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Abstract

Streptomyces are prolific antibiotic producers that thrive in soil, where they encounter diverse environmental cues, including osmotic
challenges caused by rainfall and drought. Despite their enormous value in the biotechnology sector, which often relies on ideal
growth conditions, how Streptomyces react and adapt to osmotic stress is heavily understudied. This is likely due to their complex
developmental biology and an exceptionally broad number of signal transduction systems. With this review, we provide an overview
of Streptomyces’ responses to osmotic stress signals and draw attention to open questions in this research area. We discuss putative
osmolyte transport systems that are likely involved in ion balance control and osmoadaptation and the role of alternative sigma
factors and two-component systems (TCS) in osmoregulation. Finally, we highlight the current view on the role of the second mes-
senger c-di-AMP in cell differentiation and the osmotic stress responses with specific emphasis on the two models, S. coelicolor and S.
venezuelae.
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Introduction
One of the most ubiquitous environmental stresses encountered
by microorganisms in their natural habitats are changes in the
external osmotic conditions. In particular, soil bacteria are of-
ten exposed to drastic changes caused by rainfall or drought and
have evolved clever strategies to adapt to variations in osmolal-
ity. Cellular cytoplasm contains high concentration of various so-
lutes and constituents causing an osmotic pressure, the turgor,
which is essential for all cells encased in a cell wall (Wood 2011).
Because of the semipermeable nature of the cytoplasmic mem-
brane, water influx or efflux is triggered by changes in the os-
molality of the environment, affecting the osmotic potential of
the cytoplasm and the vitality of the cell (Wood 1999). To con-
trol transmembrane water fluxes, bacteria modulate their cyto-
plasmic composition through the accumulation or expulsion of
osmolytes. They respond to external osmotic upshifts by increas-
ing the cellular concentration of cations (e.g. K+) and compatible
solutes such as amino acids (e.g. proline), amino acid derivatives
(e.g. ectoine), and oligosaccharides (e.g. trehalose), which conse-
quently increases the osmotic potential of the cytoplasm, restricts
water efflux, promotes water influx, and hinders cell shrinkage
and collapse. On the contrary, under a sudden drop in the environ-
mental osmolality, bacteria release ions and compatible solutes
from the cell to limit water influx, which may cause cell swelling
and, in the worst cases, cell burst (Bremer and Krämer 2019).

Osmolyte transport systems and compatible solutes biosyn-
thesis pathways play a central role in the cellular adapta-
tion to osmotic stress and are well studied in the rod-shaped
model species Escherichia coli, Bacillus subtilis, and Corynebacterium
glutamicum (Krämer 2009, Wood 2011, Hoffmann and Bremer
2017). However, our knowledge about mechanisms involved in

osmo-sensing and -responding in bacteria of the genus Strepto-
myces is very fragmented, despite their enormous value for the
medical and biotechnological sectors and their important con-
tribution to healthy soil ecology. Streptomycetes are members
of Gram-positive Actinobacteria that produce a broad range of
bioactive compounds such as antibiotics, anti-cancer compounds,
immunosuppressants, and anti-parasitic substances, and hence
represent a key source for drugs to combat diseases (Hopwood
2007, van Bergeijk et al. 2020). They are highly abundant in the
soil habitat, where they secrete a remarkable repertoire of hy-
drolytic enzymes that are essential for recycling of organic matter
in nature and, in addition, are extensively used in biotechnology
(Chater et al. 2010, Spasic et al. 2018).

In this review, we summarize current knowledge about how
streptomycetes react to osmotic stress conditions, focussing on
responses specific for a filamentous model and elucidating the
molecular links between osmostress signalling and cell differenti-
ation with particular emphasis on the roles of c-di-AMP signalling
cascades.

Osmostress signals trigger morphological
changes in Streptomyces
In streptomycetes, the pattern of their filamentous growth and
cell differentiation are affected by osmotic challenges. These bac-
teria are characterized by astonishing morphological plasticity
and undergo a complex transition from filamentous vegetative
hyphae to spores during their developmental life cycle. The veg-
etative mycelium consists of long, multicellular filaments that
scavenge for nutrients and grow by tip extension and through
initiation of new branches behind the tip (Flärdh and Buttner
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2009, Flärdh et al. 2012). Apical growth requires the localization
of peptidoglycan synthases, hydrolases, and other proteins in-
volved in assembly of the cell wall to one cell pole and is di-
rected by the cytoskeletal-like coiled-coil protein DivIVA (Flärdh
2003). In Streptomyces, DivIVA forms discrete foci at growing tips
and together with other proteins, such as Scy and FilP, consti-
tutes the polarisome that guides cell polarity (Holmes et al. 2013,
Frojd and Flärdh 2019a). Splitting of the polarisomes at growing
tips gives rise to daughter polarisomes that coordinate the emer-
gence of new branches upon reaching a critical size (Hempel et
al. 2012, Richards et al. 2012). The Ser/Thr protein kinase AfsK co-
localizes with DivIVA and phosphorylates several serine and thre-
onine residues in DivIVA in response to stress signals that com-
promise the cell wall biosynthetic machinery, such as bacitracin
or vancomycin. On the other hand, the phosphatase SppA dephos-
phorylates DivIVA in vivo and in vitro (Passot et al. 2022). High level
of DivIVA phosphorylation due to constitutive AfsK kinase activity
induces disassembly of the apical polarisome and stimulates the
formation of multiple new polarisomes, causing a hyperbranching
phenotype (Hempel et al. 2012).

