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1. Introduction

It is believed that persistence of small populations of Mycobacterium tuberculosis in hosts
underlies latent tuberculosis. Very little is known about the morphological and
physiological nature of tubercle bacilli in latent TB. It is under discussion whether and how
tubercle bacilli adapt to latent state and remain alive in face of damaging stressful
conditions such as antibiotics and host immune factors. In this respect, cell wall deficiency
(existence without rigid walls) in mycobacteria and its occurrence in vivo suggests one of the
possible pathways by which tubercle bacilli can survive, replicate and persist within the
body for a long period, harboring latent tuberculosis with a risk for disease reactivation, in
case of reversion to classical TB bacilli upon changes in host immune status. Essentially, cell
wall deficiency, or the ability of bacteria to exist as populations of self-replicating forms with
defective or entirely missing cell walls (L-forms), is considered an adaptive strategy of
bacteria to survive and reproduce under unfavorable circumstances.

This chapter elaborates on some special aspects of the L-form phenomenon and its
importance for discovering new fundamental aspects of TB bacillary morphology and
physiology, as well as understanding the mechanisms of latent tuberculosis.

2. History

L-forms were first observed by Emmy Klieneberger-Nobel, in 1945, whose typical “fried
eggs”-shaped colonies, duplicating Mycoplasma, were isolated from cultures of
Streptobacillus moniliformis. The wall-less variants of L-forms she named after the institution
she worked in - England’s Lister Institute.

Emmy Ehenebangar-Nobal

Fig. 1. Emmy Klieneberger-Nobel - the founder of bacterial L-forms.
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The period between 1882 and 1940, after Robert Koch discovered the cause of tuberculosis,
was marked by series of papers reporting about the appearance of L-form elements in
cultures of mycobacteria, such as filterable forms, branching filaments, syncytial growth,
large spheres and “variegated mycelia”, all of which characterize mycobacterial growth.
Mattman summarized the known data about the ability of M. tuberculosis to convert to cell
wall deficient forms and suggested a “L-cycle” for mycobacteria (Mattman et al., 1960;
Mattman, 1970, 2001).

Lida Mattman

Fig. 2. Lida Mattman

Despite the long history in tuberculosis research, the nature of cell wall deficiency and its
association with persistence in life of mycobacteria still remain obscure. Unfortunately, over
the last several decades, investigations on these unusual forms of tubercle bacilli have been
ignored and neglected. Information about forming of mycobacterial L-forms in vitro (in the
laboratory), as well in vivo (within the body) is based mainly on studies concerning their
morphological appearance. Two periods in L-form research of mycobacteria should be
distinguished: before introduction of chemotherapy against tuberculosis, and after.
Observations made in the beginning of 20th century on mycobacterial pleomorphism and L-
form elements provide evidence for existence of L-forms without contact with antimicrobial
drugs (Calmette & Valti, 1926; Much, 1931). In the following decades, examinations
regarding modification of morphology and L-form transformation by antimicrobials became
the starting point of additional information on mycobacterial properties (Dorozhkova &
Volk, 1972; Dorozhkova & Volk, 1973; Kochemasova et al., 1968; Mattman et al. 1960; Wang
& Chen, 2001).

3. Basic characteristics of cell wall deficient L-forms
3.1 L-conversion, morphology and ultrastructure

Bacterial L-form conversion, i.e. existence without rigid walls, is universal but difficultly
recognized phenomenon in nature (Domingue, 1982; Mattman, 2001; Prozorovski et al.,
1981). The term ,cell wall deficiency” implies alterations in the constitution of bacterial cell
wall, resulting from deletion and faulty synthesis of wall components (Mattman, 2001). It is
considered that imbalance of cells’ ability to degrade and synthesize its classical thick wall
results in cell wall deficiency. Since the peptidoglycan is the stress-bearing structure of
bacteria, its loss, respectively the loss of rigidity, is a distinctive characteristic of cell wall
deficient forms (L-forms). In fact, morphological variability is an indicative and common
feature of all L-forms, regardless of what bacterial species they originated from. Although
these forms have been observed in patients’ specimens for many decades, most are ignored
and generally regarded as diagnostically insignificant staining artifacts or debris
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(Domingue, 2010). It is assumed that these pleomorphic forms represent various stages in
the life cycle of stressed bacteria.

