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The peptidoglycan cell wall is widely conserved across the bacterial domain,

suggesting that it appeared early in the evolution of bacteria. It is normally

essential but under certain conditions wall-deficient or ‘L-form’ bacteria can

be isolated. In Bacillus subtilis this normally requires two genetic changes.

The first, exemplified by mutations shutting down wall precursor synthesis,

works by increasing membrane synthesis. This promotes the unusual form

of proliferation used by L-forms, involving a range of relatively disorganized

membrane blebbing or vesiculation events. The secondary class of mutations

probably work by relieving oxidative stress that L-forms may incur due to

their unbalanced metabolism. Repression or inhibition of cell wall precursor

synthesis can stimulate the L-form transition in a wide range of bacteria, of

both Gram-positive and -negative lineages. L-forms are completely resistant

to most antibiotics working specifically on cell wall synthesis, such as penicil-

lins and cephalosporins, consistent with the many reports of their involvement

in various chronic diseases. They are potentially important in biotechnology,

because lack of a wall can be advantageous in a range of production or

strain improvement applications. Finally, L-forms provide an interesting

model system for studying early steps in the evolution of cellular life.

This article is part of the themed issue ‘The new bacteriology’.
1. The bacterial cell wall
The peptidoglycan (PG) cell wall is one of the defining structures of bacterial cells.

The genes encoding the enzymes for its synthesis are conserved and are present in

all major bacterial lineages, suggesting that the wall emerged very early in evol-

ution, and it may have been pivotal in enabling the early bacterial radiation [1,2].

The wall is a crucial determinant of bacterial cell shape. It is an elastic structure

that confines the cell membrane, counteracting the outward osmotic pressure

and enabling the maintenance of turgor in the cell structure [1]. The wall is also

crucial for cell division, and many components of the FtsZ-dependent cell div-

ision machinery, which is again conserved virtually throughout the bacteria,

are concerned with synthesis of cell wall material at the division site [3]. The

wall is an important target for antibiotics, such as b-lactams and glycopeptides,

and fragments of the wall are recognized by innate immune receptors, helping

to trigger powerful immune responses to infection [4,5].

Despite the evident importance of the wall, some groups of bacteria do not

possess the genes for wall synthesis. One major group of wall-deficient bacteria

is the Tenericutes, including plant and animal symbionts and pathogens, such as

Mycoplasma and Phytoplasma. These organisms are generally highly adapted to

life within a eukaryotic host organism. The group almost certainly evolved

by reductive evolution from the wall-proficient ancestors of modern Clostridia,

losing many genes that are unnecessary for life in the sheltered intracellular

environment [6,7].

The main constituent of the cell wall is PG, which is a meshwork made up

of long glycan strands cross-linked at frequent intervals by short peptide
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class 1 mutation: excess membrane synthesis
i. activation of fatty acid membrane  synthetic pathway (overproduction of AccDA acetyl-CoA carboxylase)
ii. inhibition of PG precursor pathway (e.g. repression of murE operon or murC gene) 

class 2 mutation: counteraction of ROS originating from the respiratory chain
i. down regulation of respiratory chain activity (e.g. repression of ispA, ndh, qoxB or ctaB gene)
ii. up regulation of oxidative stress response genes (repression of  MhqR transcriptional repressor)

Figure 1. Schematic of the key steps in the walled to L-form transition. Walled cells of rod-shaped bacteria (left) typically grow by elongation of the cell cylinder,
governed by the MreB cytoskeletal system, followed by FtsZ-dependent division at mid cell. Lysozyme treatment (for example) (second from left) removes the cell
wall, leading to formation of protoplasts, but these are unable to grow due to oxidative damage. Mutations that, in the case of aerobically growing B. subtilis, fall
into two classes, enable L-form growth (third from left). The right hand panels show phase contrast images of B. subtilis in the walled (upper) and L-form (lower)
states. Text at bottom of figure lists some of the mutational lesions characteristic of classes 1 and 2.
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bridges [8]. The precursor for PG synthesis is a molecule