Exposure of S. coelicolor to hyperosmotic stress by addition of
either non-ionic osmolyte sucrose or ionic solute NaCl in a mi-
croscope growth chamber revealed that osmotic upshift leads to
a growth arrest for 2–3 hours. After this adaptive lag phase, the
bacteria resume growth but completely restructure their cell po-
larity and the growth pattern of the mycelium. They form multi-
ple new branches at the lateral sites, leading to hyperbranching
mycelium reminiscent of a mutant expressing constitutively ac-
tive AfsK kinase (Fig. 1) (Hempel et al. 2012, Fuchino et al. 2017).
Neither Scy, FilP, nor AfsK seem to be needed for reprogramming
of cell polarity after osmotic upshift since the corresponding mu-
tants show a similar response as wildtype S. coelicolor. As shown by
localization analysis, DivIVA appears to persist at the main hyphal
tips after the arrest of tip extension, so that the absence of Di-
vIVA does not account for growth attenuation at the central tip. A
similar experimental setup was used to study osmotic downshift,
showing that hyphal growth was ceased for 30 min. In contrast
to high-osmolality conditions, S. coelicolor resumed growth at the
existing tips, and no hyperbranching was observed. In S. venezue-
lae, osmotic upshift elicited similar morphological changes, sug-
gesting that dramatic reprogramming of cell polarity could be a
conserved response mechanism in different Streptomyces species;
however, the underlying mechanism remains unknown (Fuchino
et al. 2017).

Yet another response of filamentous Actinobacteria to high os-
molality is the formation of cell wall-deficient cells. Kitasatospora
viridifaciens produces viable DNA-containing vesicles at hyphal
tips, the so-called S-cells (stress-induced cells), in the presence of
both, ionic (NaCl) and non-ionic osmolytes (sorbitol) after apical
growth arrest (Ramijan et al. 2018). Vesicle release from hyphal
tips upon growth arrest has also been reported for S. venezuelae,
both under hyperosmotic conditions (Ramijan et al. 2018) and oc-
casionally under non-stress conditions after spontaneous cessa-
tion of growth (Frojd and Flärdh 2019b). No such cell wall-deficient
cells were found when S. coelicolor, S. griseus, and S. lividans were
used as models. S-cells exposed to hyperosmotic stress for a pro-
longed period of time accumulate mutations that enable them to
grow as wall-deficient cells, the so-called L-forms (Leaver et al.
2009, Ramijan et al. 2018). It is hypothesized that the ability to
form S-cells improves fitness in filamentous actinomycetes un-
der hyperosmotic stress; however, it remains to be elucidated how
this morphological switch is regulated and how it affects bacterial
fitness (Ramijan et al. 2018).

For reproduction, Streptomyces raise long, aerial hyphae into the
air that give a colony grown on agar plates a white and hairy ap-
pearance (Flärdh and Buttner 2009). To escape the surface tension,
aerial hyphae and spores are encased in a hydrophobic sheath
mainly consisting of chaplin and rodlin proteins (Claessen et al.
2003, Elliot et al. 2003). S. venezuelae secretes two long (ChpB and
ChpC) and five short (ChpD-H) chaplins, and these proteins are
expected to self-assemble into amyloid-like filaments on the cell
surface (Bibb et al. 2012). Rodlin proteins (RdlA-C) are proposed to
organize the chaplin filaments into so-called rodlets, but seem to
be dispensable for aerial development and surface hydrophobicity
under normal growth conditions (Claessen et al. 2003). Moreover,
Streptomyces secrete an additional surfactant, the lantibiotic-like
peptide SapB, the product of ramS encoded in the ramCSAB operon
(Willey et al. 1991, Kodani et al. 2004).

The final morphological transition involves the synchronized
division of the aerial hyphae into chains of spores, which is mainly
driven by the GTPase FtsZ that polymerizes into filaments, the
Z-rings, and recruits additional cell division proteins (Jakimowicz
and van Wezel 2012, Bush et al. 2015). Mature spores accumulate
pigments that are frequently aromatic polyketides produced by
enzymes encoded in the highly conserved whiE cluster (Kelemen
et al. 1998). Pigmentation gives the Streptomyces colony a charac-
teristic colour, e.g. mature S. venezuelae colonies appear green to
the eye (Fig. 2A).

Addition of salt to the growth medium strongly inhibits mor-
phological differentiation in both, S. coelicolor (Sevcikova and Ko-
rmanec 2004) and S. venezuelae (Fig. 2). In the presence of high
NaCl, S. venezuelae fails to raise aerial hyphae, which is why the
colony remains bald and shiny. In comparison, unstressed cells
become green after the same incubation time, indicating that ma-
ture spores have been produced out of aerial hyphae (Fig. 2A).
Despite failures in the formation of aerial filaments, S. venezuelae
produces spores at 0.25 M NaCl; however, further increase of NaCl
concentration to 0.5 M seems to completely block spore forma-
tion (Fig. 2B). Salt stress-induced inhibition of sporulation seems
to be counterintuitive considering that the formation of resistant
spores might be an escape route when vegetative growth becomes
challenging. However, B. subtilis seems to apply the same strategy
and also blocks sporulation under salt stress. The authors pro-
pose that at high ionic osmolality conditions, B. subtilis would not
be able to complete the time- and energy-consuming sporulation
programme and therefore blocks entry into sporulation in high-
salinity environments (Widderich et al. 2016). A similar but yet
unproven logic may apply for Streptomyces.

The hydrophobic coat components chaplins, rodlins, and SapB
are important for cell differentiation under osmotic upshift con-
ditions. S. coelicolor strains defective in SapB biosynthesis due to
ramS or ramR deletion, show a delay in development in the pres-
ence of 10.3% sucrose or 500 mM KCl. Similarly, development of
strains lacking the rodlins RdlA and RdlB or of the chpABCDH mu-
tant, missing five of the eight S. coelicolor chaplin genes, is delayed
(de Jong et al. 2012). In S. venezuelae, expression of ramS (vnz_31970)
is ∼6-fold downregulated on nutrient agar containing 0.5 M NaCl
when compared to medium without extra added salt (Sukanya
Bhowmick and Natalia Tschowri, unpublished data). Reduced pro-
duction of SapB under such conditions likely compromises aerial
mycelium formation, as shown in Fig. 2A.

