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Abstract

Historically, many species of bacteria have been reported to produce viable, cell wall deficient (CWD) variants. A variety of terms 
have been used to refer to CWD bacteria and a plethora of methods described in which to induce, cultivate and propagate them. 
In this review, we will examine the long history of scientific research on CWD bacteria examining the methods by which CWD 
bacteria are generated; the requirements for survival in a CWD state; the replicative processes within a CWD state; and the 
reversion of CWD bacteria into a walled state, or lack thereof. In doing so, we will present evidence that not all CWD variants 
are alike and that, at least in some cases, CWD variants arise through an adaptive lifestyle switch that enables them to live and 
thrive without a cell wall, often to avoid antimicrobial activity. Finally, the implications of CWD bacteria in recurring infections, 
tolerance to antibiotic therapy and antimicrobial resistance will be examined to illustrate the importance of greater under-
standing of the CWD bacteria in human health and disease.

INTRODUCTION
The cytoplasmic membrane of most bacterial species is enclosed by a rigid structure called the ‘cell wall’, which is composed of 
a complex lattice- like arrangement of peptidoglycan molecules that provides shape determination and maintenance, structural 
strength, and protection from the environment [1–4]. In Gram- negative bacteria, the outer membrane (OM) also contributes 
to the mechanical load- bearing properties of the cell wall [5]. Interestingly, many bacteria can exist as cell wall deficient (CWD) 
variants that have lost some or all of their cell wall peptidoglycan and yet remain viable in the CWD state [6, 7]. Due to the 
loss of the rigid cell wall, CWD bacteria appear spherical, ovoid or pleiomorphic and can be sensitive to osmotic pressure and 
mechanical lysis [8–10].

It is probable that CWD variants were first reported in the mid- 1800s [11]; however, it wasn’t until the early 1900s that they were 
considered to be more than just a laboratory artefact, when in 1935 Emmy Klieneberger- Nobel described round or pear- shaped 
bodies in a culture of Streptobacillus moniliformis that she incorrectly attributed to be symbiotic bacteria [12]. She termed these 
‘L- forms’ in honour of the Lister Institute where she worked at the time of their discovery [12]. Subsequent research conducted 
by Louis Dienes, among others, determined that the L- forms that Klieneberger- Nobel believed to be symbionts were actually the 
same species that were spontaneously switching between different morphological states, so that the Streptobacillus moniliformis 
culture was a mixture of L- forms and bacillary cells [13]. Dienes later posited that these spontaneous morphological variations 
were not a characteristic of only this species, but that under the right conditions all bacteria had the capacity to transition into 
and revert back from a CWD state [7]. Indeed, CWD variants have been described for many bacterial species, including the 
important human pathogens Acinetobacter baumannii [14, 15], Escherichia coli [16–24], Klebsiella pneumoniae [18, 25, 26], Listeria 
monocytogenes [27], Mycobacterium tuberculosis [28], Pseudomonas aeruginosa [29, 30], Salmonella sp. [31], Staphylococcus aureus 
[24, 27, 32] and Vibrio cholerae [33, 34].

Historically, a range of nomenclature has been used to refer to CWD bacteria, including L- forms, L- phase, L- organisms, gymno-
plasts, round forms, round bodies, cysts, ovoid cells, S- cells and spherical cell morphotypes. Some commentators have restricted 
the use of the term L- form to refer only to CWD cells that can proliferate whilst in the CWD state [35]. However, the term is 
applied loosely, often used to describe CWD variants where no evidence of proliferation has been provided. In this review, we 
will use the collective term CWD to refer to all CWD variants of normally cell- walled bacteria. It is important to note that CWD 
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variants do not include species in the bacterial class Mollicutes, such as Mycoplasma spp. and Phytoplasma spp., that have evolved 
to no longer require a cell wall [36, 37].

There appears to be a remarkable degree of variation in the properties of CWD bacteria. They can differ in the degree of cell wall 
material present and as such are classified as either 'spheroplasts' that retain some peptidoglycan, or ‘protoplasts’ that are devoid of 
all peptidoglycan. CWD bacteria can also be broadly classified as either stable or unstable (transient). Stable CWD bacteria have 
acquired genetic mutations that lock them in the CWD form, whereas unstable CWD bacteria are considered to be genetically 
identical to their parental cell and have retained the ability to transition back to the normal cell- walled form upon removal of 
the inducing agent [13, 19, 20, 24, 35, 38, 39].

Our own interest in CWD bacteria began with the observation that when Pseudomonas aeruginosa was treated with high concen-
trations of antibiotics that inhibit peptidoglycan biosynthesis, most cells rapidly transitioned to a CWD spherical cell morphotype. 
These CWD cells rapidly reverted to the normal bacillary form when the antibiotic was removed or degraded [29]. Similar rapid 
CWD transitions have also been reported in a wide range of other clinically relevant Gram- negative bacteria when treated with 
cell wall targeting antibiotics [19, 40–42].

Another differentiator of CWD bacteria is their relative fragilities. It is widely considered that CWD cells, in particular those 
referred to as L- forms, are fragile and highly sensitive to osmotic pressure and require specialized osmoprotective culture condi-
tions to prevent lysis [9, 43–45]. However, in our own experience with Pseudomonas aeruginosa, CWD cells can be robust and 
cultured without osmoprotection [29]. Similar observations of robust CWD cells have been reported in other species, including 
even the initial observations of Streptobacillus moniliformis L- forms described by Klieneberger- Nobel [12, 34, 42, 46–49]. CWD 
bacteria have also been cultured in many diverse growth conditions, such as urine [50], rabbit caecal fluid [34] and human serum 
[40]. It was also demonstrated that CWD bacteria could be adapted to low osmolarity conditions [51]. These observations suggest 
that not all CWD bacteria are alike, and that they can be sub- grouped as osmotically sensitive variants that require specialized 
osmoprotective culture conditions for survival and more robust variants that do not.

Here, we review the historic literature and recent research into CWD bacterial transition, survival, proliferation and reversion. We 
present evidence that indicates that, at least in some circumstances, the CWD state is an alternate lifestyle that enables bacteria to 
live and even proliferate without a cell wall. We also discuss some of the implications of CWD bacteria in antimicrobial tolerance.

