
The ability of microorganisms to persist in 
metabolically inactive states enables survival 
in unfavourable conditions1 and probably 
contributes to microbial diversity by facili-
tating taxonomic richness in nutrient-poor 
systems2. Unfavourable conditions include 
nutrient deprivation, extremes of tempera-
ture and desiccation, or the presence of host 
antimicrobials such as lysozyme3. Several 
important human pathogens can exist in 
these states4 and, at least in some cases, the 
infectious particles are dormant cells5. For 
example, Bacillus anthracis and Clostridium 
difficile can become resistant spores6, 
Mycobacterium tuberculosis can enter into a 
low replicative state that may aid survival in 
human hosts for decades7,8, and Chlamydia 
spp. are capable of transforming into an inert 
form, the elementary body9. A similar sur-
vival strategy is seen in many environmental 
isolates10, such as Pseudomonas fluorescens11 
and Vibrio vulnificus12, which enter dormant 
states that improve their long-term survival 
in the soil and in cold aquatic environments, 
respectively.

Although stochastic mechanisms could 
underlie the decision to exit these low- or 
zero-growth physiological states, dormant 
cells might also determine when conditions 
have improved and re-initiate growth. Given 
that bacteria typically exist in polymicro-
bial communities, dormant cells should 
efficiently and accurately assess the changes 
in environmental conditions to be able to 

compete with genetically related bacteria 
or phylogenetically distinct species that are 
present in these settings. Although eukaryo-
tic microorganisms such as fungi are beyond 
the scope of this article, they also undergo 
exit from dormancy (BOX 1). Little is known 
about the mechanistic basis for this transi-
tion, but, given that many important fungal 
pathogens initiate infection as dormant 
propagules, this question deserves further 
investigation.

The presence of nutrients has been con-
sidered a key signal that stimulates exit from 
dormancy. However, bacterial cells can also 
exit dormancy in response to signals released 
by other bacteria13,14. We have recently found 
that exit from dormancy in Bacillus subtilis 
spores (germination) occurs in response to 
peptidoglycan fragments released by grow-
ing B. subtilis cells15. Here, we describe these 
findings, as well as related observations on 
the resuscitation of dormant M. tuberculosis 
cells, and propose how peptido glycan frag-
ments might have a role in the exit from 
dormant states in phylogenetically diverse 
bacteria.

What are dormant bacteria?
A range of environmental conditions can 
cause growing bacteria to sense that their 
surroundings are incapable of supporting 
continued growth. These include nutrient 
starvation or limitation, toxic chemical con-
centrations and changes in temperature or 

pressure. Bacterial species respond to these 
conditions in several ways, some of which 
involve clear morphological differentiation 
(for example, spore formation) and others of 
which are not so morphologically distinct. 
However, all these responses result in a nota-
ble reduction in metabolism, to the point of 
absolute dormancy in some cases. For the 
purposes of this article, we define dormancy 
as levels of metabolic activity that are unde-
tectable under normal laboratory conditions, 
being mindful that these conditions might 
not be representative of the organism’s actual 
environment, such as the soil. Below, we 
describe some of these different responses 
and what is known about the environments 
that lead to these transformations, but it 
should be noted that the mechanistic basis 
for most of these states is not well under-
stood, so it is not possible to unambiguously 
relate the different states to each other.

Bacterial spores. Bacillus spp.  and 
Clostridium spp. respond to nutrient 
limitation by undergoing a complex process 
referred to as sporulation. In the laboratory, 
entry into sporulation is stimulated by a 
broad nutritional downshift, inhibition of 
GTP synthesis or growth until exhaustion in 
a defined rich medium. Although the sensor 
kinases that are necessary for this stimula-
tion have been identified, their ligands 
remain unknown and so the physiologically 
relevant conditions remain mysterious. 
Sporulation involves tightly regulated tran-
scriptional changes and subsequent dramatic 
morphological changes that result in the 
production of a dormant, environmentally 
resilient spore. The spore can remain  
dormant for many years and can withstand 
high temperatures, desiccation, radiation 
and toxic chemicals. The molecular basis of 
spore dormancy is not completely under-
stood, but the physical state of water16 and 
lipids17 in the different spore compartments 
is thought to have a key role. In addition, 
the DNA exists in a compacted state, which 
is facilitated by the action of DNA-binding 
small, acid-soluble spore proteins (SASPs) 
and provides resistance to ultraviolet (UV) 
light-induced mutagenesis18. The robustness 
of spores probably facilitates their action 
as infectious particles, and it was recently 
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reported that mycobacteria can form spore-
like structures19, although other investigators 
have failed to replicate these findings20.