Biosynthesis of natural products is triggered by a wide va-
riety of environmental and physiological signals and is geneti-
cally and temporally connected to the developmental biology of
streptomycetes (Bibb 2005). Genes that are responsible for the
biosynthesis of an individual secondary metabolite are usually
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Figure 1 Osmotic upshift causes growth arrest and reprogramming of cell polarity in S. venezuelae. Cells were grown for 4 hours in maltose-yeast
extract-malt extract medium (MYM) in a microfluidic device and were then subjected to MYM + 0.5 M NaCl. After a growth arrest for about 2 hours,
growth recommences from new lateral branching nodes, leading to hyperbranching. Images were taken at the indicated time points using the
Thunder Imager Live Cell from Leica. Scale bar: 5 μm.

Figure 2 Effect of osmotic stress on the developmental progression of S.
venezuelae. (A) Macrocolonies of wildtype S. venezuelae were grown on
solid sporulation media (MYM agar) without added salt and either
supplemented with 0.25 or 0.5 M NaCl and incubated at 30◦C for 2 days.
Images were taken using S9 i stereomicroscope from Leica. (B)
Differential contrast interference (DIC) microscopy images from the
cover slip imprints of the macrocolonies showing that the wildtype S.
venezuelae forms spores of regular size and shape that are organized in
chains. Addition of 0.25 M NaCl causes defects in spore formation.
Further increase of added NaCl to 0.5 M completely blocks sporulation.
Images were taken using the Thunder Imager Live Cell from Leica.

clustered together to form a biosynthetic gene cluster (BGC). Most
of these BGCs are regulated by pathway-specific regulatory genes
that are located within the cluster. These pathway-specific regu-
lators are usually controlled by other pleiotropic regulators, and
therefore, different environmental and physiological stresses can
lead to changes in the levels of production of different secondary
metabolites (Bibb 2005, Liu et al. 2013). S. coelicolor produces two
pigmented antibiotics: the blue actinorhodin (ACT) and the red
undecylprodigiosin (RED). The synthesis of ACT is dependent on
the pathway-specific regulator ActII-ORF4, which activates the ex-
pression of genes that encode biosynthetic enzymes within the act
gene cluster (Fernandez-Moreno et al. 1991). On the other hand,
RedD is required for activation of the RED biosynthetic genes
(Rudd and Hopwood 1980). High salt conditions inhibit ACT pro-
duction but have a stimulatory effect on RED biosynthesis. The
effects on antibiotic biosynthesis are mediated at the transcrip-
tional level since salt has been shown to inhibit actII-ORF4 and to
stimulate redD expression, respectively (Sevcikova and Kormanec

2004). In the following sections, we elaborate on the molecular
components and mechanisms that affect the phenotypes associ-
ated with adaptation to osmotic stress and discuss potentially in-
volved potassium transport systems, compatible solutes, the role
of two-component systems (TCS), alternative sigma factors, and
c-di-AMP.

Potassium transport systems and their role in
osmoadapation
A key aspect of microbial adaptation to changes in environmental
osmolality is to adjust and direct water fluxes across their mem-
brane to prevent cell dehydration at high external osmolality and
cell burst at low external osmolality. Biosynthesis, uptake, and ex-
port of compatible solutes play a central role in these adjustment
processes but are, with few exceptions, not well studied in Strep-
tomyces.

Bacteria react to a sudden drop in the environmental osmo-
lality by transient opening of mechanosensitive channels of the
MscL (L for large) or MscS (S for small) type, which generally
are non-selective in terms of the ions and molecules that pass
through the pore (Booth 2014). This is an emergency reaction es-
sential for preventing turgor increase to a degree that may cause
cell rupture, as sudden osmotic downshift causes immediate wa-
ter influx (Buda et al. 2016). Little is known about mechanosen-
sitive channels in Streptomyces; however, our in silico analysis
revealed that S. venezuelae contains two large (Vnz_14925 and
Vnz_21315) and two small (Vnz_00645 and Vnz_11950) conduc-
tance mechanosensitive channels, while E. coli, e.g. possesses one
MscL and six MscS-like channels (Edwards et al. 2012). A study
addressing the physiological function of SC-MscL (SCO3190) in
S. coelicolor, suggests that SC-MscL can contribute to the secre-
tion of antibiotics since overexpression of the corresponding gene
was shown to result in increased secretion of the blue antibi-
otic ACT and to affect colony size (Wang et al. 2007). In addi-
tion to mechanosensitive channels, many bacteria also possess
water-specific channels, the aquaporins, which accelerate water
fluxes across the membrane (Delamarche et al. 1999). S. venezue-
lae possesses two aquaporins (Vnz_11070 and Vnz_17040), char-
acterized by the aquaporin transporter signature IPR034294, and
one aquaporin-like protein, Vnz_06120, having the IPR023271 do-
main. However, so far, the precise role of aquaporins in microbial
osmotic stress response is not well understood (Tanghe et al. 2006,
Akai et al. 2012).
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Temporal import of ions, in particular that of K+, is an emer-
gency reaction of many bacteria upon a sudden osmotic up-
shift to limit water efflux (Wood 2011). For example, B. subtilis in-
creases the K+ pool from about 350–700 mM within 1 hour (min-
imal medium, 25◦C), when exposed to 400 mM NaCl (Whatmore
et al. 1990, Hoffmann and Bremer 2017). For S. griseus, a sharp in-
crease of intracellular potassium was reported when exposed to
NaCl concentrations >0.75 M, whereas internal sodium concen-
trations were maintained at very low levels (Killham and Firestone
1984). Every bacterium typically possesses several potassium up-
take and release systems that differ in their molecular architec-
ture, activation mechanisms, affinity for potassium and transport
rates, and type of ion translocation system. Passive channels allow
K+ flow down the electrochemical gradient without any energy in-
put, while active transporters use ATP or the proton motive force
for potassium accumulation (Stautz et al. 2021).