GENERATION OF CWD BACTERIA
There are many conditions that can generate CWD variants. These include exposure to cell wall degrading enzymes [44, 52–54]; 
heat stress [55]; cryogenic stress [56]; osmotic stress [57, 58]; nutrient limitation [55, 56, 59]; genotoxic stress [14]; antibodies 
and complement proteins [60, 61]; bacteriophages [61, 62]; compounds that inhibit cell wall biosynthesis [54, 63]; and muta-
tion of genes involved in cell wall biosynthesis [24, 46, 64, 65]. In this section, we will address whether the method by which a 
CWD state is achieved results in differences in the viability, robustness and physiology of the resulting CWD variant. We will 
mainly focus on antibiotic and enzymatic induction of CWD cells, as the mechanisms of bacterial cell wall changes in response 
to environmental stressors have recently been detailed elsewhere [66]. Through examination of the literature describing the 
aforementioned processes of generating CWD bacteria, there are two general mechanisms by which CWD could be derived: 
inhibition, mutation or substrate depletion of the enzymes required for cell wall biosynthesis; or enzymatic degradation or 
mechanical disruption of the cell wall.

Cell wall targeting antibiotics
There are many excellent reviews on cell wall synthesis in bacteria and detailed discussion of these processes is beyond the scope 
of this review; therefore, readers are directed to the recent review by Kumar et al. [67] for a more thorough understanding. Briefly, 
a large number of enzymes are involved in the biosynthesis and remodelling of cell wall peptidoglycan [2]. In general, synthesis of 
the bacterial peptidoglycan sacculus occurs in three stages. Soluble precursors (UDP- N- acetylglucosamine and N- acetylmuramyl 
pentapeptide) are first synthesized in the cytoplasm. They are then linked to the transport lipid (undecaprenyl phosphate) to 
form the lipid- anchored disaccharide pentapeptide monomer subunit (lipid II). After flipping across the cytoplasmic membrane, 
the lipid component is released and the glycan chains are inserted into the growing peptidoglycan sacculus. Polymerization of 
the glycan chains occurs through the activity of glycosyl transferases and peptide cross- linking occurs through the activity of 
dd- transpeptidases [2]. The dd- transpeptidases are also called penicillin binding proteins (PBPs) as they were first identified 
due to their affinity for binding the β-lactam antibiotic penicillin [68, 69].

From the very early days of antibiotic research, it was observed that antibiotics that target key steps in bacterial cell wall biosyn-
thesis produce CWD variants in many species of bacteria [7, 15, 17, 25, 29, 45, 70, 71]. The β-lactam class of antibiotics includes 
penicillins, cephalosporins, carbapenems and monobactams. All β-lactam antibiotics possess a highly reactive 3- carbon, 1 
nitrogen (β-lactam) ring. They function by binding to and acylating PBPs, thereby inhibiting the final transpeptidase steps of 
peptidoglycan biosynthesis, often leading to cell lysis [72].
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The morphological response to different β-lactam antibiotics appears to be determined by the PBP binding affinity [15, 73, 74]. 
For example, in E. coli, the cephalosporin cefsulodin has highest affinity for PBP1a/1b and the penicillin amdinocillin (also 
known as mecillinam) binds almost exclusively to PBP2. Treatment with either of these antibiotics resulted in CWD cells, 
whereas treatment with mezlocillin, another penicillin- class antibiotic with an almost exclusive affinity for PBP3, resulted in 
long filamentous cells [74–76]. These observations were not limited to E. coli. Similar results were observed with mecillinam 
(amdinocillin) treatment of Pseudomonas aeruginosa, Klebsiella aerogenes, Proteus rettgeri and Enterobacter cloacae [77]. Treat-
ment of Pseudomonas aeruginosa with the PBP2- binding carbapenem β-lactam antibiotic imipenem resulted in a conversion to 
round cells within 2 h, whereas treatment with the PBP3- binding cephalosporin ceftazidime induced the formation of filaments 
[73, 78].

The concentration and duration of the antibiotic exposure also determines the morphological response of the cells in response 
to PBP binding by β-lactam antibiotics. In E. coli, treatment with ampicillin and penicillin G, which both have a high affinity for 
PBP2 and PBP3 and a slightly lower affinity for PBP1a/1b, resulted in bulging elongated cells at the lowest effective concentration 
but as the concentration increased, and PBP1a/1b became engaged, increasing proportions of CWD cells were observed [74]. 
Amoxicillin, another β-lactam antibiotic of the penicillin family, has a primary affinity towards PBP1a/1b and PBP2. E. coli treated 
with amoxicillin resulted in very little filamentation at a low concentration but as the concentration increased, and PBP3 binding 
occurred, a morphological response similar to treatment with ampicillin and penicillin G was observed [74].

In E. coli, inhibiting PBP1a/1b and PBP2 may result in similar gross morphology (i.e. round cells) but leads to different outcomes 
for the resulting CWD bacteria. Binding of PBP1a/1b by β-lactam antibiotics was found to result in spheroplasts that are fragile 
and sensitive to osmotic lysis, whereas binding of PBP2 resulted in osmotically stable and replicating round forms [74, 76]. The 
fragile CWD cells can still be propagated through careful media selection, notably the presence of divalent cations, which are 
thought to strengthen the OM in Gram- negative cells [19, 70, 79]. Microarray analysis of the response of E. coli to cefsulodin and 
mecillinam (amdinocillin) (PBP1a/1b and PBP2 inhibiting, respectively) identified striking differences in the cellular response 
to antibiotic challenge. Cefsulodin treatment had fewer effects on gene expression, whereas mecillinam (amdinocillin) treatment 
activated more genes, particularly those involved with stress responses and membrane remodelling [80]. The significance of these 
observations is discussed below.

Antibiotics that target earlier steps of the cell wall biosynthesis pathway have also been shown to induce robust CWD cells. The 
antibiotic fosfomycin inhibits the activity of MurA (UDP- N- acetylglucosamine- enolpyruvyltransferase), an enzyme that catalyses 
the first committed step of peptidoglycan biosynthesis [2, 81]. Fosfomycin was found in a drug screen to induce the formation 
of CWD cells in Gram- negative bacilli [82] and has been used to induce stable CWD cells in E. coli, Staphylococcus aureus and 
Corynebacterium glutamicum [19, 24, 83], and unstable CWD cells in Proteus mirabilis [84]. Targeting MraY, a translocase impor-
tant in the formation of lipid I, with nucleoside antibiotics such as mureidomycin or tunicamycin, resulted in differing responses 
in Gram- negative and Gram- positive bacteria. Mureidomycin treatment of Gram- negative bacteria resulted in fragile spheroplasts, 
whereas robust CWD cells were observed when Gram- positive pathogens were treated with tunicamycin. These observations 
indicate that MraY inhibition leading to CWD conversion may cause species- specific responses [85–88]. d- Cycloserine inhibits 
alanine racemase (Alr) and d- alanine ligase (Ddl), two enzymes involved in the early stages of peptidoglycan precursor synthesis 
in the cytoplasm, and has been shown to induce robust CWD bacteria, alone or in combination with glycine, in a range of bacterial 
species [24, 89–92]. Therefore, it appears that CWD bacteria induced by antibiotics targeting steps earlier in the peptidoglycan 
biosynthetic pathway appear to be just as robust as those induced by PBP2- inhibiting β-lactam antibiotics, and that targeting 
PBP1a/1b specifically may result in more fragile CWD cells.