Intracellular human pathogens. The ability 
of some bacteria to maintain an extended 
and apparently stable dormant intracellular 
state is thought to facilitate their patho-
genesis. For example, Chlamydia spp. are 
obligate intracellular bacteria that exist as 
either a metabolically inert elementary body 
or a replicating reticulate body21,22. The 
electron-dense elementary body contains 
a condensed nucleoid and is thought to be 
the form that allows persistent, long-term 
infection. Elementary body formation 
in vivo is not well understood, although it 
can be triggered by stimuli such as nutri-
ent limitation in the vacuoles, where the 
bacteria replicate23, or by host factors such 
as cytokines21. Another intracellular patho-
gen, Coxiella burnetii, is highly resistant to 
environmental conditions, mainly because 
it can form a stable small-cell variant that 
is much less metabolically active than the 
large-cell variant24. Coxiella spp. can cycle 
between these cell types, but the trigger (or 
triggers) for these transitions are unknown. 
Although C. burnetii has long been thought 
to be an obligate intracellular bacterium, 
the recent identification of conditions per-
missive for host-free growth25 will aid the 
investigation of these transitions and of the 
enhanced robustness of the small-cell vari-
ant. The causative agent of Lyme disease, 
Borrelia burgdorferi, enters a dormant state 
in host cells called the ‘round body’, which 
is induced by environmental conditions that 
are unfavourable to growth and is thought 
to facilitate persistence of this bacterium in 
the host26. Finally, the ability of the major 
human pathogen M. tuberculosis to enter 

dormancy is probably directly relevant to its 
pathogenesis27,28, as the bacterium can exist 
in the human host for >40 years before reac-
tivating7. However, an unresolved question  
is how this clinically defined phenomenon  
of latency relates to the phenomena of  
dormancy and culturability29.

Viable but non-culturable states. The 
exposure of growing cells to environmen-
tal stresses can result in a decline in the 
cultivability of these cells instead of cell 
lethality30. These ‘viable but non-culturable’ 
(VBNC) cells fail to grow under many 
laboratory conditions but are alive and 
capable of growth when subject to a subset 
of conditions such as rich medium or filtrate 
from growing cells. This was first studied 
in Vibrio cholerae10, but a phylogenetically 
diverse range of species, including numer-
ous important pathogens, can enter VBNC 
states that are thought to enhance survival 
under harsh conditions5. These species 
include Salmonella enterica subsp. enterica 
serovar Typhi, which can survive and remain 
infectious despite long periods (~9 months) 
of desiccation31, Legionella pneumophila32, 
stationary phase forms of which are stable 
under nutrient-poor conditions and undergo 
host-dependent differentiation on infec-
tion33,34, and Micrococcus luteus when it is 
grown under nutrient-limiting conditions35. 
It remains controversial, however, whether 
the VBNC state is a true physiological state 
or whether this classification simply reflects 
our limited understanding of the nutritional 
requirements for bacterial growth36.

Persisters. For many bacterial species, a 
fraction of their population has increased 
tolerance to multiple antibiotics, and these 
bacteria are called persisters. This tolerance 

results from the absence of growth — so 
that processes such as cell wall synthesis 
or translation, which are typical antibiotic 
targets, are largely inactive — and not from 
the acquisition of specific mutations that 
render the bacterium insensitive to these 
anti biotics. The presence of persisters in a 
biofilm probably accounts for the observed 
antimicrobial tolerance of these communi-
ties and could therefore be important in the 
aetiology of many recalcitrant infectious 
diseases37. Examples include slow-growing 
small-colony variants of Staphylococcus 
aureus and of several phylogenetically 
diverse species38.

