most active fraction, with a half-maximal
concentration of 2.3 �g/disk, representing a 43.5-fold purification
from the lipid extract (Fig. 1B). Lipids in this fraction were further
separated by silica gel thin-layer chromatography resolved with
chloroform/cyclohexane (1:1), which produced five lipid spots

that were visualized by staining with iodine. Lipid from only one
spot, Rf (distance from start to center of substance spot divided by
distance from start to solvent front) 0.4, rescued sporulation of
LS1191. The half-maximal concentration was 100 ng/disk, repre-
senting an overall 1,000-fold purification (Fig. 1B).

Matrix-assisted laser desorption-ionization--time of flight
(MALDI-TOF) mass spectrometry was used to identify lipids in
the active fraction following thin-layer chromatography (TLC).
An extensive catalog of lipid structures exists from previous work.
The major peak is the ether lipid, TG1 (see Fig. S1, peak 773.7, in
the supplemental material) (1, 2). TG1 contains one alkyl ether-
linked iso15:0 fatty alcohol and two ester-linked iso15:0 fatty acids
(Fig. 1C). The second largest signal was obtained from a closely
related ether lipid containing iso17:0 fatty acid rather than iso15:0
fatty acid at the sn-2 position (Fig. S1, peak 801.7). Given the
discovery of TG1 in this fraction, this result is not unexpected,
since iso17:0 FA is synthesized via the same pathway and is the
second most abundant branched-chain fatty acid (21).

FIG 1 Purification of the E signal. (A) An example of a plot of lipid amount
per disk versus swarm distance. (B) Purification of E signal activity. Bioactivity
refers to lipid concentration giving half-maximal swarm expansion. (C)
Chemical structure of TG1, the principal TAG in fraction 1.
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Fraction 2, enriched in ester-linked triglycerides, was 200-fold
less active than fraction 1, with a half-maximal concentration of
450 �g, and was not fractionated further. The principal TAG in
this fraction is tri-iso15:0 TAG, which is identical to TG1 except
that it has three ester-linked iso15:0 fatty acids. Since the only
difference between this molecule and TG1 is the presence of the
ether linkage, tri-iso15:0 TAG was synthesized and used in subse-
quent experiments to assess the importance of the ether linkage.
Fraction 3, free fatty acids, had a half-maximal concentration of
5 �g. iso15:0 FA accounted for 65% of the branched-chain fatty
acids in this fraction, though there were many other components.
Fraction 4, enriched in mono- and diacylglycerides, and fraction
5, enriched in phospholipids, had half-maximal-concentration
values of 87 �g and 2,300 �g, respectively, and were not fraction-
ated further.

TG1, the major TAG in fraction 1, tri-iso15:0 TAG, the major
TAG in fraction 2, and iso15:0 FA, the major fatty acid in fraction
3, were synthesized and assayed for sporulation rescue of LS1191
using the same bioassay. The half-maximal concentration for bio-
activity of synthetic TG1 was 50 ng (66 pmol/disk), about 2-fold
greater than that of the purified lipid fraction containing TG1. For
comparison, tri-iso15:0 TAG was inactive in amounts as high as
3 �g/disk (half-maximal concentration of �4.0 nmol/disk). The
half-maximal concentration of iso15:0 FA was 10 ng (41 pmol/
disk).

Quantification of TG1 and iso15:0 FA. To ascertain whether
TG1 and iso15:0 FA were active at physiological concentrations,
both lipids were quantified in vegetative and 18-h developing
wild-type cells (DK1622). Because lipids are largely insoluble in
aqueous environments, the reagents used to quantitatively extract
lipids, such as chloroform and methanol, are lethal. Thus, it was

not feasible to quantify intracellular versus extracellular lipids in a
dense biofilm of developing cells, and for that reason, total lipid
was extracted with chloroform/methanol (2:1).