Other cell wall biosynthesis inhibitors
It is not just antibiotics that can disrupt steps in the cell wall biosynthetic pathway and lead to the formation of CWD bacteria. 
The amino acid glycine has also been shown to disrupt cell wall synthesis leading to CWD bacteria by substituting with 
l- alanine in peptidoglycan precursor molecules, with the resulting molecule being poorly utilized by downstream enzymes in 
the biosynthetic pathway [48, 93]. These glycine- induced CWD cells were found to be osmotically robust with reversion occur-
ring upon removal of the inducer [48]. In a recent study, the monosaccharide l- arabinose was found to induce viable, transient 
V. cholerae CWD variants within 9 h [57]. Analysis of the morphological states during transition into the CWD state showed 
features characteristic of the transition observed in other Gram- negative bacteria treated with cell wall inhibiting β-lactam 
antibiotics such as meropenem [29, 33]. Genetic screens identified key components required for this response in V. cholerae. 
These indicated that l- arabinose substitutes into the galactose metabolic pathway, thereby blocking downstream metabolic 
processes and depleting the production of metabolites necessary for cell wall synthesis or inhibiting enzymes required for cell 
wall synthesis [57].

These observations indicate that not only is it direct targeting of enzymes in the cell wall biosynthetic pathway that can generate 
robust CWD variants, but also disruption at the very early stages of cell wall synthesis by glycine and l- arabinose can lead to 
robust CWD variants.
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Other antibiotics
Antibiotics of other classes that do not directly target peptidoglycan biosynthesis have also been reported to produce cells with 
a spherical morphotype. Trimethoprim has been shown to induce spheroplasts in a dose- dependent manner in Proteus vulgaris, 
though not in E. coli or 'Vibrio percolans' [63]. A similar antibiotic, aminopterin, caused the formation of ‘swollen coccoidal’ cells 
in Serratia marcescens [94]. Both antibiotics work by competitively blocking the biosynthesis of tetrahydrofolic acid (THA). THA 
is required for many necessary biological functions, including the synthesis of metabolites for the cell wall [95]. Interestingly, 
trimethoprim has also been shown to increase trehalose in E. coli, a sugar that is utilized by bacteria as an osmoprotectant, 
which could be beneficial for bacterial survival in the absence of a cell wall [96]. E. coli, Staphylococcus aureus and Pseudomonas 
aeruginosa treated with protein synthesis blocking antibiotics (i.e. chloramphenicol, streptomycin, oxytetracycline, kanamycin or 
tobramycin) generated spheroplasts, similar to what was observed with amino acid starvation and heat treatment [97–99]. These 
observations suggest that generalized disruption of protein synthesis likely leads to depletion of proteins involved in cell wall 
synthesis and, therefore, defects in cell wall formation. As most studies have utilized electron microscope imaging to capture this 
phenomenon, little is known about the viability of these spheroplasts. More research is required to determine whether inhibiting 
protein synthesis by these antibiotics can lead to the formation of viable CWD bacteria or whether these spheroplasts are an 
unrecoverable step in the process to cell death.

Peptidoglycan-degrading enzymes
CWD variants can also be produced through the direct action of peptidoglycan- degrading enzymes such as lysozyme (also known 
as muramidase), a ubiquitous enzyme that hydrolyses the β-1,4- glycosidic bond in peptidoglycan [100, 101]. This enzyme has 
been used to degrade the cell wall in a range of Gram- positive species and mycobacteria resulting in the formation of viable 
spheroplasts and protoplasts [44, 52, 54]. In Gram- negative species, the addition of OM permeabilization molecules such as 
EDTA or lactoferrin is required to breach the OM and facilitate access of the enzyme to the peptidoglycan layer [21, 102–105]. 
Host- derived lytic enzymes can also induce CWD variants in the Gram- positive bacteria Staphylococcus aureus and Bacillus 
subtilis [53]. However, in that study, CWD cells were propagated in the presence of penicillin G, which raises the possibility that 
while lysozyme is necessary to convert the bacteria to a CWD state, antibiotic inhibition of the cell wall pathway is required for 
the bacteria to propagate in the CWD state.

In this section, we have identified the major mechanisms through which CWD variants can be generated. It seems that inhibition 
of PBP2 results in robust CWD cells that are resistant to osmotic lysis, while inhibition of PBP1a/1b creates fragile, osmotically 
sensitive CWD variants. However, inhibition of the PBPs is only one approach to inducing CWD variants. Antibiotics targeting 
enzymes early in the process of cell wall synthesis, such as fosfomycin and d- cycloserine, and non- antibiotics, such as glycine and 
l- arabinose, can also generate robust CWD variants. More research is needed to address whether these robust CWD variants are 
altered in other ways that are not apparent through examination of their morphology and response to osmotic and mechanical 
stress.

REQUIREMENTS FOR SURVIVAL AS A CWD VARIANT
Stable CWD variants are often created by successive passaging of the parental strain under inducing conditions, reducing the 
concentration of the inducing agent until it can be removed entirely and reversion of the CWD variant no longer occurs [106, 107]. 
Therefore, it is logical to expect that stable CWD strains occur due to mutations in genes essential for cell wall synthesis. Indeed, 
analysis of a stable CWD E. coli strain identified a truncated mraY gene that prohibited the cell from regenerating a cell wall [108]. 
However, genome sequencing of a stable CWD L. monocytogenes strain showed no consensus pattern of mutations that would 
explain the loss of the cell wall [107]. This indicates that the genetic alterations through which stable CWD strains are derived 
are complex and not currently well defined.

In the previous section, we described the various ways in which CWD bacteria could be generated and outlined which of those 
mechanisms resulted in robust CWD variants and which resulted in fragile CWD cells that required more fastidious environ-
mental requirements to maintain viability. In this section, we will discuss how stable CWD variants are created, and what is 
required for CWD variants to remain viable in either a stable or transient state.