called lipid II, a disaccharide pentapeptide, which is made

in the cell cytoplasm by a series of well-characterized

enzymes that are found only in the bacteria [9]. Lipid II is

flipped to the outside of the membrane [10–12], where it is

inserted into the existing PG meshwork to expand the cell

wall surface. The glycosyl transferase and transpeptidation

reactions needed to attach lipid II to the existing glycan

strands are carried out by penicillin-binding proteins, a

family of enzymes with their major catalytic domains outside

the cell membrane, and are targeted by penicillins and other

b-lactam antibiotics [13]. Other antibiotics interfere with wall

synthesis by inhibiting various enzymes involved in lipid II

synthesis, recycling or insertion into the wall [14]. Finally,

various hydrolytic enzymes can dismantle the cell wall,

including naturally occurring autolytic enzymes that are

required to enlarge the cell surface during growth [15,16],

and exogenous enzymes such as lysozyme that are used as

defensive agents by the innate immune system [5].
2. History of L-form bacteria and possible role
in infectious disease

In the light of the importance of the cell wall, it is surprising

that many bacteria are apparently able to switch into a wall-

deficient state called the L-form (figure 1). These cells were

named in 1935 by Emmy Klieneberger [17]. She was attempt-

ing to isolate pleuropneumonia-like organisms (PLOs; now

called mycoplasma) from the blood of rats but instead
isolated a Gram-negative bacterium called Streptobacillus
moniliformis. Klieneberger noticed that among the classical

rod-shaped bacteria within her culture, pleomorphic organ-

isms were also present, which she assumed to be symbiotic

PLOs. Subsequent time-course experiments performed by

her colleague, Louis Dienes, revealed that the pleomorphic

variants had actually developed from bacilli, and that

the bacterium had the ability to switch between the two

morphological forms [18].

Klieneberger called the unusual variants L-forms in honour

of the Lister Institute in London, where she worked at the

time of the discovery. Over the years numerous other names

have been ascribed to L-forms, including L-phase bacteria,

L-variants, L-organisms and CWD (cell wall-deficient) bacteria

[19]. The term L-form is now impossible to define precisely. We

presently use it loosely to describe variants of normally walled

bacteria that have adapted to grow in the complete absence of

cell wall synthesis. As described below, this has important

physiological and genetic consequences for the wide range of

bacteria that can carry out this switch, including loss of regular

shape, osmotic sensitivity, resistance to many wall-targeting

antibiotics and ability to tolerate complete deletion of genes

involved in PG synthesis and of the FtsZ-based cell-division

apparatus [20,21]. Cells treated in various ways to remove

the cell wall, sometimes called protoplasts or spheroplasts,

can operationally be distinguished from L-forms by their

inability (unlike L-forms) to grow and proliferate indefinitely.

‘Stable’ L-forms have picked up mutations that prevent them

from reverting to the walled state, whereas ‘unstable’ L-forms

can revert, albeit often only at low frequency. Finally, the
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term L-form has also recently been applied to cells with a

partial inhibition of cell wall synthesis (e.g. [22–24]), but it is

worth noting that these cells may be physiologically quite dis-

tinct from completely wall-deficient L-forms in retaining the

requirement for a functional FtsZ-based division machine

[22] (see §3).

Following Klieneberger’s discovery, L-form-like structures

have been observed in samples obtained from humans,

animals and plants [19]. However, it has proved challenging

to isolate and culture naturally occurring L-forms due to

their intrinsically delicate nature. Over the years, researchers

realized that the L-form state can be induced experimentally

in many bacterial species by treatment of cells with antibiotics,

lytic enzymes and/or certain amino acids, which interfere with

the bacterial cell wall or its synthesis. The majority of L-forms

require osmoprotective conditions for growth, which can be

achieved by addition of osmolytes, typically, sucrose or salt,

to culture media. L-form growth may also be promoted by

other media components, such as magnesium or serum. For

unknown reasons, L-forms tend to grow more robustly on

solid or semi-solid media.

An important question concerns the pathogenicity of

L-forms. Their association with a wide range of infectious

diseases has been extensively reviewed [25–28]. The majority

of reports focus on persistent or recurrent infections of the urin-

ary, cardiovascular and cerebrospinal systems. However,

infections of respiratory, gastrointestinal, integumentary and

reproductive systems have also been described. Owing to

space constraints, this review focuses on a few specific examples.