Calibration curves for quantitative analysis were constructed
using TG1 and iso15:0 FA standards. TG1 was not detected in
vegetative cells (�0.004 nmol/109 cells) but increased to 1.4 nmol/
109 cells by 18 h. Free iso15:0 fatty acid was 4.5 nmol/109 cells in
both vegetative and 18-h developing cells. Total iso15:0 FA was
determined following methanolysis of all lipids to release fatty
acid methyl esters. The total amount of iso15:0 FA was 63.5 nmol/
109 vegetative cells, which increased to 82.7 nmol/109 cells by 18 h.
Thus, free iso15:0 FA represented about 5% of the total.

Developmental rescue by physiological concentrations of
TG1 and iso15:0 FA. The precise number of cells that swarmed
onto each filter paper disk in the bioassay was difficult to deter-
mine due to the porosity of the filters. Each disk was placed atop a
spot containing 2.5 � 107 cells. This number provided a metric for
comparison, assuming that most cells responded to the lipid. With
iso15:0 FA, the half-maximal concentration was 41 pmol/disk or
1.6 nmol/109 cells. This was about one-third of the actual iso15:0
FA concentration. The half-maximal concentration of TG1 was
66 pmol/disk or about 2.6 nmol/109 cells. This was about 2-fold
higher than the actual concentration. Thus, both molecules ap-
peared to be active at or near their physiological concentrations.

A nontoxic lipid delivery system was developed so that the lipid
concentration per cell could be carefully controlled. Lipid was
dissolved in dimethyl sulfoxide (DMSO) and mixed with vegeta-
tive LS1191 cells. The cells were spotted on TPM agar plates under
normal developmental conditions (9). The presence of DMSO
alone had little effect on LS1191 development. The cells formed
loose aggregates without spores, just like LS1191 without DMSO

FIG 2 Rescue of development with synthetic lipids. (A) Fruiting body formation of wild-type (WT) strain DK1622 and of strain LS1191 mixed with DMSO, TG1
(3 nmol/109 cells), tri-iso15:0 TAG (3 nmol/109 cells), iso15:0 FA (5 nmol/109 cells), and palmitate (10 nmol/109 cells). Bar is 100 �m. (B) Heat- and
sonication-resistant LS1191 spores were counted using a Petroff Hausser counting chamber following treatment with TG1 (�), iso15:0 FA (�), tri-iso15:0 TAG
(�), and palmitic acid (e). Vertical arrows indicate physiological concentrations of TG1 and iso15:0 FA. (C) Quantitative PCR analysis of the expression levels
of MXAN_2146 in LS1191 cells mixed with TG-1 (�), iso15:0 FA (�), and tri-iso15:0 TAG (�) at 24 h during development. Error bars show standard deviations.
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(Fig. 2A and data not shown). TG1 restored fruiting body devel-
opment at physiological concentrations, whereas at comparable
concentrations, tri-iso15:0 TAG did not. Similarly, iso15:0 FA re-
stored fruiting body development at physiological concentrations,
whereas palmitate, a 16:0 straight-chain fatty acid of similar length
and saturation, did not.

Spore yield was determined by direct counts following sonica-
tion to disperse spores and lyse vegetative cells. iso15:0 FA induced
wild-type levels of spores (about 2.5 � 106 for wild-type strain
DK1622) at physiological concentrations. However, unlike
DK1622, which enjoyed a 75% germination rate after heating to
50°C for 2 h, only about 36% of the iso15:0 FA-induced spores
germinated. TG1 had activity similar to that of iso15:0 FA at com-
parable concentrations (Fig. 2B), but the germination success was
about 71%. Chemical specificity was observed in that the closely
related molecules palmitate and tri-iso15:0 TAG were inactive at
similar concentrations.

Physiological changes caused by TG1 and iso15:0 FA. The
search for targets of the lipids focused on two areas, regulation of
gene expression and induction of cell shape change. Published
microarray data helped identify genes whose expression peaks
during spore formation (22). The C signal-dependent aqualysin-
like gene MXAN_1501 that is activated at about 14 h (23–25) is not
activated by either lipid. However, TG1 stimulated MXAN_2146
expression, whereas neither iso15:0 FA nor tri-iso15:0 TAG in-
duced expression (Fig. 2C). There are no features of the
MXAN_2146 promoter region that provide a clue about the
mechanism of regulation.