M. tuberculosis is known to exhibit extreme pleomorphism in certain circumstances. Various
morphological forms of mycobacteria were observed by many authors and were described
as “mycococcus form” (Csillag, 1964), large “amoeba-like cells” (Imaeda, 1975), giant non-
cellular structures or so called "budding yeast-like structures” (Koch, 2003), “elementary
bodies and filament structures” (Merkal et al, 1973) “endospores” (Ghosh et al.,2009; Traag
et al, 2010) and “ovoid cells”( Shleeva et al., 2011). Mycobacteria are unique among
procaryotes with their cell wall structure, containing tightly packed mycolic acids that
provide TB bacilli with efficient protection and remarkable capacity to resist to various
exogenous stress conditions. The high concentration of lipids in cell wall of mycobacteria is
associated with general insusceptibility to chemical/toxic agents and most antibiotics. The
mycolic acids and glycolipids in cell wall of mycobacteria also impedes the entry of nutrient
substrates, causing the organisms to grow slowly (Draper, 1998). However, mycobacterial
cell wall appears to be a dynamic structure that can be remodeled, as the microorganism is
either growing, or persisting in different environments (Kremer & Besra, 2005). Under
unfavorable conditions, where mycobacteria are exposed to different damaging factors
particularly in face of host defense mechanisms, they may produce cell wall deficient forms
(L-forms) (Markova et al.2008a; Markova et al. 2008b). A variety of papers reported about
production of mycobacterial L-forms experimentally in vitro, using different inducing
factors. Wide range of substances (cell wall inhibitors) as antibiotics, lytic enzymes and
some amino acids affecting cell wall and especially biosynthesis of peptidoglycan have been
used as L-inducing factors (Beran et al., 2006; Hammes et al., 1973; Hines and Styer, 2003;
Naser et al., 1993; Udou et al., 1983). Indeed, it is important to understand how mycobacteria
regulate the cell wall composition in response to changing environment. In some wall
deficient cells pieces of cell wall are synthesized and dutifully pulled through the pores of
cell membrane but somehow lack structural detail that would permit them to link together.
Mitchel & Moyle have added another interesting aspect to consider, which may explain why
a cell is unable to resynthesize its cell wall, once losing it. They postulate that perhaps the
building blocks are sufficiently soluble to diffuse spontaneously into the culture medium
than remain together against the wall where their union is facilitated (Mitchel & Moyle,
1956).

The ability of strains from M. tuberculosis complex to produce L-phase variants after nutrient
starvation stress was demonstrated in our experiments (n. d.). Morphological
transformations of tubercle bacilli from acid fast to polymorphic non-acid-fast and coccoid
forms of varying size were observed (Fig. 3). In contrast to classical tubercle bacilli, which
typically appear as straight or slightly curved red stained rods in Ziehl-Neelsen stained
smears, mycobacterial L-forms showed marked polymorphism and variability in staining
reaction. L-form variants of mycobacteria lost acid fastness completely and resembled the
morphology of various other bacteria (Fig. 3 b, c).

It is known that acid fastness is dependent on the integrity of the tubercle bacilli. Sometimes,
persistent M. tuberculosis bacteria bearing cell wall alterations may remain undetected by the
classic Ziehl-Neelsen staining (Seiler et al, 2003). Appearance of polymorphic non-acid fast
forms and coccoids in cultures of mycobacteria has been observed by other authors
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(Chandrasekhar & Ratnam , 1992; Csillag, 1964; Juhasz, 1962; Miller, 1932; Xalabarder,
1958).

Fig. 3. Ziehl-Neelsen stained smears: (a) control TB bacilli; (b, c) non-acid fast polymorphic
cells of M. tuberculosis L-forms (n.d.)

Morphological forms of different sizes and shapes (short coccobacilli and long rods, oval or
round coccoid cells, large spherical bodies and giant filaments) in mycobacterial L-form
cultures obtained after starvation stress, were observed by us with scanning electron
microscopy (Fig.4, n. d.). Very small granular elements placed on membrane filters with
pore size diameter of 0.22um, evidencing their ability to pass through bacterial filters i.e.
filterable L-form cells, were detected (Fig. 4 f). The filterable forms are considered as
minimal reproductive cells, which can be formed from large L-bodies in all possible ways. It
is believed that such filterable bodies contain a bacterial genome and minimal metabolic

Fig. 4. Scanning electron microscopy of classical tubercle bacilli (a) and mycobacterial L-
forms obtained after stress treatments in vitro of M.tuberculosis (b), M.bovis (c, d) and M.bovis
BCG (e, f), (n.d.).

www.intechopen.com



Cell Wall Deficiency in Mycobacteria: Latency and Persistence 197

capability sufficient to initiate reproduction (Domingue, 2010; Klieneberger-Nobel, 1951;
Prozorovski et al., 1981).