The human renal medulla represents a hypertonic physio-

logical environment [29]. Furthermore, in patients suffering

from bacterial infections of the bladder and kidney, the osmo-

larity of urine is often higher than in healthy individuals [30].

It is, therefore, not surprising that many studies have focused

on the possibility that L-forms are important in patients with

recurrent urinary tract infections and contribute to disease.

To isolate L-forms from urine or kidney homogenates

researchers historically relied on the ability of L-forms to

pass through a 0.45 mm filter, which walled bacterial forms

are generally unable to do. Filtered samples were inoculated

into media with or without osmoprotection, followed by incu-

bation for prolonged periods. Using this approach, Gutman

et al. [31] successfully isolated L-forms of Escherichia coli,
Klebsiella spp. and Enterococcus faecalis from 11 of 57 patients

suffering from chronic bacteriuria or pyelonephritis. Similar

results were obtained by various other authors [32–35]. Persist-

ence of E. facealis L-forms was tested in a rat model, in which

the animals were infected with walled bacterial forms and

then treated with penicillin [36,37]. The number of bacterial

colonies recovered from the rat after treatment with the anti-

biotic was higher on osmoprotective media than on media

without osmoprotection. 13 weeks after penicillin treatment

was withdrawn the only organisms recovered were on osmo-

protective media, leading the authors to conclude that

L-forms were better able to survive in the rats. Positive results

were obtained in a similar model involving rabbits challenged

with Staphylococcus aureus and then treated with penicillin to

induce L-forms in vivo [38]. Unfortunately, as reviewed by

Clasener [39], other groups using similar methods obtained

less convincing results.

Domingue and co-workers have described a series of

studies in which L-form-like structures were detected by micro-

scopic methods in the urine and blood of patients suffering
from renal diseases and urinary tract infections (reviewed in

[26,28]). Using human embryonic kidney fibroblasts (HEK)

and axenic animals infected with E. faecalis, Proteus mirabilis
or E. coli L-forms to study the ability of L-forms to persist

within host tissues, they proposed that small, electron-dense,

non-vesiculated forms inside host cells are core elements of bac-

terial persistence. Consistent with these reports, Wittler et al. [40]

also detected small granule-like forms in the blood of a patient

with subacute endocarditis during treatment with antibiotics.

The granules exhibited L-form-like growth in osmoprotective

media and later reverted to walled Corynebacterium. Almenoff

et al. [41] were able to isolate CWD Mycobacterium tuberculosis
from the blood samples of 19 of 20 patients with sarcoidosis,

while no growth emerged from the blood of healthy controls.

Similar results were obtained for patients with chronic staphylo-

coccal infections [42–44], brucellosis [45] and rheumatic fever

caused by group A streptococci [46].

Beaman and co-workers published a series of thorough

and elegant reports examining the possible role of Nocardia
L-forms in disease [47–52]. They showed that in a mouse

model of mycetoma Nocardia caviae and N. asteroides L-forms

arose from walled bacteria. The L-forms acted as persisters

and were involved in the development of granules characteristic

of chronic mycetoma. Interestingly, L-forms were observed

only in immunocompetent mice but not in asplenic or athymic

mice, suggesting a role for the immune system in the induction

of Nocardia L-forms in vivo. The authors were also able to induce

and recover L-forms of N. asteroides and N. caviae from cultured

mouse peritoneal macrophages and lungs, respectively. More-

over, they managed to isolate N. asteroides L-forms using

osmoprotective media from the cerebrospinal fluid of a patient

who later died of brain abscesses. Importantly, no growth was

observed on media without osmoprotection, suggesting that, at

the time of culture, L-forms were the predominant or only var-

iant of Nocardia present in the patient’s cerebrospinal fluid.

Other studies have looked for an association of CWD bacteria

with chronic infections of the central nervous system but with

inconclusive results (e.g. [53]).

As the bacterial cell envelope is highly immunogenic,

several groups have tried to elucidate whether or not CWD bac-

teria evoke an immune response and, if so, how this response

differs from that triggered by bacteria harbouring a cell

wall (reviewed in [19]). In general, these reports show that

L-forms are indeed highly immunogenic, but most of the

work is difficult to interpret in the light of our modern

understanding of immune mechanisms, particularly innate

immune responses. Among the more recent papers, Schnell

et al. [54] observed that L. monocytogenes L-forms could be

phagocytosed by non-activated murine macrophage-like

P388D1 cells and approximately 1% survived intracellularly

for up to 72 h post infection. However, activated and bone

marrow-derived macrophages cleared the L-forms effectively.