Compared with VBNC cells, persisters 
constitute only a small fraction of the popu-
lation, and although this state does not seem 
to be a response to environmental stimuli, 
little is known about how persisters are 
formed. In Escherichia coli, the kinase HipA 
phosphorylates the translation factor elon-
gation factor-Tu (EF-Tu) in vitro, and hipA 
mutants have increased rates of persister  
formation39. Another mechanism that has 
been proposed for persister formation 
is increased expression of chromosomal 
toxin–antitoxin proteins37, some of which 
can inhibit translation. It is unclear, however, 
whether either of these mechanisms is  
relevant to multiple species.

Exit from dormancy
As with entry into dormancy, our limited 
knowledge of the conditions in which bac-
teria exist, either in hosts or in the environ-
ment, precludes the definitive identification 
of the stimuli for exit from dormancy. Exit 
can be a stochastic event that is unaffected 
by any external stimuli, as seems to be the 
case with persisters40. However, it is use-
ful to consider why microbial cells might 
exit dormancy and how they might detect 
permissive environmental conditions. 
Although the presence of nutrients is con-
sistent with growth-supporting conditions, 
this reflects only one characteristic neces-
sary for growth. For example, in a host, in 
addition to adequate nutritional sources 
there might be high concentrations of anti-
microbials such as lysozyme, which target 
processes necessary for growth and make 
the environment inhospitable for non- 
dormant cells. Dormant cells therefore need 
to identify growth-promoting conditions, but 
the wide range of possible conditions makes 
such a determination challenging. In the 
following section, we address the possibil-
ity that one signal of such conditions is the 
release of cell wall muropeptides (FIGS 1,2) 
by other growing microorganisms.

 
Box 1 | Dormancy in eukaryotic microorganisms

Fungal asexual spores (conidia) saturate the air we breathe to amounts reaching thousands of 
spores per cubic metre93. Conidia are haploid, dormant, desiccated cells that can survive adverse 
environmental conditions and typically serve as the infectious propagules94. Conidial germination 
is required to initiate both infection and asexual development, and although the morphological 
transitions during asexual development have been well characterized, the molecular mechanisms 
that underlie conidial germination have remained largely elusive95.

Many fungal species can exist in a dormant state, including Saccharomyces cerevisiae96,97, 
Schizosaccharomyces pombe98, Aspergillus fumigatus99, Neurospora crassa100 and Cryptococcus 
neoformans101. It is possible that, like bacterial spores, conidial germination is dependent on cell 
wall-associated proteins that transmit environmental signals from the external environment to 
inside the cell. Disrupting these proteins would prevent dormant conidia from sensing their 
external environment, and they would therefore not receive the necessary ‘wake-up’ signals 
required to exit dormancy. The fungal cell wall is composed of !-glucan polymers and, by analogy 
with peptidoglycan muropeptides, !-glucan released by growing fungal cells102 could serve as a 
signal for growth-permissive conditions. Interestingly, bacteria-derived muropeptides strongly 
promote Candida albicans hyphal growth, indicating that these molecules might serve as 
inter-kingdom signals103.
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Germination of spores triggered by 
muropeptides. Bacillus spp. spores germinate 
in the laboratory in the presence of amino 
acids such as "-alanine (alone or in combi-
nation with glucose)41, although the concen-
trations of amino acids required (typically 
millimolar) are probably non-physiological. 
Germination is dependent on proteins — 
known as germination receptors — that have 
been proposed to bind these molecules41. 
Germination receptors are absent from 
clostridia, and spores of C. difficile germi-
nate in response to ligands found in host 
environments, such as bile salts found in the 
gastrointestinal tract42,43.

B. subtilis spores also germinate in 
response to micromolar concentrations of 
peptidoglycan-derived muropeptides con-
sisting of a disaccharide–tripeptide with  
a meso-diaminopimelic acid (m-DAP)  
residue at the third position of the stem 
peptide15 (FIG. 1a). Growing bacteria, 
especially Gram-positive species, release 
large quantities of peptidoglycan-derived 
muropeptides into the culture medium44. 
As peptidoglycan is an extremely well-
conserved molecule, these muropeptides 
could serve as an interspecies signal of the 
presence of conditions that support micro-
bial growth. Consistent with the informa-
tion provided by this signal, peptidoglycan 
derived from growing cells is a much more 
effective inducer of germination than that 
derived from cells in extended periods 
(~24 h) of stationary phase15. This effect 
is reminiscent of the immunostimulatory 
nature of supernatants that contain pep-
tidoglycan fragments from growing bac-
teria45 and of muropeptides that are shed 
during Shigella spp. infection46, and it is  
also similar to the role of these molecules  
in the host detection of pathogens47.