DK1622 (wild-type) cells 18 h into the developmental program
generally contain 2 to 3 large lipid bodies that comprise a substan-
tial portion of the cell volume (1). As development is induced by
carbon limitation, a relevant question is where the carbon and
energy for lipid body production originate. Myxospore differen-
tiation is an encystment in which cylindrical cells that are about
7 �m in length and 1 �m in width shorten into spherical spores
that are roughly 1.8 �m in diameter. Excluding the thick cortex
and spore coat layers, the diameter of the spore interior sur-
rounded by the membrane is about 1 �m (26). The membrane
surface area of the cylindrical cell, 23.6 �m2, declines to 3.1 �m2 in
a spore, a decrease of 87%. On theoretical grounds, membrane
phospholipid could serve as the principal carbon source for TAGs,
with little biochemical complexity to the conversion and little
drain on limiting carbon resources.

LS1191 cells are blocked early in development, before there is
any indication of cell shortening or lipid body synthesis (Fig. 3A).
When LS1191 cells were mixed with either TG1 or iso15:0 FA and
spotted on TPM agar, lipid bodies were detected in most cells by
12 h (Fig. 3A). The sporulating cells became spindle shaped and
produced lipid bodies in the center of the cell and at both poles.
The solvent used to dissolve the lipids, DMSO, did not induce
lipid body production (Fig. 3A), nor did the closely related com-
pounds tri-iso15:0 TAG or palmitate (not shown). In the case of
iso15:0 FA, maximum lipid body production is observed at phys-
iological concentrations (Fig. 3B, vertical arrow). TG1 produces
only about 1/3 the maximum level of lipid bodies at the average
physiological concentration and normal levels at a 3-fold-higher
concentration. Neither tri-iso15:0 TAG nor palmitate stimulated
lipid body production (Fig. 3B; see also Fig. S2 in the supplemental
material).

We noted several striking differences between wild-type devel-

opment and iso15:0 FA-rescued sporulation of LS1191 cells.
Whereas wild-type cells also tend to have lipid bodies at each pole
and in the cell center, there is more variation in lipid body size and
spatial location (1). In contrast, iso15:0 FA-induced lipid bodies
appear to be larger and more precisely located in LS1191 cells. The
central lipid bodies are so large that the cells adopt more of a
spindle shape than wild-type cells. In addition, iso15:0 FA-rescued
development results in balloon-shaped outer membrane blebs
protruding from the cell surface in over 50% of the cells. This
result suggests that iso15:0 FA diminishes cell length faster than
the natural rate of outer membrane sloughing. As the wild-type
cells become shorter, the outer membrane disappears gradually,
without any obvious distortion to the cell surface (1). Secretion of
outer membrane material through outer membrane vesicles or by
TraAB-mediated intercellular exchange is in each case a well-
documented, natural venue for diminishing the outer membrane
in wild-type cells (27–29). It appears as if iso15:0 FA uncouples
outer membrane sloughing from lipid body synthesis to generate
these unusual structures.

When LS1191 cells were mixed with iso15:0 FA and induced to
develop, the cell length diminished as the lipid body area increased
(Fig. 3C). The delivery solvent DMSO alone did not alter either
parameter significantly. A concomitant decline in cell length as the
lipid body area increased was also observed during wild-type de-
velopment (not shown), suggesting that excess membrane phos-
phatidylethanolamine (PE) is converted to triacylglycerides dur-
ing shortening.

Cells undergoing PCD produce lipid bodies. Both iso15:0 FA
and TG1 stimulate development from the outside in, suggesting
that the lipids are normally presented extracellularly. Where do
they come from? Because of the complex structure of the cell en-
velop, it seems unlikely that lipid bodies are secreted. A more likely
venue for lipid release from the cell is through PCD, which is the
fate of 80% of the population. We examined the possibility that
PCD generates extracellular lipid by determining whether cells
destined for PCD form lipid bodies.