The authors reported a strong MyD88-dependent immune

response, suggesting an exclusive role for the Toll-like-

receptor pathway in recognition of L. monocytogenes L-forms

by macrophages. In mouse challenge experiments, intra-

peritoneal inoculation with L-forms resulted in induction of

inflammatory cytokines, interleukin-6 and monocyte chemoat-

tractant protein-1. However, the relative magnitude of these

responses, compared with walled cells is difficult to estimate,

not least because quantifying the viable L-form population is

fraught with difficulty (extreme variation in cell size, extent

of viable versus non-viable cells, etc.). Moreover, as explained
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below, our understanding of the relevant physiological state

in which to prepare the L-forms and challenge the animals is

presently poor.

Nevertheless, from the examples cited in the papers and

reviews above it seems plausible that L-form bacteria may be

found in humans and could have a role in persistence.

Although they are generally thought to be reduced in virulence

they could provide a reservoir hidden from the immune system

and resistant to treatment with cell-wall-specific antibiotics,

from which walled, highly virulent bacteria can emerge.

Despite large amounts of literature published on L-forms,

their role in disease remains controversial. Many reports are

case studies and lack statistical power, while others could not

be repeated. Rigorous controls can be difficult to provide,

making it challenging to interpret the results. An additional

complication is that many publications were written in

languages other than English and are thus not easily accessible

to the global scientific community. The majority of publications

date back to the pre-molecular era, which means that the

methods available to address the central questions of L-form

pathogenicity were limited. Reports often relied on simple

microscopic observations performed on pathological samples

obtained from humans or animals. Owing to their polymorphic

nature, it is very easy to confuse L-forms with structures of

eukaryotic origin, such as granules, apoptotic bodies or other

membrane vesicles, which are particularly abundant in dis-

eased tissues. Non-specific dyes such as acridine orange or

DAPI were often used to show that L-form-like structures con-

tained DNA; however, such dyes would stain eukaryotic

particles containing DNA equally well. To unambiguously dis-

tinguish between structures of bacterial and eukaryotic origin,

more specific methods available today could be used, such as

fluorescent in situ hybridization (FISH) with general probes

for bacterial 16s rDNA. Specific probes could then be used to

establish the identity of the bacteria.

Reports on L-forms often lacked follow-up experiments due

to difficulties in cultivation. L-forms grow much more slowly

than their walled counterparts, so walled bacteria present

in samples can quickly become dominant. Addition of cell-

wall-specific antibiotics or osmoprotective agents to the

culture medium can lead to induction of de novo L-forms from

originally walled bacteria. In such cases, it is impossible to

distinguish between L-forms that are present in the original

sample and those that were induced in response to the culture

conditions. Using filters to separate L-forms from classical bac-

teria may not always be reliable. Problems with contamination

can be significant, especially when long periods of incubation

are necessary. Finally, in principle, some L-forms may not

grow at all outside the host environment, owing to dependence

on factors only available in special intracellular or tissue specific

niches. Culture studies need to be combined with careful micro-

scopic observation to demonstrate the presence of L-forms in

original samples. Whole genome sequencing and single cell

genomics can now be used to demonstrate that the same organ-

ism is present in an original sample as was cultured, or even to

determine the identity of non-culturable organisms.

Historically, animal and tissue culture studies have not

taken into consideration the possibility that incidents of bac-

terial recurrence could have been due to the presence of other

types of persistent cells that have been recognized only

recently [55]. Single cell fluorescent time-lapse microscopy

could be employed to demonstrate that it is L-forms that

survive and revert to classical bacteria in host cells.
Finally, more detailed analysis is needed to determine

whether L-forms themselves are pathogenic, or whether

they only act as persisters. In the light of their potentially

harmless nature and immunomodulatory properties, it

could be interesting to explore the potential of L-forms as

vaccines against bacterial infection.