As stochastic events seem to play a part 
in the exit from dormancy of some species 
(for example, E. coli persisters40), one ques-
tion raised by the stimulation of germination 
by muropeptides is whether spontaneously 
germinating spores can also stimulate neigh-
bouring spores to germinate and thereby 
induce a positive feedback-mediated ‘chain 
reaction’ of germination. Although this 
scenario is appealing from the perspective 
of efficiency, the lack of correlation with 
environmental parameters could lead to 
extensive germination under inappropri-
ate conditions. This dilemma seems to 
have been solved, however, as peptidogly-
can released by germinating spores does 
not act as a germinant (J. D. and I. M. S., 
unpublished observations). Although spore 
peptidoglycan is different from vegetative 

peptidoglycan48, the particular modifi-
cations (or lack thereof) that inhibit its  
ability to stimulate germination remain to  
be identified.

Role of a conserved membrane kinase in 
detecting muropeptides. The germination 
response to muropeptides requires a highly 
conserved, eukaryotic-like membrane 
serine/threonine kinase, PrkC, the extra-
cellular domain of which contains PASTA 
repeats that are responsible for peptidogly-
can binding. This response is independent 
of other identified germination receptors 
that mediate the response to alanine and 
other amino acids. During germination, 
PrkC phosphorylates the essential transla-
tion factor EF-G15, as it does in growing 
cells49. EF-G is phosphorylated in a range of 
bacteria50, although the functional conse-
quences of this modification are not known. 
Dormant spores of Bacillus megaterium51 
and chlamydial elementary bodies52 contain 
large amounts of mRNA and ribosomes, so 
translation stimulation might be a funda-
mental mechanism of exit from dormancy. 
Presumably, this stimulation is specific to 
mRNAs encoding proteins that are necessary 
for the earliest and most essential processes 
underlying exit from dormancy. Consistent 
with this possibility, dormant spores of the 
anaerobe Clostridium novyi NT are enriched 
for transcripts that encode proteins with 
redox activity necessary for growth53.

EF-G is necessary not only for the trans-
location of mRNAs and transfer RNAs in 
the ribosome during translation, but also, 
in conjunction with ribosome release fac-
tor (RRF), for the process by which the 70S 
bacterial ribosome is split into the 30S and 

50S subunits in preparation for a new round 
of translation54,55. In E. coli, this process is 
necessary for the transition from stationary 
phase to growth, and deletion of RRF causes 
cells to die during this transition56. The 
bacterial protein Y (pY) family of proteins 
— for example, E. coli ribosome-associated 
inhibition factor A (RaiA) — bind 70S 
ribosomes and prevent disassembly of  
the 70S complex57. This has the effect  
of forming pools of idle 70S ribosomes and 
therefore reducing the translational capac-
ity of the cell58. Recently, EF-G and RRF 
were shown to work together to remove 
the chloro plast protein plastid-specific 30S 
ribosomal protein 1 (PSRP1), the pY func-
tional analogue, from ribosomes in response 
to light stimulation59. Thus, phosphory-
lation of EF-G could enhance its ability to 
offset the inhibitory effect of pY proteins 
on translation and would thereby be a trig-
ger for germination and, in general, for exit 
from dormancy.