Nile red staining was used to quantify lipid body-producing
cells during wild-type development. At 12 h, nearly 90% of the
cells contained lipid bodies (Fig. 4A). Peripheral rods, which com-
prise 10% of the population, do not make lipid bodies and account
for the difference (1). Over the course of development, the cell
number declined roughly 80% due to PCD and was accompanied
by a corresponding decline in the number of cells containing lipid
bodies (Fig. 4A). These results suggest that cells destined for PCD
produce lipid bodies.

This observation was examined in a different manner by using
a pair of strains in which one member preferentially undergoes
PCD. �difA cells, formerly called dsp in the older literature, un-
dergo PCD when mixed with DK1622 cells (8, 30). In these exper-
iments, the �difA mutant expressed green fluorescent protein to
provide a cell type-specific marker (see Fig. S2 in the supplemental
material). When allowed to develop alone, �difA cells failed to
undergo either PCD or sporulation (Fig. 4B). While lipid body
synthesis and cell shortening were delayed relative to these pro-
cesses in wild-type cells, the majority of the cells eventually pro-
duced lipid bodies.

The two strains were mixed 1:1 and allowed to develop. Cells
were stained with Nile red every 12 h and examined for red and
green fluorescence. Overall, �difA cells declined by over 90% by
48 h (Fig. 4C). While the production of lipid bodies by �difA cells
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was still delayed relative to the lipid body production of wild-type
cells (Fig. 4C), the number of �difA cells containing lipid bodies
initially increased and then declined steadily after 24 h. �difA cells
formed only 0.1% of the spore population. These results show that
cells undergoing PCD produce lipid bodies. As �difA cells did not
undergo PCD on their own, it appears as if wild-type cells stimu-
late �difA PCD.

PCD would be expected to release lipid bodies inside the fruit-
ing body. When fruiting bodies were stained with Nile red and
then gently opened in the presence of Ficoll to stabilize the cell
membrane, spherical bodies containing lipid were observed (see
Fig. S3 in the supplemental material). The spherical bodies exhib-
ited a range of sizes, many with diameters smaller than the 2.5-�m
spore diameter. Furthermore, the ones shown in the right panel of
Fig. S3 were nonrefractile under phase-contrast microscopy, sug-
gesting that they were membrane vesicles.

DISCUSSION
Novel lipid signals. We describe two novel bioactive lipids for
M. xanthus, iso15:0 fatty acid (FA) and the TAG TG1. We tenta-
tively refer to them as signals because they are active from the
outside in at physiological concentrations, though sensory path-
ways have not yet been identified. iso15:0 FA exhibited full activity
at its physiological concentration in all but the gene expression
assay. TG1 exhibited roughly 30% activity at its average physio-
logical concentration and full activity at 3-fold-higher concentra-
tions. As iso15:0 FA is a precursor for TG1 synthesis and TG1 can
be partially catabolized to iso15:0 FA, the question arises whether
only one of these lipids is the actual E signal. TG1 could do every-
thing iso15:0 FA could plus activate the expression of the spore-
specific gene MXAN_2146. Its unusual chemical structure, pro-
duction only during development, and activity at low
concentrations argue in favor of TG1 being a developmental sig-

FIG 3 Rescue of development by synthetic lipids. (A) Lipid body production in LS1191 mixed with DMSO (left) and DMSO plus iso15:0 FA (right). (B) Lipid
body production at 48 h was quantified by measuring the average area of lipid bodies per 30 cells following treatment with iso15:0 FA (�), TG1 (�), tri-iso15:0
TAG (�), and palmitic acid (e). Vertical arrows indicate physiological concentrations of TG1 and iso15:0 FA. (C) Lipid body production increases as cell length
diminishes. LS1191 lipid body area was quantified after mixture with DMSO (�) or DMSO plus 5 nmol iso15:0 FA/109 cells (�). Cell length was measured using
phase-contrast images of 30 rod-shaped cells of LS1191 mixed with DMSO (Œ) or DMSO plus 5 nmol iso15:0 FA/109 cells (e). The same cells were measured for
length and lipid body production. Error bars show standard deviations.
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nal. It seems unlikely that the biological activity of TG1 is due to
catabolism to iso15:0 FA, as tri-iso15:0 TAG was at least 60-fold