Findings from transmission electron microscopy yielded additional valuable information
about the ultrastructure morphology of mycobacterial L-forms. Examinations of M.
tuberculosis L-forms obtained in vitro after starvation stress (n.d.) or during experimental
infection in rats (Markova et al., 2008a) revealed typical fine structure of L-form population.
L-phase growth consisted of cells of variable shape and size, completely devoid of bacterial
cell wall and bound only by a single unit membrane (Fig. 5). Large and elementary bodies of
different electron microscopy density, as well as very small granules and vesicular forms
were observed (Fig. 5 b, ¢, d). Some vesicular forms either appeared empty or contained
electron-dense granules (Fig. 5 ¢, f). Of considerable interest was the observation of large
bodies of so called “mother” cells, filled with numerous small spherical L-elements (Fig. 5 f).
Such “mother” cells are often internally vesiculated and may produce also small, empty
bodies, or membrane bound vesicles. Fragmentation of the cytoplasmic mass in numerous
granular forms was the mode of L-form reproduction that was noted. Cytoplasmic
condensation at the periphery of the large bodies ending in formation of protrusions and
buds was often seen. Budding, another mode of L-form replication, was observed as well. It
should be noted that nucleoid and ribosomal areas within L-bodies were of variable electron
densities and intracellular location .The nucleoids were variable, being sometimes compact
and sometimes scattered throughout the cytoplasm. Enucleated L-bodies were also seen.
Ribosomes were either packed together or diffusely scattered, usually at the periphery of the
cells. Electron-dense L-bodies of different size and giant filamentous forms were found in
clinical isolates of M. tuberculosis (Fig.5 g, h; Michailova et al, 2005).

Fig. 5. Transmission electron microscopy of classical tubercle bacilli (a), and L-forms of M.
tuberculosis obtained in vitro after starvation stress (b ,c ,d; n. d.), isolated from rats,
experimentally infected with M. tuberculosis (e, f; Markova et al.,2008a) and observed in
clinical strains, isolated from patients (g, h; Michailova et al., 2005).

3.2 Modes of reproduction and morphogenesis of L-cycle

The normal existence of bacteria appears to be a dynamic state of morphological and
physiological changes, and the reproducibility in response to established conditions for
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growth is considered as a “life style”. Under certain circumstances, bacteria can enter
unbalanced growth and undergo complex life cycles, involving different morphological
transformations, known as the bacterial L-cycle. Conversion to L-forms is assumed to be a
general property of bacteria and as adaptive reaction to unfavourable environmental factors,
which interfere with the normal reproduction, as well as permit the growth of cell wall
deficient variants (Dienes & Weinberger, 1951). Loss of rigidity due to the lack of murein
layer in L-forms, results in uncoordinated propagation and appearance of highly
pleomorphic forms. In contrast to classical bacteria, L-forms can reproduce by great variety
of unusual modes, such as irregular binary fission, budding, protrusion-extrusion of
elementary bodies and granules from large bodies, multiple division with intracellular
fragmentation of cytoplasm or combination of all types (Prozorovski et al., 1981). Variations
in the development of morphological units of different sizes and shapes, typical for L-forms,
appear in accordance with the changing environmental conditions (Markova et al, 2010).
The newly reorganized L-form population continues to exist and replicate by unusual
modes, displaying various cells and elements such as elementary and large spherical bodies,
granular and filterable forms, vesicular and empty bodies, giant filaments and others. Those
giant filaments and large bodies may be serving a two-fold purpose, playing a role in L-
form reproduction, as well as protecting them from unfavourable environment.