Role of the cell envelope
It has been thought that the cell wall is essential in maintaining bacterial robustness to physical stress, but in Gram- negative 
bacteria it is becoming increasingly clear that the OM also contributes to mechanical resilience in the presence and absence of 
a cell wall [5, 19, 40, 51]. In CWD E. coli, compromising the OM increased cell lysis following osmotic challenge, or treatment 
with the OM- targeting antibiotic polymyxin B, or disrupting LPS synthesis [5, 19]. A mutant defective in the OM protein LptD 
(involved in the assembly of LPS on the cell surface) failed to generate viable CWD cells. Mutants in other important OM 
proteins (encoded by lpp, ompA and pal sequences) had reduced OM stiffness and were more sensitive to lysis [5]. In V. cholerae, 
membrane alterations may also be regulated by the VxrAB regulatory system. In V. cholerae treated with the β-lactam penicillin 
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G, 102 genes/operons with a putative VxrB binding site were found to be upregulated, of which many were involved in functions 
related to the cell envelope [42]. This confirms earlier studies with a V. cholerae strain overexpressing a phosphomimetic VxrB 
(VxrBD78E), which identified that 30% of all upregulated genes encoded proteins related to the cell envelope, a 1.5- fold increase 
in cell wall content, and a marked increase in survival following osmotic shock [109].

Antibiotic treatment can also induce OM alterations that would promote OM stiffness and, therefore, promote resilience in 
Gram- positive and Gram- negative CWD bacteria. Meropenem treatment of A. baumannii upregulated genes that fortified the 
OM and induced autolysins that may act to remodel the cell envelope [110]. In Enterobacter cloacae, the two- component system 
PhoPQ was found to be necessary for survival of meropenem- induced CWD cells over 24 h [111]. Further analysis of genes 
controlled by the PhoPQ regulon identified arnT, which encodes a transferase that adds aminoarabinose to lipid A in the OM 
[111]. This modification likely increases the OM stability and resilience to mechanical and osmotic pressure.

The Rcs stress response system has been shown to be upregulated in many Gram- negative bacteria treated with antibiotics 
that target the cell wall, such as penicillin G, cefsulodin and mecillinam (amdinocillin) [20, 80]. The Rcs system regulon is not 
fully understood, but it regulates many genes involved with colanic acid synthesis (part of the cellular polysaccharide capsule), 
osmoregulation, motility and stress responses [112, 113]. It is currently unclear what the role of colanic acid in CWD survival is. 
Many genes involved in colonic acid biosynthesis (wcaE, galU, cpsB, gmd and wzxC) were found to be upregulated in penicillin 
G- induced E. coli CWD cells [20]. This was not merely a consequence of upregulation of the Rcs regulon, as cells with transposon 
insertions in these genes failed to grow on penicillin G agar. This indicates that the capsule was essential for CWD survival [20]. 
Deletion of cpsE, a gene required for polysaccharide synthesis, also resulted in no viable CWD when plated onto cefsulodin agar 
[23].

These findings indicate that, at least in Gram- negative bacteria, antibiotics induce mechanisms to promote survival without a 
cell wall. Interestingly, penicillin treatment of the Gram- positive organism Staphylococcus aureus resulted in CWD cells with 
increased membrane stiffness compared to the walled state [27], indicating that alterations in inner membrane composition may 
also contribute to the viability of CWD cells.

Oxidative stress
β- Lactam antibiotics have been shown to induce intracellular hydrogen peroxide production and oxidative damage in bacteria 
[42, 114, 115]. Transcriptional analysis of a stable CWD L. monocytogenes strain, created through repeated passages with penicillin 
G on osmoprotective media, was performed in order to identify the requirements for a viable stable CWD strain [106]. This 
study identified 276 genes that were differentially regulated (>2.5- fold) in the stable CWD variant when compared to the parental 
strain, with the majority of genes being downregulated. Upregulated genes were involved in the stress response and many of the 
downregulated genes were in pathways associated with metabolism [106]. The overall transcriptomic profile points towards a 
response to increased osmotic and oxidative stress and cells entering into a dormant metabolic state.

It has been shown that deleting genes involved in cell wall synthesis was not sufficient to make a stable CWD strain. Deletion of 
the murE operon in B. subtilis resulted in CWD bacteria, but proliferation was limited and overrun by bacillary cells, which the 
authors attributed to spontaneous mutation in the xylose promotor of the conditional mutant [65]. This conditional mutant was 
then propagated by more conventional methods, which involved successively sub- culturing in high concentrations of penicillin 
G. Using this approach, a stable CWD variant was obtained. Comparing the sequence of this stable CWD variant to a B. subtilis 
reference strain and the parental strain identified one polymorphism in yqiD, which encodes a homologue of IspA in E. coli. IspA 
is an enzyme that catalyses the formation of farnesyl pyrophosphate in the isoprenoid pathway, a biochemical pathway that leads 
to the formation of several essential lipids involved in the synthesis of peptidoglycan and menaquinone, an essential component 
within the electron transport chain [65].

Contrary to expectations, it was the role of IspA in the menaquinone biosynthetic pathway, rather than in peptidoglycan 
synthesis, that was essential for producing this viable CWD variant. Further studies showed that a deletion downstream of 
ispA in the menaquinone biosynthetic pathway (hepS) was able to support a stable CWD strain, but a gene mutant later in 
the peptidoglycan synthetic pathway (uppS) did not [116]. It was subsequently discovered that the ispA deletion protected the 
CWD cell from oxidative damage, as CWD cells have high levels of reactive oxygen species (ROS). Indeed, it was found that 
B. subtilis cultured under anaerobic conditions negated the necessity for an ispA mutation, and mutation of genes that reduced 
the functionality of the electron transport chain (and, therefore, the production of ROS) promoted CWD survival [116]. It 
can be concluded, therefore, that ROS produced through aerobic respiration is lethal to CWD B. subtilis and mechanisms to 
protect against oxidative stress are essential. This is consistent with the upregulation of oxidative stress response genes in the 
expression profiles reported for the stable CWD L. monocytogenes variant [106]. The need to compensate for oxidative stress 
may also be species and strain dependent. In contrast to what was observed in B. subtilis, deletion of ispA is not needed for 
stable CWD growth in E. coli, Staphylococcus aureus or C. glutamicum induced into a CWD state through the use of the cell 
wall inhibiting drug fosfomycin [24].
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Protection from oxidative stress is not only necessary for the survival of a stable CWD strain, but transient CWD bacteria also 
need mechanisms to cope with oxidative stress to survive in the CWD state. It has been reported that E. coli is readily able to 
transition into and out of the CWD state and proliferate in the CWD state when induced by fosfomycin or penicillin G and grown 
under anaerobic conditions, but that the cells died under aerobic conditions [19, 116]. However, aerobic growth of CWD E. coli 
could be achieved in the presence of a ROS scavenger [116]. It has also been observed that E. coli isolates induced to a transient 
CWD state with meropenem varied, with three of four isolates tested having an upregulation of ElaB, an inner membrane protein 
regulated by RpoS and associated with protection against oxidative stress [117]. The isolate without elevated ElaB was still resistant 
to oxidative stress, suggesting an alternate pathway is used to protect against oxidative stress in this strain [117]. This could indicate 
that these strains have alternative mechanisms to cope with oxidative stress and the loss of cell wall can be accommodated by 
species- specific and strain- specific stress responses. The requirement for protection from oxidative stress is also supported by 
several older studies on unstable CWD bacteria that showed anaerobic growth conditions supported CWD transition and growth 
[61, 118, 119]. Therefore, as with stable CWD variants, oxidative stress also affects survival of unstable CWD bacteria.