less active than TG1 despite having a similar catabolic pathway.
When dose-response curves are carefully compared, a case can
also be made for iso15:0 FA being a signal. As it takes 3 molecules
of iso15:0 FA to form one molecule of TG1, it should take three
times the amount of iso15:0 FA to restore development if the
iso15:0 FA activity is due to TG1 production. In both the lipid
body production assay (Fig. 3B) and the sporulation assay
(Fig. 2B), the active concentration of iso15:0 FA was roughly equal
to that of TG1. The slopes of the activity curves were comparable,
as were the lipid amounts per disk that caused half-maximal
swarm expansion (half-maximal concentration) and the concen-
trations required for maximum activity. The easiest way to recon-
cile the results is by arguing that iso15:0 FA and TG1 have partially
overlapping functions. Some features of the chemical structures
that confer activity were revealed. Palmitate could not replace
iso15:0 FA despite having a similar chain length and saturation.
This argues for the importance of the iso branch in initiating the
developmental response. Similarly, tri-iso15:0 TAG could not re-
place TG1 despite being identical except for the alkyl ether linkage
in TG1. Ether lipids are rare in the Bacteria, and this is the first
report of one serving as a signaling molecule.

Both lipids are active when presented extracellularly either on a
filter paper disk or dissolved in DMSO. Lipid bodies are not likely
to pass directly through the multilayered cell envelope. Rather,
they are produced by cells destined for PCD (Fig. 4) and released
into the fruiting body (see Fig. S3 in the supplemental material).
Since the vast majority of the cells undergo PCD, these cells would
produce quantities sufficient to activate morphogenesis. While
PCD has long been thought to deliver vital nutrients to developing
cells, our work indicates that it also provides essential develop-
mental signals (7).

As development is initiated when cells encounter limiting car-
bon and energy resources, it would appear that lipid bodies are
made from existing resources. This would suggest an internal
source for lipid body fatty acids. Our work demonstrates that lipid
bodies are produced when cells begin to shorten and are first ob-
served about 6 h after the initiation of development in wild-type
cells. The membrane surface area diminishes roughly 87% during
development. Since we show that cell shortening and lipid body
production are coupled processes, TAGs could be produced from
membrane phospholipid in a direct and simple manner (Fig. 5).
The model proposes that the inner leaflet of the inner membrane
forms the monolayer membrane surrounding the lipid body, as
has been described for lipid bodies from other organisms (31).
The principal phospholipid in both membranes is phosphatidyl-
ethanolamine (PE) (1, 2, 32), though some chemical modifica-
tions must be made. Vegetative PE contains two ester-linked fatty
acids, while lipid body PE contains one alkyl- or vinyl-linked fatty
alcohol. The outer leaflet of the inner membrane would be used to
create triglycerides from phospholipids in two enzymatic steps. In
the first step, the phosphorylated head group of the phospholipid
is removed to create diacyl glycerol. In the second step, diacylglyc-
erol acyltransferase produces triacylglycerol. The mechanism by
which iso15:0 FA and TG1 activate this pathway remains un-
known. They could activate transcription of the relevant genes or
modulate the activity of existing enzymes.