Our observation of giant L-bodies (“mother” cell) within mycobacterial L-form population
releasing, through protrusion or budding, numerous previously generated granules, is also
perhaps noteworthy of mentioning. Such granular elements, often released from the
terminal sides of filaments (Fig 4 d, e; n. d.), were found to develop into bigger coccoid or
large L-bodies, although transformation of granules into rod shaped forms was also noticed.
The segmentation of L-bodies and breaking up into small elements, which germinate again,
as well as the processes of regeneration initiated by the fusion of certain elements
(Klieneberger-Nobel, 1951), challenge the conventional vision about bacterial replication.
Although the modes of L-form replication were less effective, it should be noted that, at a
point of their development and adaptation, L-forms started multiplying with remarkable
rapidity, by releasing numerous small granules from collapsing giant L-structures. The
small forms grew into large bodies which subsequently either increased in diameter, or
disintegrated into even smaller L-form bodies. The observed by us different arrangements of
M. tuberculosis L-forms coccoid cells of varied size (singly, in pairs or in irregular clusters)
suggest either capability of L-forms to divide in different planes by binary fission or the
possibility that they arose en masse from huge L-form bodies. In our opinion, L-life style is
best understood by taking into consideration the unusual modes of replication, exhibited by
L-forms. L-forms behave like an entire population, within which the role of individual
organisms and organelles is difficult to determine (Markova et al., 2010). Of all structures in
the L-cycle, syncytium, designed as “symplasm” and consisting of numerous nuclei
embedded in a cytoplasm within one L-body (Mattman, 2001), is the most incredible. As
noted by Mattman, fifty mycobacteria can be made within one sac (L-syncytium). Syncytia
were observed to be formed from coalescing aggregates of bacteria, when the cell walls
disintegrate and the cytoplasm starts to coalesce. The granules emerging from the symplasm
grow into young cells, which reproduce further by fission or by other modes. According to
Norris, syncytium-like structures may create a favorable environment for development of a
complex prebiotic ecology, in which rearranged hyperstructures give rise to even more
complex life forms (Norris, 2011).

www.intechopen.com



Cell Wall Deficiency in Mycobacteria: Latency and Persistence 199

It is assumed that cell wall deficient bacterial forms survive storage and unfavorable
conditions much longer than classical bacteria (Mattman, 2001). Domingue suggests the role
of small electron-dense bodies (filterable granules) as notoriously resistant forms of
pathogenic bacteria (Domingue, 1997). Xalabander noted that L-forms of mycobacteria were
remarkably different from L-forms of other species in their resistance to physical and
chemical agents. Similar to prions, mycobacterial L-forms escape destruction by body’s
immune system, and are seemingly imperishable. Xalabander also noted that these L-forms
contain both RNA and DNA proteins, but do not stain well by ordinary mycobacteria dyes
(Xalabander, 1958; 1963). On other hand, it is supposed that the smallest and most resistant
to environmental stresses filterable L-granules, containing DNA may exert nuclear functions
(Klieneberger-Nobel, 1951). Moreover, chromosomal DNA, especially within L-symplasm,
should be regarded as a substantial mass of the nucleoid body, which can dynamically
interact with other components (Allan et al, 2009). This problematic question is still under
discussion and yet, no matter how small and at first glance, enucleated, some of these L-
forms will revert back to virulent mycobacteria.

Shleeva et al. (2010) believe that dormancy in mycobacteria is related to the formation of
different cell forms with various characteristics (less differentiated cyst-like forms, weakly
differentiated resting cells and highly differentiated spore-like forms) within a population.
According to the same authors, passing into a dormant state is associated with drastically
decreased metabolic activity of cells, enhanced resistance to harmful factors, and absence of
cell division. The resting cells retain their viability but lose capacity for germination and
growth, becoming “nonculturable”. It is a generally accepted postulate that TB bacilli are in
a true dormant state, undergoing no replication. Dormant cells switch on the mechanisms of
division arrest and may persist, due to survival of a small number of bacteria (Kaprelyants
et al., 1993; Postgate & Hunter, 1962; Shleeva et al., 2010). Recent data, however, cast doubt
on the assumption of such ‘inactive’ latent state, as there is constant metabolic activity
within the TB bacilli (Zumla et al., 2011). Evidence about the role of molecular chaperones
and intercellular signalling molecules in control of metabolic activity and composition of the
cell wall has been provided by Henderson et al. (2010).