Managing the ROS produced during conversion is essential for the long- term survival of CWD cells. CWD bacteria induced 
through enzymatic or antibiotic treatment have been shown to upregulate genes that repress ROS production or repair oxidative 
damage, such as SOS and DNA repair mechanisms [20, 27, 42, 106]. In E. coli, overexpressed genes included those involved in 
responses to envelope stress, particularly the Rcs phosphorelay two- component system and genes regulated by this system such 
as colanic acid biosynthesis; DNA repair/SOS response; drug efflux and resistance; OM lipoproteins and LPS biosynthesis; iron 
homeostasis including the ferric uptake regulator (fur); sulfate assimilation and cysteine biosynthesis; and PBP1b (mrcB) [20]. 
These results confirm previous transcriptional data on CWD E. coli treated with mecillinam (amdinocillin) [80]. CWD variants 
of pathogenic E. coli strains similarly demonstrated upregulation of genes involved in oxidative stress responses and DNA repair/
SOS response, and the CWD forms were shown to be resistant to oxidative stress [117]. RNA- seq analysis of Staphylococcus aureus 
CWD cells indicated genes involved in energy metabolism, stress responses, protein synthesis and virulence were upregulated 
[27]. Analysis of a Staphylococcus aureus mutant transposon library found genes involved with iron homeostasis, DNA repair, 
OM proteins and membrane biosynthesis were important for CWD survival [120].

While the overall expression profile may vary between Gram- negative and Gram- positive bacteria in the CWD state, upregulation 
of DNA repair mechanisms, altering membrane synthesis and modulating iron uptake appears to be a conserved response in 
the CWD state. Unstable E. coli CWD cells have been shown to have downregulated haem and iron transport mechanisms and 
increased expression of the Fur regulator, which acts to downregulate iron- acquisition mechanisms [20]. Transcriptomic analysis 
of meropenem- induced CWD A. baumannii found a decrease in expression of ompW, which encodes an OM protein required 
for iron acquisition and is part of the Fur regulon [110, 121]. Further evidence on the role of iron limitation in CWD bacteria 
was identified in a study on V. cholerae, which found that the VxrAB two- component signal transduction system controls its own 
expression and is upregulated in response to cell wall damage from β-lactam antibiotics, fosfomycin and d- cycloserine [109]. The 
regulation of cell wall synthesis genes by VxrAB only partially explained the tolerance of V. cholerae to penicillin G. The RNA 
profiles of a V. cholerae strain overexpressing VxrBD78E compared to a strain with an empty control vector identified 100 genes 
that were downregulated in the VxrBD78E strain, including genes involved with iron acquisition [109]. In V. cholerae, penicillin G 
induced intracellular hydrogen peroxide and expression of the Fur regulon, thereby limiting iron uptake to protect against free 
radical damage [42]. It appears, therefore, that a common response of Gram- negative bacteria to cell wall inhibition by antibiotics 
is to induce mechanisms to limit iron- based oxidative damage to aid survival in the absence of a cell wall.

The process by which the CWD state is induced may also play a role in how the CWD cell deals with oxidative stress. As 
mentioned in the previous section, cefsulodin has high affinity for PBP1a/1b and inhibition of these enzymes results in the 
formation of osmotically fragile spheroplasts, whereas mecillinam (amdinocillin), which has high affinity for PBP2, leads to the 
formation of robust CWD cells. Transcriptional data of E. coli treated with either cefsulodin, mecillinam (amdinocillin) or both 
antibiotics showed that many more genes were upregulated with mecillinam treatment [80]. Cefsulodin treatment induced some 
genes involved with general stress responses, whereas mecillinam treatment (either alone or in combination with cefsulodin) 
induced genes involved in stress response and iron acquisition, and the fumarate and nitrate reductase (FNR) regulon was highly 
upregulated [80]. This is consistent with a cell undergoing iron limitation and oxidative stress.

Differences in the gene expression profile in response to CWD conversion may also be species- specific. Transcriptional analysis 
of Mycobacterium smegmatis, M. tuberculosis and Mycobacterium avium subspecies paratuberculosis induced to a CWD state 
through a combined glycine and lysozyme treatment identified fold changes of gene expression >2 when compared to the unin-
duced parental strain of 8.4, 11.8 and 2.5 % of genes, respectively [54]. Despite morphological similarity in the CWD conversion, 
the pattern of expression was remarkably different, particularly when comparing the non- pathogenic M. smegmatis to the two 
pathogenic Mycobacterium species. Both M. tuberculosis and M. avium subspecies paratuberculosis upregulated genes linked to 
envelope remodelling and DNA repair, similar to the responses of other CWD variants of other species [20, 54]. In comparison, M. 
smegmatis upregulated only a few genes, most of them of unknown function, as well as two bacterial peptidoglycan deacetylases 
that modify bacterial peptidoglycan to resist lysozyme degradation, and the ferric uptake regulator Fur (MSMEG_4487) [54]. As 
the other two mycobacterial pathogens are adapted to resist macrophage ROS mechanisms encountered during infection, these 
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strains may have other mechanisms of protecting against oxidative damage that M. smegmatis lacks, or those mechanisms are 
already highly expressed and so no change was observed when they transitioned into a CWD state. These results indicate that 
survival in the CWD state has different requirements depending on the ecological niche of the parental strain.

In summary, these observations indicate that the bacterial response to antibiotic- induced oxidative damage depends on the 
antibiotic target, and the response to oxidative stress in turn determines the fate of the CWD bacteria. In the absence of envi-
ronmental factors to inhibit ROS production, the CWD inducing agent, therefore, has dual roles: block cell wall synthesis and/
or promote membrane remodelling; and induce mechanisms to protect against associated ROS damage. Without both of these 
roles, such as would be encountered by targeted mutation of cell wall biosynthesis genes, a viable CWD is not formed and a 
fragile non- viable CWD cell is made.

REVERSION BACK TO A WALLED STATE
In this review, we have discussed the generation of CWD variants and the requirements to survive in a CWD state. In this section, 
we will look at the requirements for unstable CWD bacteria to revert back to a walled state when the inducing agent is removed, 
degraded or exhausted.