The peptidoglycan layer and outer membrane must also
shrink, as the membrane surface area declined by 87%. The pep-
tidoglycan sacculus is degraded during the transition from vege-
tative cells to glycerol-induced myxospores (33). The spherical

FIG 4 Lipid body production in WT, �difA, and WT plus �difA cells during
development. (A) Changes in WT cell number during development as deter-
mined by direct counts of rod-shaped cells (�), myxospores (�), and lipid
body-containing cells, which were enumerated by Nile red staining (Œ). (B)
Changes in LS2472 (�difA PpilA-gfp) cell numbers and lipid body-containing
cells as shown by counts of rod-shaped cells (�) and lipid body-containing
cells (�). (C) Changes in WT and LS2472 cell numbers when mixed 1:1 and
allowed to develop. LS2472 cells were identified using green fluorescence.
Lipid body-containing cells were identified by Nile red staining. Symbols are as
indicated for panels A and B. Error bars show standard deviations.
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coats isolated from glycerol-induced spores contain no detectable
muropeptides but do have small amounts of N-acetylmuramic
acid and meso-diaminopimelic acid. Fruiting body spores have
not been examined in the same detail. The outer membrane
sloughs off normally by several mechanisms, principally by the
formation of outer membrane vesicles and cell contact-dependent
exchange between cells (27, 28, 34).

MATERIALS AND METHODS
Bacterial strains and growth conditions. Details about cultivation, de-
velopment, and strain construction are provided in Text S1 and Table S1
in the supplemental material.

Nile red staining. Lipid body staining was carried out as described by
Hoiczyk et al. with modifications (1). Detailed information on lipid body
staining and microscopy is provided in Text S1 in the supplemental ma-
terial.

Filter paper disk lipid bioassay. Lipid fractions and synthetic lipids
were assayed for their ability to rescue sporulation of LS1191. Cells were
grown to a density of 5 � 108 cells/ml, harvested, and resuspended in
distilled water to a final density of 5 � 108 cells/ml. Amounts of 50 �l of
cells were spotted on TPM plates, allowed to air dry and incubated at 32°C
for 24 h. Lipid amounts ranging from 0 to 10 �g were applied to sterile
circular Whatman number 2 filter paper disks (7 mm), dried, and then
placed on top of cell spots. The plates were incubated for 96 h at 32°C. The
plates were incubated at 50°C for 2 h to kill vegetative cells. The plates were
cooled, and the filter disks were then transferred to CYEK plates. The
plates were incubated for 24 to 48 h until swarms of cells appeared around

the filter disk. The swarm sizes at five equidistant points were recorded
using a phase-contrast microscope (Leitz Laborlux) with an ocular micro-
meter. The average swarm size was plotted against the lipid concentration.

Lipid-DMSO bioassay. Synthetic lipids were utilized for bioassays in-
volving lipid delivery in DMSO. LS1191 cells were grown to a density of 5
� 108 cells/ml, harvested, and concentrated to a final density of 5 �
109 cells/ml. Lipids were dissolved in 100% DMSO at 0.6 nmol/�l and
diluted in 100% DMSO. Lipids were added to LS1191 cells, and amounts
of 10 �l of cell suspension were spotted onto TPM plates. The plates were
incubated at 32°C.

Real-time PCR. To quantify the mRNA levels of MXAN_2146, total
RNA was extracted using RNAsnap (simple nucleic acid purification)
from LS1191 mixed with different lipids at 24 h into development. Prim-
ers for reverse transcription (RT)-PCR are provided in Table S1 in the
supplemental material. Quantification of transcript levels was done using
the iScript one-step RT-PCR with SYBR green (Bio-Rad, Hercules, CA,
USA) and carried out with the iCycler iQ real-time PCR detection system
(Bio-Rad, Hercules, CA, USA) with the following reaction cycle: 50°C for
10 min, 95°C for 5 min, and then 45 cycles of 95°C for 10 s, 55°C for 30 s,
and 72°C for 30 s. Melting curve analysis was carried out at 55 to 95°C for
10 s, increasing the temperature 0.5°C each cycle for 80 cycles. Relative
fold changes in MXAN_2146 transcript levels were calculated using the
cycle threshold (��CT) method.

Lipid synthesis and quantification. Details about lipid synthesis and
quantification are provided in Text S1 in the supplemental material.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
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