Repetition of experiments performed in the 1960s, 1970s

and 1980s using new genetic and molecular methods,

combined with thorough reports including patient history,

in vivo and in vitro data, as well as large patient studies are

needed to unambiguously reveal the significance of L-forms

in disease. As described in §3, huge progress has been

made in our understanding of the genetics and cell biology

of L-forms created in experimental conditions. It remains to

be determined whether L-forms that exist in humans follow

the same rules.
3. Molecular biology of L-forms
Despite the potential importance of L-forms in a wide range of

chronic infectious diseases, as described in §2, surprisingly

little was known about the molecular biology of L-forms

until recently. Siddiqui et al. [56] reported that partial se-

quencing of a classically derived E. coli L-form [57] revealed

mutations in several wall and division associated genes. Unfor-

tunately, this strain had been propagated in the L-form state for

several decades, so it was not clear whether the mutations were

associated with the initial L-form switch or selected second-

arily during propagation. Our laboratory took the approach

of examining the genetic changes associated with the initial

switch from walled to L-form state, using Bacillus subtilis as a

model system.

Almost all bacterial cells in their normal walled state divide

by binary fission via a complex protein-based FtsZ division

machinery [3]. Instead, L-forms proliferate by a range of

poorly regulated shape perturbations, including blebbing,

tubulation and vesiculation [20,58–60] (figure 1). Remarkably,

the work on B. subtilis has revealed that L-forms do not require

the normally essential FtsZ division machinery for their pro-

liferation [20]. FtsZ independent cell growth was then also

shown for L-forms of E. coli and other bacteria (see below)

[21]. Attempts to identify cytoskeletal proteins or motor pro-

teins that might actively drive cell division events in L-forms

were negative, suggesting the existence of a simpler mechan-

ism. The first mutations found that specifically interfered with

L-form growth turned out apparently to work by reducing

membrane fluidity. This resulted in a failure in separation

or ‘scission’ of progeny cells [61] and pointed to the likely

importance of the membrane dynamics in L-form proliferation.

The molecular basis underlying L-form proliferation

became apparent as a result of the recent identification of

genetic requirements for their production and proliferation

in B. subtilis [20,62–64] (figure 1). The key experiments

were done by taking wild-type cells and stripping the

PG wall by treatment with lysozyme, in the presence of

sucrose to prevent cell lysis. For reasons that are only just

being clarified (see below), the resultant protoplasts do not

undergo significant growth, but variants able to grow in

this state, i.e. L-forms, could be selected and characterized.

The results of an extensive series of genetic experiments

revealed that in B. subtilis a combination of two kinds of

mutations is required to enable L-form growth under
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laboratory conditions [63]. Class 1 mutations generate excess

amounts of cell membrane, either by directly activating the

fatty acid membrane synthetic pathway, or indirectly, by

shutting down PG precursor pathway, which works via an

as yet uncharacterized mechanism [63]. The L-form prolifer-

ation promoted by class 1 mutations could be blocked by a

minor reduction in membrane synthesis (that would have no

effect on cell growth in the parental walled cells), confirming

the importance of excess membrane synthesis for L-form pro-

liferation [63]. Strikingly, it was also shown that artificially

increasing cell surface area by the conversion of elongated

rods to spherical protoplasts was sufficient to induce L-form-

like shape perturbations and scission in wild-type cells.

Together, the results led to a simple model in which L-form

proliferation is brought about by an imbalance between cell

membrane and volume growth, which drives cell shape defor-

mations leading to scission [63]. This work also highlighted the

possibility that L-form proliferation is driven by simple

biophysical processes involving membrane dynamics, and

thus L-forms may represent a primitive mode of cell prolifer-

ation that was used early in the evolution of cellular life,

before the invention of the PG wall [2,20,60] (see §5).

The class 2 mutations required for L-form proliferation were

found to work either by downregulating respiratory chain

activity, or upregulating oxidative stress response genes [64].

Thus, the class 2 mutations seem to support L-form growth

by counteracting an increase in the cellular levels of reactive

oxygen species (ROS) originating from the respiratory chain.