Proteins with substantial homology to 
PrkC in both the intracellular kinase domain 
and the extracellular peptidoglycan-binding 
domains (FIG. 3) are found in most, if not 
all, Gram-positive species60, including 
S. aureus61,62, Streptococcus pneumoniae63 and 
M. tuberculosis64, in which these proteins are 
involved in cell wall metabolism and have 
important but ill-defined roles in bacterial 
pathogenesis. Substitution of B. subtilis 
PrkC with the homologue from S. aureus 
also allows B. subtilis spores to germinate in 
response to peptidoglycan, suggesting that 
this kinase also detects muropeptides and 
phosphorylates EF-G. Interestingly, spores 
expressing this kinase respond to both 
m-DAP-containing and "-Lys-containing 

Figure 1 | Peptidoglycan structure. a | The polysaccharide backbone of peptidoglycan is linked by 

stem peptides. Gram-negative bacteria and Gram-positive Bacilli contain meso-diaminopimelic acid 

(m-DAP) as the third amino acid in the peptide linker. b | Most other Gram-positive bacteria (including 

Gram-positive cocci) contain -lysine as the third amino acid in the linker. GlcNAc, N-acetylglucosamine; 

MurNAc, N-acetylmuramic acid.
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muropeptides, suggesting that bacteria 
expressing this kinase can receive signals 
from all species that produce peptidoglycan.

Finally, the detection of cell wall frag-
ments in the environment might be a widely 
used strategy in the microbial world47. For 
example, Chlamydia spp. express genes 
encoding members of the peptidoglycan  
biosynthesis pathway despite lacking a 
detectable cell wall65. This ‘peptidoglycan 
anomaly’ suggests that Chlamydia spp. might 
use peptidoglycan as a signalling molecule 
and not as a structural component.

Actinobacteria. As mentioned above, 
M. luteus can enter a dormant state under 
starvation conditions35. In a crucial advance, 
a protein known as resuscitation-promoting 
factor (Rpf) was found to stimulate the 
growth of these dormant cells when added 
extracellularly66. M. luteus Rpf is a potent 
secreted factor with the ability to hydrolyse 
peptidoglycan at picomolar concentra-
tions66–68, and this enzymatic activity is 
necessary for the stimulation of exit from 
dormancy68. This ability seems to be well 
conserved, as M. luteus Rpf stimulates the 
growth of aged cultures of M. tuberculosis69.

Five endogenous Rpfs have been identi-
fied in M. tuberculosis. These proteins have 
been shown to be crucial for reactivation 
from chronic tuberculosis in animal mod-
els27,70, and their muralytic activity has been 
proposed to be essential for stimulating 
reactivation8. However, there are conflicting 
in vivo and in vitro results about whether 
these Rpfs are functionally redundant29.

Rpfs interact with proteins involved in 
cell wall metabolism, including another 
peptidoglycan hydrolase, RipA71,72. It is 
unclear whether Rpf-mediated peptido-
glycan hydrolysis is necessary simply to 
allow the physical changes in cell morphol-
ogy that are required for growth, as is the 
case in B. subtilis spore germination48, or 
whether these fragments have additional 
signalling functions. Consistent with this 
latter possibility, M. tuberculosis encodes 
PknB, a PrkC homologue that also contains 
peptidoglycan-binding PASTA repeats. It 
has been suggested that PknB responds to 
muropeptides that are generated as a result 
of the muralytic activity of Rpf proteins29,60 
and initiates changes necessary for exit 
from dormancy. In support of this pos-
sibility, an Rpf-like protein from B. subtilis 
(the secreted hydrolase YocH) stimulates 
the expression of specific genes in grow-
ing cells in a manner that is dependent 
on the presence of PrkC73. Several targets 
of PknB have been reported, including 
proteins containing forkhead domains74 
and, intriguingly, two proteins involved 
in peptidoglycan synthesis (penicillin-
binding protein A (REF. 75) and GlmU, an 
N-acetylglucosamine-1-phosphate uridyl-
transferase76), suggesting that PknB has  
a role in regulating cell division63,77. As  
this process is necessary for growth, one 
plausible mechanism of dormancy exit 
is that PknB-mediated phosphorylation 
of these targets in response to exogenous 
muropeptides leads to stimulation of  
division and growth.

This mechanism seems to be different 
from that described above for the phos-
phorylation of EF-G by PrkC. However,  
the highly conserved nature of EF-G  
and the ability of a PrkC homologue, 
S. aureus PknB, to substitute for PrkC in 
germination15 suggests that M. tubercu-
losis PknB also phosphorylates EF-G and 
that these two pathways therefore operate 
in parallel. The recent report that PrkC 
phosphory lates key metabolic enzymes in 
B. subtilis78 suggests that, in this bacterium, 
pathways other than translation are subject 
to regulation through phosphorylation. 
Future work will investigate how (and 
whether) modifications to EF-G and to  
biosynthetic enzymes function convergently 
in regulating cell growth. However, it is clear 
that pathways sensitive to peptidoglycan 
have key roles in the exit from dormancy in 
phylogenetically diverse bacteria.