Before the prevalence of genomic and transcriptomic approaches, many studies examined how growth conditions affected 
reversion of CWD cells. In an early study, penicillin was used to induce CWD cells of Gram- positive and Gram- negative organ-
isms, specifically E. coli, Proteus mirabilis, and isolates of Enterococcus, Klebsiella, coagulase- positive and coagulase- negative 
Staphylococcus and β-haemolytic Streptococcus, in both broth culture and on agar plates [122]. Removal of penicillin and the 
subsequent reversion to the walled state took, on average, 24 h in broth cultures and 3 days in agar plates for most strains except 
the Staphylococcus and E. coli isolates. However, recently, it has been shown that reversion can occur rapidly in E. coli and Pseu-
domonas aeruginosa, with peptidoglycan levels restored and cell shape restored within 4–6 h of antibiotic removal [19, 29, 41].

The rate of reversion is likely a consequence of the inducing condition. CWD E. coli treated with either cefsulodin, penicillin 
G or fosfomycin were examined for reversion following cessation of the antibiotic treatment. CWD cells induced by cefsulodin 
and penicillin G started to revert 6 h after antibiotic removal, but it took 9 h following removal of fosfomycin before rod- shaped 
cells appeared in the culture [19]. Fosfomycin targets a much earlier enzymatic step in the synthesis of the cell wall, so the longer 
delay in reversion may be due to depletion of precursor molecules. Interestingly, even with similar rates of reversion, CWD cells 
induced by cefsulodin or penicillin G displayed different morphologies during the reversion process. This may be as a consequence 
of the different target enzymes of these antibiotics and/or different gene expression profiles of the resulting CWD cells [19, 80].

The study of reversion in CWD bacteria has been used as a tool to examine the requirements for de novo morphogenesis of rod- 
shaped bacteria to understand how bacteria generate a non- spherical shape in the absence of peptidoglycan to act as a template. 
In B. subtilis, a stable CWD strain incapable of synthesizing peptidoglycan was able to regenerate a cell wall and resume a rod 
shape when the peptidoglycan synthesis genes were complemented back [123]. During normal walled growth, peptidoglycan 
synthesis can continue if either of PBP1a or PBP1b is disrupted in its activity. It was found that in E. coli, in the absence of any 
peptidoglycan template, only PBP1b can synthesize the cell wall and cause the reversion to a normal rod shape of lysozyme 
induced CWD cells [105, 124].

Peptidoglycan is not the only structural element that is needed for a CWD cell to return to its normal walled morphology. It 
was demonstrated in E. coli that the actin homologue MreB is required for the CWD cells to return to a bacillary morphology 
[41]. In cefsulodin- treated E. coli, the CWD population reverted back to the regular bacillary morphology following cessation of 
antibiotic treatment. However, when treated with A22, an antibiotic that inhibits MreB polymerization, the reverting cells were 
unable to recover normal morphology even though there was no defect in peptidoglycan synthesis [41].

Some OM proteins of Gram- negative bacteria have also been found to be essential in the reversion process. After lysozyme 
treatment, mutants of the E. coli lipoprotein Lpp were found to remain in a CWD state even in the absence of lysozyme [105]. 
Similarly, when β-lactam antibiotics were used to induce a CWD state under anaerobic conditions, lpp, ompA and pal mutants 
were defective in reverting back to a walled state on the removal of the antibiotic, with lpp essential for viable revertants [19, 105]. 
These proteins were also shown to be important in maintaining the membrane stiffness in CWD bacteria and resisting mechanical 
lysis. Lpp and Pal lipoproteins connect the OM and the peptidoglycan layers in E. coli and OmpA is important in OM stability 
[125–127]. These findings indicate that connecting the layers of the cell envelope and maintaining OM integrity are crucially 
important to the reversion of CWD bacteria.

As noted above, the Rcs system is necessary for CWD survival and has been shown to be upregulated in unstable E. coli CWD 
bacteria treated with cell wall inhibiting antibiotics [20, 23, 80]. The Rcs system also appears to be essential in the reversion to 
the bacillary state of CWD E. coli [105]. Strains lacking rcsB, rcsC, rcsF lysed by 2 h following removal of the inducing agent. 
Interestingly, an rcsA mutant was able to create viable revertants [105]. More research is needed to understand which genes in 
the Rcs regulon are essential in the reversion process.
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The VxrAB two- component histidine kinase reporter system of V. cholerae has also been shown to be essential in the reversion 
process of CWD bacteria, as well as survival in the CWD state. V. cholerae produces viable unstable CWD cells in the presence of 
high concentrations of β-lactam antibiotics that can revert within hours back to a bacillary state following addition of a β-lactamase 
to degrade the antibiotic [109]. A wild- type V. cholerae strain treated with 20× the MIC of penicillin G, and then serially diluted 
and plated onto agar, showed no reduction in viable c.f.u. over 6 h of exposure; however, both ΔvxrA and ΔvxrB mutants showed 
a significant reduction in recovered c.f.u. [109]. Further investigations identified that a ΔvxrAB strain was able to transition to a 
CWD state upon treatment with penicillin G, but was unable to revert back to bacillary form following removal of the antibiotic 
[109]. This was also true when fosfomycin and l- arabinose were used to induce the CWD state, indicating that the role of VxrAB 
is universal for any agent targeting the cell wall [57, 109].

Many of the systems that are necessary for CWD to survive without a cell wall are also essential for CWD cells to revert to a walled 
state. Taken together, it can be seen that when the cell wall is removed, processes are set in motion that simultaneously allow for 
the CWD to survive and thrive without a cell wall and to revert to a walled state should environmental conditions change again.

PROLIFERATION IN THE ABSENCE OF A CELL WALL
CWD bacteria not only are able to transition and survive in a CWD state, but many are also capable of proliferating in the 
absence of a cell wall. Proliferation of stable and unstable CWD variants has been observed in a range of Gram- negative and 
Gram- positive bacteria [12, 24, 128–131]. A variety of mechanisms of proliferation in CWD variants have been described and can 
be grouped into four general mechanisms, which will be detailed in this section. We will also discuss processes that are essential 
for proliferation of CWD bacteria.

It is beyond the scope of this review to discuss the mechanisms of classical bacterial cytokinesis and readers are directed to an 
excellent review by Vedyaykin et al. [132]. Briefly, FtsZ is a widely conserved protein in prokaryotes which at an early stage of cell 
division locates to the mid- cell to form a Z- ring which begins the recruitment of many proteins associated with cell wall synthesis, 
remodelling and fission. The result of this process is the formation of two identical daughter cells. CWD cells by their very defini-
tion lack a functional cell wall, so replication strategies for CWD bacteria are distinct from classical bacterial cell division. Indeed, 
cytokinesis in CWD bacteria has been shown to be independent of FtsZ [65, 131]. FtsZ may be present but there is no discernible 
ring structure [79] or the sites of FtsZ accumulation are distinct from the site of cellular constriction [51]. In mycobacteria, ftsZ 
expression is downregulated in the CWD state [54] indicating the lack of need for this protein in proliferation while in a CWD 
state. Other proteins essential in cell structure and separation (MreB, MinD) [23, 131] and chromosome segregation (Soj, SpoOJ) 
have also been shown to be dispensable for proliferation of CWD bacteria [131].