We presume that this is due to a metabolic imbalance in the

wall-deficient cells, and that oxidative damage is a serious

impediment to L-form proliferation [64]. Indeed, several anti-

oxidant systems, such as catalase and superoxide dismutase,

were essential for L-form growth under aerobic conditions,

but not in the parental walled cells. Consistent with these

ideas, the class 2 mutations were no longer required for

L-form growth when oxygen was depleted. Escherichia coli
L-form growth was also stimulated under anaerobic conditions

or by adding a ROS scavenger, suggesting that oxidative

damage might be an important impediment to L-form growth

in a wide range of bacteria [64].

The molecular basis of L-form proliferation established by

B. subtilis studies mentioned above seems to be conserved

across a wide range of bacteria, based on the following

observations: (i) in several bacterial species, including both

Gram-positives (the Firmicute S. aureus and the Actinobacter-

ium Corynebacterium glutamicum), and the Gram-negative

g-proteobacterium E. coli, the L-form transition is efficiently

promoted by repression of PG precursor synthesis; (ii) cru-

cially, the cells do not require the normally essential cell

division machinery for proliferation; and (iii) a minor reduc-

tion in fatty acid synthesis blocks L-form growth [21]. The

regulation of membrane synthesis seems, therefore, to have a

pivotal role in the L-form proliferation of diverse bacteria,

and thus it is likely that an increased ratio of surface area to

volume synthesis is a common mechanism supporting the pro-

liferation of L-form bacteria. Nevertheless, it remains possible

that the mechanism of L-form transition is more complex

and less well conserved than is apparent from the above

results. Work from the Loessner lab with L. monocytogenes
and E. faecalis has highlighted a slightly different mode of pro-

liferation of L-forms, in which large L-forms acquire complex

internal vesicles which are released as progeny cells upon

lysis of the ‘mother’ L-form [59,60]. These experiments were
done within semi-solid agar, so it could be that the internal ves-

iculation is driven by the constraining agar milieu. Briers et al.
[60] also reported that a ‘stable’ L. monocytogenes L-form did not

carry ‘predisposing’ mutations. However, the strain did have

mutations affecting glycolysis and one pathway leading to

bactoprenol synthesis. Given that it is unable to revert to the

walled state it seems likely that it contains mutations prevent-

ing wall synthesis, which could conceivably promote L-form

growth in a similar manner to the pathways described above.

Further work is needed to establish whether the different find-

ings are due to trivial differences in experimental methods or

more fundamental variations between organisms.

The ability to rebuild a PG cell wall de novo is also a common

property of L-forms [19,21,23,24,65]. Reversion to the walled

form is presumably important for pathogenicity in patients

with persistent or recurrent infections. Although the molecular

mechanisms underlying cell wall regeneration remain poorly

understood, L-forms could provide a vehicle for investigating

de novo cell wall synthesis, and also cell morphogenesis.

Identification of the universally essential genes or biologi-

cal pathways in L-forms across the bacterial domain could

contribute to our understanding of the principles underpin-

ning the L-form state. Mutant screens, using deletion or

transposon libraries, to identify genes involved in formation

or growth of L-form colony have been attempted for E. coli
[23,66], S. aureus [67] and B. subtilis [61], and the results have

identified several genes specifically required for L-form

growth. Although the mode of L-form proliferation seems to

be driven by a common mechanism, as described above, no

clear pattern of conserved genes required for L-form prolifer-

ation has as yet emerged. It might be that the processes of

L-form formation vary between bacterial species, or the differ-

ences may stem from the methods used to generate and

propagate L-forms in the various different laboratories.
4. Potential biotechnology uses of L-forms
Based on our improved understanding of the molecular cell

biology of L-forms, it is timely to consider whether their unusual

properties might have biotechnological applications. Protoplast

fusion and protoplast transformation are longstanding methods

that have been used to generate recombinant progeny cells

[68,69]. A key step with both methods lies in the regeneration of

walled cells, which is often inefficient. The ability of L-forms to

grow indefinitely without regeneration may be advantageous in

recovering certain kinds of recombinants. It is plausible that

L-forms could be particularly effective for extreme forms of

recombinant recovery, such as whole genome ‘rebooting’ [70].