Role of other intercellular signals
Bacteria respond to signals generated by 
other bacteria14,79,80, and the information 
transmitted is often an assessment of popu-
lation density81, a phenomenon referred to 
as quorum sensing. These signals probably 
also reflect other aspects of the environment, 
as population density directly reflects past 
growth82. Because the signals that mediate 
quorum sensing are affected by environ-
mental conditions, including temperature,  
pH, ligand concentration and the presence 
of oxygen82, bacteria might use the  
presence of these interbacterial signals to 
assay the growth permissiveness of the envi-
ronment. Alternatively, one way that these 
signals could reflect the presence of other 
metabolically active bacteria is through the 
action of secreted proteins that degrade 
quorum sensing molecules such as acyl-
homoserine lactones and thereby ‘quench’ 
the cell density signal83.

In hosts, especially on mucosal surfaces, 
bacteria exist in mixed communities, and 
these interactions might facilitate the  
pathogenesis of one particular species. Of 
particular relevance is the formation of 
S. aureus SCVs, a persistent and dormant  
cell type. Prolonged culture of S. aureus  
with P. aeruginosa selects for SCVs, prob-
ably owing to the P. aeruginosa exoproduct 
4-hydroxy-2-heptylquinoline-N-oxide, and 
this interaction might facilitate the survival 
of S. aureus during infections in patients with 
cystic fibrosis who are chronically colonized 
with P. aeruginosa84. 

As another example, an otherwise  
‘uncultivable’ strain of Psychrobacter is  
stimulated to grow by co-culturing with a 

Figure 2 | Exit from dormancy triggered by growing cells. a | Dormant cells (beige) may sense 

some aspect of the environment before exiting dormancy and initiating growth (green cells). b | The 

presence of secreted signalling molecules such as cell wall muropeptides from growing cells (pale 

green) could serve as an indication that growth-permissive conditions are present and could thereby 

stimulate exit from dormancy.

P E R S P E C T I V E S

4 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/micro

© 20  Macmillan Publishers Limited. All rights reserved10



Nature Reviews | Microbiology

P

P
PrkC-P

EF-G-P

Muropeptide

AUG UUC GCU
E P A

EF-G

Ribosome

Phe
Met

pY

pY

Cellulophaga lytica strain, and this stimula-
tion was attributed to the production, at 
nanomolar concentrations, of a five amino 
acid peptide by the C. lytica ‘helper’ (REF. 85). 
As this peptide acts at a concentration far 
below that needed for nutrient exchange  
(or syntrophy), it is likely to function as a 
signalling molecule.

Antimicrobials. Many bacteria secrete 
molecules with antimicrobial properties 
into the environment. This release can be 
considered a method of bacterial com-
munication, especially as these molecules 
can modulate global gene expression at 
subinhibitory concentrations that are more 
reflective of the actual concentrations of the 
compounds in nature86. As discussed above, 
B. subtilis spore germination in response 
to peptidoglycan is dependent on PrkC. 
Bryostatin, a molecule that is produced by 
an uncultivated marine bacterium87 and that 
activates related eukaryotic serine/threo-
nine kinases, also stimulates germination 
of B. subtilis spores in a manner dependent 
on the presence of the kinase15. Conversely, 
Streptomyces staurosporeus (also known as 
Lentzea albida) produces a small molecule 
called staurosporine, a well-known inhibi-
tor of eukaryotic serine/threonine kinases 
that has been shown to block muropeptide-
mediated spore germination at picomolar 
concentrations15. As S. staurosporeus is a soil 
bacterium, like Bacillus spp., this effect could 
be an example of the activity of an inter-
microbial signalling compound. One excit-
ing possibility is that such compounds could 
be used as novel antimicrobials against dor-
mant or metabolically inactive species that 
are phenotypically resistant to conventional 
antimicrobials. Thus, in polymicrobial com-
munities, Streptomyces spp. might acquire a 
growth advantage by preventing the transi-
tion of spores (and perhaps other dormant 
cell types) into growing states.