The only studied K+ transport system in the genus Streptomyces
is the potassium channel KcsA, which was discovered in S. livi-
dans in 1995 and since then has served as an extensively studied
model for pro- and eukaryotic potassium channels (Schrempf et
al. 1995). Structural analysis of KcsA revealed that the channel
is tetrameric, each monomer containing two transmembrane he-
lices and a pore domain between them (Doyle et al. 1998). KcsA is
voltage-dependent, highly selective for potassium, and activated
by a downshift of intracellular pH (Hirano et al. 2011). Despite de-
tailed biochemical and structural analysis of KcsA, its physiolog-
ical function in the biology of streptomycetes is unknown.

Aiming to identify the full set of potassium transporters in
the model organism S. venezuelae, we searched for putative potas-
sium transporters using the TransportDB database (Elbourne et
al. 2017) and by using the BLAST function in StrepDB (https:
//strepdb.streptomyces.org.uk/) and known K+-translocating sys-
tems described in Stautz et al. (2021) as a reference. This is not
an easy task considering that S. venezuelae contains an impres-
sive number of 756 transport proteins, as predicted by Trans-
portDB (Elbourne et al. 2017). However, as summarized in Ta-
ble 1, we found nine putative potassium transporters, of which
none have been experimentally studied yet. This set includes the
active, high-affinity K+-dependent P-Type ATPase KdpFABC, en-
coded by the vnz_12290–12275 genes. It is a heterotetrameric K+

pump that has been best characterized in E. coli (Bramkamp et
al. 2007). It consists of the P-type ATPase KdpB, KdpA belonging
to the superfamily of K+ transporters, and the supplementary
proteins KdpF and KdpC (Huang et al. 2017). We also found two
KimA-like K+/H+ symporters of the KUP family that share 39%
(Vnz_27465), and 42% (Vnz_15480), respectively, identical residues
with KimA from B. subtilis (Gundlach et al. 2019, Tascon et al. 2020).
KimA, containing 12 transmembrane helices and a cytosolic do-
main, forms a homodimer in the membrane. In B. subtilis, it has a
medium affinity for K+ and is inactivated by the second messen-
ger cyclic di-3′,5′-adenosine monophosphate (c-di-AMP) (Stülke
and Krüger 2020, Tascon et al. 2020). Two proteins (Vnz_28525
and Vnz_28050/CpeB) show 34% and 32% identity, respectively, to
the K+/H+ antiporter KhtU. The transport system consists of the
membrane protein KhtU and the cytosolic subunit KhtT and is ac-
tivated by the binding of c-di-AMP to the C-terminal RCK_C (regu-
lator of conductance of K+, C-terminal) domain in KhtT (Schrecker
et al. 2019, Cereija et al. 2021). The potential role of c-di-AMP
in the regulation of CpeB function in S. venezuelae will be dis-
cussed below. Finally, we found four putative potassium chan-
nels carrying the ‘potassium channel domain IPR013099’, namely
Vnz_17705, Vnz_00420, Vnz_05495, and Vnz_10685 (Table 1). Of
these, Vnz_17705 shares 24% identical residues with the Ca2+-

gated potassium channel MthK from Methanothermobacter ther-
mautotrophicus (Jiang et al. 2002). Of note, we could not find KcsA
or any other known potassium transporters described in Stautz et
al. (2021) such as TrkH, KtrB, KtrD, YugO, or Kch in S. venezuelae.

Compatible solutes in Streptomyces’
osmoadaptation
Shortly after bacteria respond to external osmotic upshifts
through the rapid import of potassium ions, they begin to synthe-
size or import compatible solutes and reduce the ionic strength
of the cytoplasm through the export of K+ (Empadinhas and da
Costa 2008). Compatible solutes are water-soluble, osmotically ac-
tive organic compounds, which are mostly amino acids and carbo-
hydrates or their derivatives that provide osmotic balance without
interfering with cellular physiology and biochemistry. Bacteria use
different combinations of compatible solutes, depending on their
physiology and the level of salinity of their growth habitat, e.g. B.
subtilis uses 15 different osmostress protectants (Sleator and Hill
2002, Hoffmann and Bremer 2017). An early study analysing the
physiological response of S. griseus and S. californicus to challenges
with NaCl or KCl (0.25–1 M) reported that the concentration of pro-
line, glutamine, and alanine dramatically increased in cells. The
highest degree of accumulation was detected for proline, which
increased from <6% of the free amino acid pool in cells grown in
basal medium to about 50% of the pool in cells stressed with 1 M
salt (Killham and Firestone 1984). Global metabolomic character-
ization of the salt response in S. coelicolor revealed that this model
species also strongly accumulates proline; however, an increase of
arginine, phenylalanine, methionine, tryptophan, and (iso)leucine
has also been reported (Kol et al. 2010). Thus, free amino acids,
especially proline, play an important role in osmoprotection in
streptomycetes.