A second area in which L-forms could be exploited relates

to situations in which the wall is an impediment to product

accumulation. As mentioned in §2, fragments of cell wall

PG can trigger powerful innate immune responses, so for

various biomedical applications it is crucial that PG is quanti-

tatively removed during downstream processing (e.g. for

therapeutic proteins or peptides). For these applications, the

cells could be grown in the L-form state in the complete

absence of PG synthesis. Alternatively, to achieve more

robust biomass accumulation, cells could initially be grown

in the walled state and then switched to L-forms later in pro-

duction by turning on or off the appropriate genes. The cell

wall is also a potential barrier to the export of secreted proteins.

Indeed, the wall can strongly influence the folding and stability
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of secreted proteins, particularly those of heterologous origin

[71]. Thus, turning on protein secretion in L-form cells might

lead to substantial improvements in product yield.

A third class of application for L-forms relies on their

characteristic production of excess membrane. Membrane

surface area is presumably a crucial limiting factor in the

accumulation of hydrophobic small molecules (e.g. fatty

acids and lipids) or membrane spanning proteins. Therefore,

it should be possible to improve the yield of at least some

hydrophobic commercial products by producing them in

L-forms. Protein secretion might also be facilitated through

this effect in respect of the increased surface area over which

secretion can take place.

In general, the diversion of metabolic energy away from

the synthesis of PG and potentially other cell wall molecules

could enhance the yield of a wide range of products, especially

in Gram-positive bacteria in which the wall represents a sub-

stantial proportion of total cell mass. However, against

this advantage should be weighed the disadvantages of the

relative fragility and lowered overall growth rate of L-forms.

Ultimately, it seems likely that applications for L-forms will

be limited to higher added value products, rather than bulk

commodity items.

Some of these areas of potential application for L-forms

have been explored previously, particularly by Gumpert &

Hoischen [72]. Our ability to control the key genetic changes

needed for the switch to L-form growth, together with our

improved understanding of their physiology, should facilitate

the development of commercial applications in the future.
5. L-forms and the origins of life
Current thinking on the evolutionary pathway leading to the

emergence of life identifies a series of key steps (reviewed in

[73]). The first lies in emergence of the key building blocks of

life, such as amino acids and nucleotides. Then, it is envisaged

that an RNA-based world emerged, in which RNA acted as

both information store and catalyst. These dual properties

would have provided a mechanism for natural selection or

Darwinian evolution to come into effect, leading to the devel-

opment of ever more sophisticated and efficient RNA-based

proto-organisms. This process, however, would seem to have

required the existence of localized containment, so that

improved RNA molecules could benefit from the products of
their action. It is assumed that this step involved semi-per-

meable vesicular structures, presumably composed of fatty

acids or lipids. Crucially, these vesicles would need to be

capable of replication with limited loss of material during the

transition from parental to progeny vesicles. As described in

§3, the L-form mode of proliferation appears remarkably

simple in that it requires only an increased rate of membrane

synthesis (compared with the rod-shaped parental cells), and

not to require any protein-based mechanical apparatus, such

as the FtsZ-based division machinery [61,63]. As it appears

that many diverse bacteria can accomplish the switch from

walled to non-walled state in a similarly simple manner, it is

plausible that the L-form mode of proliferation may be a

good model for the proliferation of primitive cells before the

invention of the PG cell wall. In vitro and theoretical studies

support the idea of simple vesicle replication being driven by

an increase in surface area to volume ratio [74,75], so there

seems to be a convergence of top down and bottom up

approaches to this origins of life problem. Phylogenetic ana-

lyses of the bacterial lineage suggest that the PG cell wall is a

very ancient structure. Given that primordial L-form-like cells

would have been fragile and sensitive to changes in osmolarity

and desiccation, it is conceivable that invention of the cell wall

was a pivotal moment in the evolution of cellular life, enabling

the first true bacteria to spread out from well protected ‘nursery’

environments and colonise the planet. As pointed out by an

anonymous reviewer, this leads to a testable prediction that

the central enzymes in membrane biogenesis should have

evolved earlier than those of PG, which we plan to investigate.

At the moment some of the other key questions posed by

this thinking lie around the coupling between vesicle replica-

tion and chromosome replication and segregation. Based on

theoretical and in vitro experiments (e.g. [76,77]), it is possible

that replicated and segregated chromosomes have a role in

directing the formation of vesicular blebs and tubules.

However, further experiments are needed to verify these

findings and to test directly the effect of perturbations in

replication and segregation on L-form proliferation.
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