Metabolites. Many compounds released by 
growing cells serve as necessary metabolites 
for growth but could also stimulate neigh-
bouring species to exit from dormancy. 
This syntrophy is common in the bacterial 
world88. For example, in a recent study the 
factors produced by M. luteus that enabled 
the growth of the previously uncultured spe-
cies Maribacter polysiphoniae were identified 
as acyl-desferrioxamine siderophores that 
can bind insoluble iron89. In this case, the 
presence of siderophores reflects the activ-
ity of other bacterial species and, therefore, 
the ability of the environment to support 
microbial growth.

Conclusions and future prospects
Many pathogenic bacteria exist in dormant 
states that are essential for their ability to 
cause disease, both because these dormant 
cells are the infectious agents for many spe-
cies and because they exhibit greater resist-
ance to host antimicrobial factors. However, 
successful infections require exit from 
dormancy. Here, we propose that molecules 
released by growing bacteria, specifically 
cell wall muropeptides, serve as a ‘wake-up 
call’ and stimulate the growth of dormant 
cells through modification of the translation 
apparatus (FIG. 3).

Several issues are as-yet unresolved and 
will be the subject of future investigations. 
First, the kinase that detects muropeptides 
is well conserved, but some species contain 
kinases that respond to both "-Lys-containing 
and m-DAP-containing muropeptides 
(FIG. 1), whereas others respond to only 
m-DAP-containing muropeptides. Is this 
difference relevant to the micro organisms 
with which a particular species coexists? 
That is, is this difference a way of tuning 
the response by preventing some kinds of 
interspecies signalling? Second, homologues 
of this kinase that contain the peptido-
glycan-binding domain are found in only 
Gram-positive species. Is this due to the 

muropeptide recycling pathways that are 
found in only Gram-negative species, which 
greatly reduce the release of muropeptides 
into the extracellular milieu? Or is it due  
to the presence of the outer membrane 
or to the much thinner peptidoglycan in 
Gram-negative species? Finally, what is the 
role of this pathway during growth? PrkC 
is expressed during growth73, and its homo-
logues have a broad but not well-understood 
role in bacterial physiology. Given the inabil-
ity of 1,6-anhydro-muropeptides produced 
during stationary phase to stimulate  
germination, one possibility is that PrkC  
and its homologues act as quorum sens-
ing systems used by bacteria to assay the 
number of growing bacterial cells in  
the milieu and to therefore regulate their 
own growth. However, this speculation 
needs to be examined carefully to distin-
guish homotypic (within-species) versus 
heterotypic (between-species) signalling.

The observation that most bacterial 
species are not cultivatable – ‘The Great 
Plate Count Anomaly’ (REF. 90) — has typi-
cally been attributed to non-permissive or 
inappropriate growth conditions, such as 
medium toxicity, an inappropriate incuba-
tion time or deficiencies in nutrient compo-
sition91. However, it has also been suggested  

Figure 3 | Mechanism of translation stimulation by muropeptide-induced phosphorylation of 
elongation factor G. The eukaryotic-like membrane serine/threonine kinase PrkC is activated in 

response to muropeptide binding to its extracellular domain. PrkC-mediated phosphorylation of elon-

gation factor G (EF-G) modulates the activity of the ribosome, initiating translation and thereby induc-

ing exit from dormancy. Phosphorylated EF-G may also stimulate translation by blocking the action of 

bacterial protein Y (pY) family proteins, which prevent the disassembly of the 70S ribosome complex 

that is required for the ribosome to enter a new round of translation.

P E R S P E C T I V E S

NATURE REVIEWS | MICROBIOLOGY  ADVANCE ONLINE PUBLICATION | 5

© 20  Macmillan Publishers Limited. All rights reserved10



that uncultivable microorganisms may require 
signals generated by neighbouring cells92, 
including growing cells85, and, as demon-
strated using dormant spore germination, 
these signals could include muropeptides 
and small-molecule kinase activators.
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