In addition to free amino acids, the capacity to synthesize the
tetrahydropyrimidine derivative ectoine as a compatible solute is
widespread in streptomycetes (Bursy et al. 2008, Pastor et al. 2010).
Ectoine was discovered in the extremely halophilic bacterium
Halorhodospira halochloris (formerly Ectothiorhodospira halochloris)
(Galinski et al. 1985), followed by the discovery of its hydroxy-
lated derivative 5-hydroxyectoine in S. parvulus (Inbar and Lapi-
dot 1988). The ectoine BGC comprises the ectABCD genes, which
encode for the L-2,4-diaminobutyrate transaminase EctB, the L-
2,4-diaminobutyrate acetyltransferase EctA, the ectoine synthase
EctC, and the ectonie hydroxylase EctD and was studied in S.
coelicolor (Bursy et al. 2008, Kol et al. 2010, Czech et al. 2018). 5-
hydroxyectoine was found to accumulate strongly in S. coelicolor
in response to salt exposure, indicating that it acts as a key os-
moprotectant (Bursy et al. 2008, Kol et al. 2010). Growth analysis
of single S. coelicolor ectA, ectC, or ectD mutants in the presence of
1 M NaCl showed that disruption of either ectA or ectC leads to
a salt-sensitive phenotype, which can be complemented by ad-
dition of ectoine/5-hydroxyectoine to the medium (Bursy et al.
2008, Kol et al. 2010). Thus, S. coelicolor possesses an uptake sys-
tem for ectoine/5-hydroxyectoine, but the identity of this trans-
porter has not yet been identified. In addition to their osmopro-
tective function, ectoine and hydroxyectoine were also reported
to act as chemical chaperones (Czech et al. 2018). They are capa-
ble of protecting macromolecules such as enzymes and nucleic
acids against different stress conditions such as heat, cold, and UV
stress. Therefore, these compounds have found different applica-
tions in industry as stabilizers of proteins and cells in life sciences
and in cosmetics (Pastor et al. 2010, Hermann et al. 2020).

https://strepdb.streptomyces.org.uk/)
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Table 1. Putative potassium transporters in S. venezuelae. Candidates for potassium uptake and/or export were identified using Trans-
portDB database (Elbourne et al. 2017) and the BLAST function in StrepDB (https://strepdb.streptomyces.org.uk/). None of the listed
proteins has been characterized experimentally prior publication of this review. Relevant domains were identified using InterPro
(https://www.ebi.ac.uk/interpro/). Number of transmembrane domains (TM) was predicted using uniprot (https://www.uniprot.org/).
For details see text.

vnz number
(StrepDB)

sven number
(StrepDB) Name Predicted domain architecture Family

Vnz_12290 Sven2511 KdpF 1 TM helix K+-transporting ATPase, subunit F

Vnz_12285 Sven2510 KdpA 10 TM helices K+-transporting ATPase, subunit A

Vnz_12280 Sven2509 KdpB 7 TM helices
P-type ATPase, cytoplasmic domain N (IPR023299);
P-type ATPase, phosphorylation site (IPR018303);
P-type ATPase, A domain superfamily (IPR008250)

K+-transporting ATPase, subunit B

Vnz_12275 Sven2508 KdpC 1 TM helix K+-transporting ATPase, subunit C

Vnz_27465 Sven5551 12 TM helices
Amino acid/polyamine transporter I (IPR002293)

Conserved membrane protein
(39% identity to KimA from B. subtilis)

Vnz_15480 Sven3148 12 TM helices
Amino acid/polyamine transporter I (IPR002293)

Conserved membrane protein
(42% identity to KimA from B. subtilis)

Vnz_28525 Sven5767 13 TM helices
Cation/H+ exchanger (IPR006153)

Putative transmembrane transport protein
(34% identity to KhtU from B. subtilis)

Vnz_28050 Sven5672 CpeB 13 TM helices
Cation/H+ exchanger (IPR006153)

Putative transmembrane transport protein
(32% identity to KhtU from B. subtilis)

Vnz_17705 Sven3600 2 TM helices
Potassium channel domain (IPR013099)
NAD(P)-binding domain superfamily (IPR036291)
Regulator of K+ conductance, N-terminal
(IPR003148)

Potassium channel protein
(24% identity to the Ca2+ gated potassium
channel MthK from M. thermautotrophicus)

Vnz_00420 Sven0095 3 TM helices
Potassium channel domain (IPR013099)

Potassium channel protein

Vnz_05495 Sven1132 4 TM helices
Potassium channel domain (IPR013099)
Voltage-gated potassium channel (IPR028325)

Potassium voltage-gated channel subfamily KQT

Vnz_10685 Sven2186 2 TM helices
Potassium channel domain (IPR013099)
Voltage-gated potassium channel (IPR028325)

Potassium voltage-gated channel subfamily KQT

Finally, various strains of Streptomyces have been reported to
contain high levels of the disaccharide trehalose in their spores
(Hey-Ferguson et al. 1973, Braña et al. 1986, Rueda et al. 2001). In
S. antibioticus, trehalose content was reported to increase during
development. Vegetative hyphae contained 2%, aerial hyphae 5%,
and spores 12% of total dry cell weight (Braña et al. 1986). De novo
trehalose biosynthesis in Streptomyces depends on the trehalose-
6-phosphate synthase OtsA, which uses GDP-glucose as the donor
substrate, and the trehalose-6-phosphate phosphohydrolase OtsB
(Asencion Diez et al. 2017). In addition, the glucose storage com-
pound glycogen, which accumulates in sporulating hyphae, can
be converted by TreY/TreZ to trehalose during spore maturation
(Schneider et al. 2000, Rueda et al. 2001, Schumacher et al. 2022).
Trehalose is present in both prokaryotic and eukaryotic organ-
isms, including bacteria, yeast, and fungi, where it fulfils protec-
tive roles for proteins and cellular membranes against desicca-
tion, dehydration, heat, cold, and oxidation (Elbein et al. 2003,
Iturriaga et al. 2009). In E. coli, it serves as a compatible solute
that provides osmoprotection to withstand osmotic stress gen-
erated by the addition of 0.5 M NaCl to minimal medium (Strom
and Kaasen 1993). In streptomycetes, trehalose is degraded during
germination and provides protection against dehydration stress
(Hey-Ferguson et al. 1973, Braña et al. 1986, McBride and En-
sign 1990); however, whether it contributes to adaptation under
changes in external osmolality has not been fully elucidated yet.