Proliferation mechanisms described for CWD bacteria can be grouped into four main categories. One of these involves single- site 
and multiple- site constrictions of the cell body, leading to fragmentation of the cytoplasm in a process reminiscent of classic 
binary fission [128]. The second is extracellular budding through which smaller daughter cells are made from membrane blebs at 
the cell surface [117, 128]. The third process, known as extrusion and resolution, involves the formation of a protruding filament 
that bulges at points along the length after which the filament collapses and the bulges separate as progeny [65].

In the fourth mechanism, progeny are formed when the inner membrane invaginates to form vesicles or intracellular bodies. 
These are then released following lysis of the mother cell [128, 129]. These progeny cells are viable, metabolically active and can 
continue to grow and multiply [106, 107, 129, 130, 133, 134]. Early studies using light microscopy to observe proliferation of 
CWD forms of streptococci, staphylococci and B. subtilis referred to these mother cells as ‘large bodies’ and the intracellular 
progeny as ‘viable granules’ [133, 134]. Dienes observed that as long as the large bodies with intracellular granules were present, 
transfer to new cultures would allow growth of CWD cultures to continue, indicating that these contained viable progeny [134].

This fascinating replicative process was further explored in a series of elegant studies that utilized modern molecular biology and 
fluorescence microscopy techniques to explore the life- cycle of L. monocytogenes CWD bacteria [106, 107, 130]. It was found 
that stable CWD cells of L. monocytogenes are multi- nucleoid, containing on average a 10- fold increase in chromosome copies 
compared to normal cell wall cells [107]. Phospholipid accumulation along the inner membrane of the mother cell leads to the 
formation of internal progeny cells that accumulate most of the mother cell’s cytoplasmic contents, including nucleic acids and 
proteins. The mother cell swells to accommodate this internal progeny until lysing, releasing the progeny cells that undergo 
membrane polarization and become metabolically active. This mechanism of proliferation has been described in many Listeria 
and Enterococcus species [107].

It has been observed that the same population of CWD bacteria can undergo many different types of proliferation [128]. The 
capacity to undergo different modes of proliferation may reflect the extent to which the CWD bacteria have retained structural 
elements of the cell wall and/or the ability to synthesize peptidoglycan [128, 135].

In a study of unstable E. coli CWD cells induced with cefsulodin, it was found that residual peptidoglycan remained following 
transition, even after 20 passages under CWD- inducing conditions. This residual peptidoglycan was essential for the proliferation 
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of the cells in the CWD state [19, 23]. This was confirmed using microscopic analysis of replicating unstable CWD E. coli, 
where replication was only seen to occur at sites of residual cell wall [41]. However, the requirement for peptidoglycan in CWD 
reproduction is not clear. The stable CWD E. coli stain LW1655F+ has been grown for many generations, shows no evidence of 
peptidoglycan and sequencing of genes involved in cell division has shown a defective mraY that encodes an enzyme essential 
in the formation of the lipid II precursor in peptidoglycan synthesis [108]. Reproduction in a CWD state has also been observed 
in B. subtilis mutants incapable of cell wall synthesis [123, 136]. In contrast, l- arabinose- induced CWD cells of V. cholerae were 
found to contain residual amounts of peptidoglycan but showed no evidence of proliferation, whereas cefsulodin- induced E. coli 
CWD were able to replicate through peptidoglycan- dependent mechanisms [23, 57]. These findings indicate that the presence 
of peptidoglycan in a CWD variant does not necessarily correlate with propensity for proliferation.

It appears that the method of proliferation may be dependent on the presence or absence of residual peptidoglycan. In an E. coli 
strain induced into an unstable CWD state through use of penicillin, division by single site constriction, multiple site constric-
tion and budding appeared to utilize portions of the remaining cell wall and only occurred in the early rounds of proliferation 
following CWD conversion. In later rounds of proliferation, replication through internal membrane partition seemed to be the 
most common proliferation process [128]. Therefore, it is likely that when peptidoglycan fragments are present, replication is 
through mechanisms that require these peptidoglycan fragments, but in its absence other mechanisms are utilized.

Proliferation of CWD cells may be dependent on excess membrane synthesis. In B. subtilis, proliferation of lysozyme- induced proto-
plasts was dependent on overexpression of accDA, which encodes the carboxyltransferase subunit of acetyl- coenzyme A carboxylase 
[136]. It was determined that excessive AccDA increased cellular levels of malonyl- coenzyme A, which in turn is utilized by the fatty 
acid synthase type II enzyme system, leading to excessive production of phospholipids [136]. The authors postulate a model where 
excessive membrane production alters the surface area to volume ratio of the cell in the absence of a cell wall and leads to membrane 
invagination and subsequent resolution into multiple pleomorphic progeny. Whilst this increase in membrane production may account 
for why the cells formed cell- like partitions, it doesn’t explain how the genetic information is copied to result in viable progeny. One 
explanation could be in how the study was conducted. In this study, B. subtilis was induced into a protoplast through lysozyme treat-
ment and prevented from dividing by use of the FtsZ- inhibiting chemical benzamide [136]. In this circumstance, it is possible that 
chromosomal duplication has occurred even in the absence of cell segregation. When the cell wall was degraded through lysozyme 
treatment, the excess membrane could envelope the duplicated nuclear regions and then partition into pleomorphic daughter cells. 
More research is required to understand how genomes are copied and distributed during proliferation of CWD bacteria.

CWD bacterial replication may not be limited to only one mechanism at a time and may utilize multiple reproductive strategies 
simultaneously. Gumpert and Taubeneck identified multiple mechanisms of replication occurring in unstable E. coli CWD cells [128]. 
Studer et al. [130] observed in a stable L. monocytogenes CWD variant the spherical ‘mother’ CWD cell would develop an asymmetrical 
shape and protrude to form progeny cells in a process they described as budding- like. In other instances, they also observed that the 
mother CWD cell formed multiple evaginations that pinched off to the form the progeny cells that appeared to be still connected to the 
mother cell by a thin strand of membrane- like material [130]. Ramijan et al. [58] found that hyperosmotic stress induced filamentous 
actinomycetes (Streptomyces and Kitasatospora) to form CWD cells, which they referred to as S- cells. When the S- cells were grown 
for the duration of 7 days, the S- cells appeared under time- lapse microscopy to be proliferating where the parental ‘mother cell’ was 
seen to deform by vesiculation, blebbing or tubulation to release the progeny cells [58]. These observations suggest that CWD bacteria 
may not be limited to the use of one mechanism during proliferation.