Regulation of cellular responses to osmotic stress
Cellular adjustments to sustained changes in osmolality involve
alterations in the gene transcription profile. The best-studied
mechanisms for osmostress sensing and regulation are TCS,
which typically consist of a membrane-bound sensor histidine
kinase and a response regulator (Stock et al. 2000). In E. coli, os-
moresponsive TCSs include KdpDE, consisting of the membrane-
bound histidine kinase KdpD and the response regulator KdpE,
which controls the expression of the kdpFABCDE operon, encod-
ing the active K+ uptake system (see above) and the TCS (Laer-
mann et al. 2013). Another prominent osmosensitive TCS in E.
coli is EnvZ/OmpR, which regulates the expression of ompC and
ompF genes, encoding two outer membrane porin proteins, in re-
sponse to external osmolality (Leonardo and Forst 1996). Dissect-
ing specific TCS contributing to osmostress resistance in Strepto-
myces is challenging considering that, e.g. S. venezuelae contains
58 TCS operons and additional 27 orphan sensor kinases and 18
orphan response regulator genes (McLean et al. 2019). Of these,
only the osaA/B/C genes, which are encoded next to each other but
are not transcriptionally coupled (Bishop et al. 2004), have been
associated with regulation of the osmotic stress response. OsaA
(Vnz_26710) and OsaC (Vnz_26705) are hybrid proteins contain-
ing both, a histidine kinase and a response regulator receiver do-
main, while OsaB (Vnz_26715) represents a response regulator of
the CheY-type (McLean et al. 2019). Deletion of osaB either in S. livi-

https://strepdb.streptomyces.org.uk/)
https://www.ebi.ac.uk/interpro/
https://www.uniprot.org/
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dans or S. coelicolor was reported to compromise aerial mycelium
formation when the bacteria were grown on R2YE medium with
10.3% sucrose or on MS agar containing 250 mM KCl. Deletion of
osaA in S. coelicolor had less pronounced consequences and led
to only a minor delay in aerial mycelium formation under high
osmolality conditions (Bishop et al. 2004). S. coelicolor �osaB has
also been shown to have a severe growth defect on SMMS (supple-
mented minimal medium) containing 1 M NaCl, which could not
be rescued by the external addition of ectoine/5-hydroxyectoine
(Kol et al. 2010). Similarly, deletion of osaC in both, S. coelicolor and
S. avermitilis led to a conditionally bald phenotype since the cor-
responding mutants failed to raise aerial hyphae under hyperos-
motic stress conditions (Fernandez Martinez et al. 2009, Godinez
et al. 2015). The study by Fernández Martinez et al. (2009) provides
few mechanistic insights into the function of the Osa system in
S. coelicolor. The authors showed that osaB expression is strongly
upregulated 60 min after osmotic upshift in a σ B-dependent man-
ner, but returns to normal levels after about 12 hours of growth.
However, in the osaC mutant, expression of σ B-dependent genes,
including osaB, remained at relatively high levels. Subsequent in-
teraction analysis revealed that OsaC interacts with σ B via its N-
terminal kinase domain. Based on these data, the authors pro-
pose that OsaC modulates σ B-activity to return expression of the
σ B regulon to pre-osmotic stress levels (Fernandez Martinez et al.
2009). Notably, the osmotic stress response in S. coelicolor is medi-
ated by multiple sigma factors and involves induction of the stress
sigma factor σ B as well as of at least eight other sigma factor genes
(sigL, sigM, sigH, sigI, sigJ, sigX, hrdD, and hrdB) (Viollier et al. 2003,
Lee et al. 2005). Altogether, these data indicate that OsaA/B/C and
a complex sigma factors network likely fulfil a conserved function
in adaptation to hyperosmotic stress in the genus Streptomyces, but
mechanistic details remain poorly defined.

In C. glutamicum, the MtrAB TCS responds to hyperosmotic
stress and regulates expression of both, genes involved in cell wall
biosynthesis and genes encoding compatible solutes carriers, betP,
proP, and lcoP, as well as the mscL gene, encoding a mechanosen-
sitive channel (Krämer 2009, Moker et al. 2004). MtrAB is highly
conserved throughout the phylum Actinobacteria (McLean et al.
2019). The system has been studied in S. coelicolor and S. venezuelae
and reported to regulate expression of antibiotic genes as well as
developmental processes, but has not been linked to the osmotic
stress response in streptomycetes yet (Som et al. 2017a, 2017b,
Zhang et al. 2017). Similarly, the KdpDE TCS is widely conserved
in the genus Streptomyces (McLean et al. 2019), but has not been
analysed in any model of the genus yet. Our unpublished data
indicate that the KdpDE TCS is neither required for S. venezuelae
development on standard sporulation medium nor for growth on
nutrient agar containing 0.5 M NaCl or KCl (Timo Holdgrewe and
Natalia Tschowri, unpublished data).

C-di-AMP signalling network in Streptomyces
The nucleotide-based second messenger c-di-AMP is recognized
as an important regulator of ion and osmolyte transport to
maintain osmotic homeostasis in bacteria and is predominantly
found in Gram-positive bacteria and archaea (Corrigan and
Grundling 2013, Stülke and Krüger 2020). Diadenylate cyclases
(DACs) carrying the enzymatically active DAC domain synthe-
size c-di-AMP from two molecules of ATP. On the other hand,
phosphodiesterases (PDEs) degrade the cyclic molecule to the
linear 5´-phosphoadenylate-(3´-5´)-adenosine (pApA) and/or two
molecules of adenosine monophosphate (AMP) (Commichau et al.
2019).

To date, five distinct types of DACs have been characterized:
DisA, CdaA, CdaS, CdaM, and CdaZ (Commichau et al. 2019). DisA,
containing an N-terminal DAC domain and a C-terminal DNA-
binding Helix-hairpin-Helix domain, is the sole DAC domain pro-
tein in Actinobacteria (Witte et al. 2008, Latoscha et al. 2019). In S.
venezuelae, DisA remains at constant levels throughout the devel-
opmental cycle and represents the only source for c-di-AMP dur-
ing the transition to sporulation and the sporulation phase. How-
ever, during early developmental growth, low levels of c-di-AMP
were detectable even in the disA mutant, suggesting the presence
of another non-DAC domain c-di-AMP producing enzyme in this
species (Latoscha et al. 2020). As in many other bacterial models,
c-di-AMP plays an important role in osmostress response in Strep-
tomyces and contributes to resistance towards upshifts of ionic os-
molytes. S. venezuelae �disA shows a severe growth defect on nu-
trient agar containing either 0.5 M NaCl or 0.5 M KCl but grows
and develops comparable to the wildtype strain in the presence
of 0.5 M sucrose and on standard sporulation agar (Latoscha et
al. 2020) (Andreas Latoscha and Natalia Tschowri, unpublished
data).

To stop c-di-AMP signals, the molecule is hydrolyzed by spe-
cific DHH-DHHA1 and HD-domains (Rao et al. 2010, Huynh et al.
2015). It was long unsolved how the majority of Actinobacteria
terminate c-di-AMP signals since they possess DisA for c-di-AMP
production but many of them lack PDEs of the DHH-DHHA1 and
HD-type. We found that they use a new type of c-di-AMP PDEs
that we named AtaC for actinobacterial PDE targeting c-di-AMP.
AtaC degrades c-di-AMP to AMP via pApA and belongs to the type
I PDE/nucleotide pyrophosphatase family of proteins. It is highly
conserved in Actinobacteria, including a number of species of the
genus Mycobacteria (Latoscha et al. 2020, Yin et al. 2020). Deletion
of ataC in S. venezuelae leads to a 1.5–2-fold increase of c-di-AMP
levels, which compromises growth in liquid MYM and on agar
plates. In addition, inactivation of the active site residue D269 in
AtaC or deletion of the gene causes a severe sporulation defect
and a grey colony morphology, suggesting that development and
the formation of the green spore pigment are affected by elevated
c-di-AMP (Latoscha et al. 2020). Notably, addition of osmolytes to
agar medium has no added effect on the growth of S. venezuelae
�ataC. However, as judged by transmission electron micrographs
of the ataC mutant, many of the aerial hyphae formed by the
strain appear to have shrinked or lysed. One possible explanation
for this phenotype is that high c-di-AMP levels in �ataC cause loss
of turgor even in the absence of osmotic stress challenges (Fig. 3).

It is still puzzling why depletion and elevation of c-di-AMP by
deletion of disA and inactivation of AtaC, respectively, do not have
contrary effects but rather seem to cause disconnected pheno-
types. While the disA mutant grows and develops normally under
standard conditions but is highly susceptible to ionic osmostress,
the ataC mutant has a general growth and developmental de-
fect that does not seem to be further affected by the addition
of osmolytes (Latoscha et al. 2020). The key to our understand-
ing how c-di-AMP controls Streptomyces physiology is the identi-
fication of c-di-AMP effector molecules. To date, two types of c-
di-AMP effectors have been found in the genus: the ydaO-like ri-
boswitch and the RCK_C domain (St-Onge et al. 2015, Latoscha et
al. 2020). Riboswitches are cis-acting RNAs mostly located in the
5´-untranslated region (UTR) of the target mRNA. The regulatory
element contains two domains: an upstream sensor domain that
binds to the specific ligand and the expression platform that regu-
lates the downstream coding sequences by modulating transcript
elongation, transcript stability, or translation initiation (Serganov
and Nudler 2013). The ydaO riboswitch is present in the UTRs of
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Figure 3 Deletion of ataC compromises S. venezuelae development. Scanning electron micrographs showing that after 4 days of incubation on MYM
agar, S. venezuelae wildtype (left) and �disA (right) formed spores. In comparison, the ataC mutant (centre) formed predominantly non-sporulating
aerial hyphae and had many flat, likely lysed hyphae.

mRNAs that specify potassium and amino acid transporters and
enzymes for cell wall homeostasis (Nelson et al. 2013). S. coelicolor
and S. venezuelae encode seven and six cell wall hydrolases, respec-
tively, containing an ydaO-like riboswitch in their 5´-UTR (Haiser et
al. 2009, Latoscha et al. 2019). Binding of c-di-AMP to the ydaO-like
riboswitch and its consequences have been reported only for rpfA
(St-Onge et al. 2015, St-Onge and Elliot 2017). rpfA codes for a pro-
tein belonging to a class of ‘resuscitation-promoting factors’ (Rpfs)
that have lysozyme-like enzymatic activity, thereby cleaving the
sugar backbone of peptidoglycan and promote resuscitation of
the dormant cells (Telkov et al. 2006). S. coelicolor and S. venezuelae
share extensive sequence and structural similarity in the 5´-UTRs
of rpfA. In S. venezuelae, rpfA transcripts were increased by five-
fold in the disA mutant, and binding of c-di-AMP to the 5´-UTR of
S. coelicolor rpfA was shown in vitro. Upon binding to c-di-AMP, the
riboswitch undergoes a conformational change, resulting in pre-
mature rpfA transcription termination (St-Onge and Elliot 2017).
In S. coelicolor, both overexpression and deletion of rpfA delay spore
germination, allowing the conclusion that via the ydaO-like ri-
boswitch, c-di-AMP regulates transcription of rpfA and probably
of other cell-wall hydrolases to establish timely germination and
outgrowth of spores (St-Onge et al. 2015) (Fig. 4).