CWD proliferation is a remarkable phenomenon and offers insight into alternative bacterial replication strategies. Determining 
whether differences in the mechanism of induction of the CWD state and/or species variation influences which CWD proliferation 
mechanisms are employed requires further research.

IMPLICATIONS OF TRANSIENT CWD BACTERIA IN ANTIBIOTIC TOLERANCE
CWD bacteria have been implicated in a range of diseases and have been identified in many clinical settings (comprehensively 
reviewed by Onwuamaegbu and colleagues [137]). In this section, we will discuss the involvement of CWD bacteria in chronic 
and recurrent infections, and how recent advances in our understanding of CWD bacteria may inform better treatment options.

CWD bacteria may play an important role in infections and recurrence or failure of antibiotic therapy. CWD variants from many 
species have been identified and correlated with febrile episodes in bone marrow recipients under high- antibiotic- dosage regimes 
[138]. The post- treatment recurrence of Haemophilus influenzae infections treated with penicillin has been attributed to conversion 
and reversion back from a CWD state [139]. In a recent report, unstable CWD E. coli were identified in the urine of patients with 
urinary tract infections who were being treated with antibiotics such as amoxicillin, cephalexin or fosfomycin [50]. Further investigation 
showed that a CWD E. coli isolate from a patient treated with fosfomycin was able to survive and proliferate in urine, and was able to 
revert back to a walled state when the cells were transferred to an osmoprotective medium without the presence of fosfomycin [50]. 
Therefore, it is likely that transition to a CWD form allows the bacteria to avoid antibiotic lysis and to persist and revert to a pathogenic 
state, and could be the cause of recurring persisting infections.
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Reversible transitions into and out of a CWD state may confer tolerance to cell wall targeting antibiotics in vivo. Indeed, a number of 
in vitro studies have demonstrated this possibility. When clinical isolates from several Gram- negative species (except with the notable 
exception of E. coli) were treated with supra- MIC concentrations of meropenem, a subset of the bacterial populations tolerated the 
antibiotic exposure and converted into a CWD cell [26]. The CWD bacteria were able to rapidly revert back to their normal bacillary 
morphology when NDM- 1 carbapenemase was added to the cultures to deactivate the meropenem [26]. Similar observations have been 
reported in many other important human pathogens, including V. cholerae and Pseudomonas aeruginosa [26, 29, 34]. Transition to a 
CWD state conferred tolerance of the antibiotic at many times higher than the reported MIC [26, 29]. These en masse morphological 
changes into and out of the CWD state are rapid and do not require mutation or acquisition of antimicrobial- resistance genes. It appears 
likely that reversible CWD transitions may be a mechanism of tolerance to β-lactam antibiotics that is inherent to many bacteria. The 
Gram- negative isolates were also shown to transition and survive in human sera [26], indicating that there may be a role for transition 
to the CWD state as an antibiotic- tolerance mechanism during infection.

The use of an antibiotic MIC alone to determine effectiveness and target dosing concentrations is increasingly coming under scrutiny 
[140, 141]. The observations that tolerance to supra- MIC antibiotic concentrations may occur through conversion to a CWD state 
provides further argument that the use of the MIC as the sole metric for antibiotic efficacy must be revisited. As discussed above, the 
robustness of CWD cells appears to be determined by which PBP is targeted and the antibiotic concentration. Therefore, targeting 
treatment options to induce inherently fragile CWD cells, which may be more susceptible to host clearance mechanisms, might be 
an important consideration as part of the therapeutic treatment strategy to overcome antibiotic tolerance. Indeed, we have observed 
that Pseudomonas aeruginosa CWD cells induced by meropenem have elevated sensitivity to antimicrobial peptides including LL- 37 
derived from human cathelicidin [29]. It is possible that cell wall deficiency may be a vulnerability that could be exploited to develop 
more effective antimicrobial therapeutics.

The transition to a CWD state may also serve as an intermediary step in the acquisition of antibiotic resistance. In β-lactam- induced 
CWD Staphylococcus aureus, the recovered cell- walled revertants maintained an elevated resistance to the inducing agent (penicillin 
G) through many generations [49]. The transient loss of cell wall integrity had led to the stable enhanced resistance through upregula-
tion of PBP4 [49]. Enhanced resistance to antibiotics has also been reported in CWD bacteria isolated from rats infected with M. 
tuberculosis. Isolates recovered from the infected rat tissues showed increased resistance to ethambutol and streptomycin [142, 143]. 
Resistance to ethambutol, a cell wall inhibiting antibiotic, was to be expected; however, the resistance to streptomycin indicates that 
there may be a more global antibiotic- resistance mechanism occurring in CWD bacteria.

With the challenges of antibiotic resistance, phage therapy has been seen as a promising addition to the treatment options. However, 
from the very early days of research into CWD bacteria, bacteriophage treatment has been reported to induce CWD forms [61, 62]. 
A recent study found that E. coli strains that were exposed to meropenem to induce the formation of CWD cells were able to resist the 
action of bacteriophages [117]. Therefore, similar issues with CWD transition and reversion to escape phage attack could be expected. 
Caution should be taken with the use of phage therapies in combination with cell wall inhibiting antibiotics as one may render the 
other ineffective.

As discussed in this review, CWD variants vary greatly due to differences in induction methods. There are also species and 
strain differences that alter the fitness of the resulting CWD bacteria. A greater understanding of the types of CWD bacteria and 
their similarities and differences is essential to improve antibiotic effectiveness, prevent increased antimicrobial resistance and 
ultimately improve health outcomes.

CONCLUDING REMARKS
The ability to transition into, survive and even proliferate in a CWD state may be a widespread capability of many bacterial species, 
though it remains poorly understood. It appears that in many bacterial species, the transition to a viable CWD state is not simply 
a passive process that is an outcome of direct peptidoglycan degradation or inhibition of cell wall biosynthesis, but in some cases 
represents an adaptive lifestyle transition involving global changes in gene expression that results in the formation of robust CWD cells 
that can flourish in a specific environmental niche and tolerate cell wall damaging antibiotics. We expect that the application of modern 
research approaches aimed at understanding CWD bacteria will lead to a more comprehensive understanding of this fascinating 
alternate bacterial lifestyle. Furthermore, this knowledge will provide tools that can be deployed to determine when bacteria have 
switched to the CWD lifestyle in various environmental and clinical settings. This will be of particular importance in understanding 
the contribution of CWD variants to persistent and recurrent infections and the failure of antibiotic therapies, and may lead to novel 
therapeutic approaches to combat these infections.
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