In Firmicutes, RCK_C domains are involved in the control of
potassium homeostasis by modulating the activity of a number
of potassium transporters (see above) (Stülke and Krüger 2020).
RCK_C domains are established direct targets of c-di-AMP that
have the (I/L) (I/L)X2DX1RX5N(I/L) (I/L) signature for dinucleotide
binding (Schrecker et al. 2019). Our in silico analysis revealed that S.
venezuelae has six RCK_C domain-containing proteins: Vnz_28055,
Vnz_28520, Vnz_28040, Vnz_14905, Vnz_27460, and Vnz_12665.
We have purified the six RCK_C domains and found that CpeA
and Vnz_28520 bind c-di-AMP, while others do not (Latoscha et
al. 2020) (Andreas Latoscha and Natalia Tschowri, unpublished
data). This is in line with our finding that the c-di-AMP binding
site is most conserved in CpeA and Vnz_28520. cpeA forms a con-
served operon with cpeB (vnz_28050), encoding a protein with 13
predicted transmembrane helices (Table 1). In addition, S. venezue-
lae has a small open reading frame in the same operon, cpeC
(vnz_28045) (Latoscha et al. 2020). Based on our sequence analysis,
the Cpe system appears to be homologous to the KhtTUS K+/H+

antiporter from B. subtilis (Cereija et al. 2021). CpeA shares 27%
identical residues with KhtT, 32% of amino acids are identical be-
tween KhtU and CpeB, and, finally, CpeC is to 22% identical with
KhtS. Of note, the second c-di-AMP-binding RCK_C domain pro-
tein, Vnz_28520, forms an operon with the predicted transporter
Vnz_28525. Based on our sequence alignment, the two genes seem
to be a duplication of the Cpe system, which lacks CpeC and is

not well conserved in streptomycetes. c-di-AMP activates KhtTU-
mediated K+ export in B. subtilis by a mechanism that has been
elucidated in detail in the study by Cereija et al. (2021). The au-
thors demonstrate that one c-di-AMP binds at the KhtT dimer
interface, which disrupts the KhtT-KhtU interaction, leading to
full activation of the KhtU-mediated K+/H+ antiport. Interestingly,
KhtTU activation by c-di-AMP is highly dependent on pH and in-
creases about 60-fold when the pH was raised from 7.5 to 8.5.
The authors propose that at alkaline conditions, H+ import me-
diated by KhtU becomes critical for pH homeostasis (Cereija et al.
2021). Considering that the Cpe system from S. venezuelae shows
pronounced homology to the Kht system from B. subtilis and CpeB
belongs to the cation/proton exchanger family (Table 1), it is likely
that CpeB also acts as a K+ export/H+ import system. However, the
consequences of c-di-AMP interaction with CpeA in Streptomyces
or with KhtT in Bacilli, respectively, seem to differ. While c-di-AMP
weakens complex formation between KhtT and KhtU, it stimu-
lates interaction between CpeA and CpeB, as shown using bacte-
rial adenylate cyclase two-hybrid assays that were performed in
the presence of either an active or inactive DisA in E. coli (Latoscha
et al. 2020). Thus, it remains to be clarified whether c-di-AMP acti-
vates or inhibits CpeB function and whether the system is indeed
a K+/H+ antiporter (Fig. 4).

Conclusions
In response to osmotic upshifts, filamentous Streptomyces arrest
their growth from the main hyphal tip and form multiple new
branches from the lateral sides. This stress phenotype raises mul-
tiple questions such as why rearrangement of cell polarity is ben-
eficial for survival of osmotic challenges and which signalling and
regulatory cascades underlie the complex reprogramming of api-
cal growth. In addition, high salinity conditions block spore for-
mation, presumably allowing the cell to invest the needed en-
ergy into stress rescue processes instead of the elaborate sporu-
lation programme that may not be successfully completed. Block
of cell differentiation is likely mediated by the induced expression
and activity of alternative sigma factors, such as σ B, which alter
the transcriptional profile of the cell, including the expression of
genes encoding the osmoresponsive response regulator OsaB and
developmental regulators. As in other classical models, the accu-
mulation of potassium is the first emergency response of Strep-
tomyces to osmotic upshifts. But, we know very little about os-
molyte transport systems that are central to Streptomyces adap-
tation to osmotic stress. The only biochemically well studied K+

uptake system in the genus Streptomyces is the potassium channel
KcsA, which is, however, not well conserved, and its physiological
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Figure 4 c-di-AMP metabolism and signalling in Streptomyces. The DAC-domain protein DisA produces c-di-AMP out of two ATP molecules. The PDE
AtaC hydrolyzes c-di-AMP to two AMPs via 5´-pApA. C-di-AMP binds to the RCK_C domain of CpeA and stimulates interaction with CpeB. The CpeAB
system likely represents a KhtU-like K+/H+ antiporter, as supported by homology analysis (Latoscha et al. 2020). Additionally, c-di-AMP binds to the
ydaO-like riboswitch in the 5´-UTR of rpfA, leading to transcription termination of rpfA (St-Onge and Elliot 2017). RpfA encodes a cell wall hydrolase
involved in cell wall remodelling during germination and growth. In S. coelicolor, the ydaO-like riboswitch has also been found in the 5´-UTR of six other
genes encoding putative cell wall hydrolases (Haiser et al. 2009).

role and contribution to osmoadaptation have not been fully re-
solved yet. Similarly, although it is well described that Streptomyces
use free amino acids (mainly proline), ectoines, and trehalose as
compatible solutes, uptake systems for any osmoprotectant have
not been characterized yet. Clearly, c-di-AMP is important for sur-
vival at high salinity conditions, but how the second messenger
improves survival at such stress conditions is not completely un-
derstood yet and requires the identification of additional c-di-AMP
effectors and a better mechanistic understanding of the known c-
di-AMP targets, CpeA and the ydaO-like riboswitch-controlled cell
wall hydrolases. In summary, identification and understanding of
cellular components and processes that enable streptomycetes to
cope with osmotic stress are not only fundamental for their per-
formance as cell factories in biotechnology but also for their eco-
physiology in their natural habitat and as a unique model for fil-
amentous, multicellular bacteria with a complex developmental
life cycle.
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