From the view point of the L-cycle theory, a transition of mycobacteria from acid-fast to
non-acid fast state, along with appearance of polymorphic cell wall deficient cells, occurs
in response to stress. L-forms develop through several stages and result in formation of
polymorphic or coccoid fast growing cells. The initial phase of L-conversion probably
corresponds to an “invisible” stage, where bacteria cease forming colonies on solid media
and growing in liquid media. We suppose that formation and persistence of giant L-forms
structures (filaments, syncytia and “mother” cell) sheltering and embodying many
individuals inside a common envelope, represents a unique mechanism of survival and
may resemble “invisible” or cryptic state of L-form development. However, at some point
of L-form development, these giant spherical or filamentous forms start to disintegrate
and are no longer visible, giving place to an abundance of granular and coccoid forms,
which sometimes become the prevailing elements within L-population. Coccoid forms of
mycobacteria, called "mycococcus", were obtained in vitro by Csillag in 1964. Mycococcii
were grown from M. tuberculosis and were similar to the morphology of staphylococci
(Csillag, 1964). Genetic analysis of mycobacterial coccoids however, performed by us
through amplification of 165rRNA gene fragment, 165-23S rRN gene Internal Transcribed
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Spacer sequences and IS 6110 PCR, verified them as M. tuberculosis (n. d.). DNA
sequencing analysis is currently in progress (n. d.).We consider that the invisible L-
conversion phase is followed by a state of active reproduction of non- acid fast and non-
recognizable as mycobacteria L-forms usually with coccoid morphology. Taken together,
these data may argue that the curious morphology and growth characteristics of
mycobacterial L-forms, their extremely different habit of existence define them as specific
type of unrecognizable and hidden persisters. As seen in Fig.6, L-form conversion cycle of
mycobacteria is schematically outlined with emphasis on ability of different L-structures
to form colonies. In this sense, L-form persistence phenomenon substantially differs from
the current understanding for latency as persistence of few “non-replicating”or
“dormant” bacteria.

3.3 Growth characteristics and colonial morphology

In contrast to classical tubercle bacilli, we found that L-form variants, obtained after nutrient
starvation stress of M. tuberculosis in vitro, grew and developed colonies phenomenally
faster, mimicking rapidly replicating bacteria.

The morphology of growths underwent progressive changes, which resulted in formation of
typical L-form colonies with “fried egg” appearance (Fig.7 b, c).

As pointed out by other authors, dark centers of “fried egg” colonies usually consist of
dense granular elements, which are deeply embedded in the medium but at the periphery
of the colony large pleomorphic bodies are frequently found (Domingue, 1982; Mattman,
2001; Prozorovski et al., 1981). The shape of L-form colonies resulted from the variety of
individual structural units and the way that they divided (Mattman, 2001). It should be
pointed out that fully developed L-type colonies appeared between 36 and 48 hours after
plating on Middlebrook semisolid agar, in contrast to control M. tuberculosis
microcolonies.

Stress induction of L-forms Reversion

“Invisible”
cryptic state of L-

“Visible”

Transitional Complete reversion

L-phase growth of incomplete to acid-fast, slow
forms that do not non- acid fast reversion - growing
form colonies: giant polymorphic or non - acid fast mycobacteria -
L-.structures coccoid cells rod-shaped forms formation of typical
(filaments or large resulting in that form smooth rough colonies

“mother” L-bodies)
and filterable L-
granules

formation of
“fried eggs” or
smooth colonies

colonies

L-phase variants of mycobacteria
A

Fig. 6. Morphological phases during L-form conversion and reversion of mycobacteria.
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We suggest that the lack of cell walls and easier permeation of nutrients is the reason for the
unique ability of mycobacterial L- forms to grow faster in comparison to classical tubercle
bacilli. Pla Y Armengol (1931) found that a large inoculum of tubercle bacilli grows rapidly
on all routine media, appearing as large L-body spheres and also vegetated mycelia. In our
study, L-form variants were adapted without difficulties to grow on conventional nutrient
agar. Light and electron microscopy also provided interesting results about the appearance
of non-acid fast coccoid cell morphology of stressed M. tuberculosis, that support
observations of other authors. The appearance of non-acid fast coccoids in cultures of
mycobacteria has been reported by others in the beginning of the last century but the
phenomenon was not clearly explained and proven at that time (Csillag, 1964; Juhasz, 1962;
Xalabander, 1958;). More surprising was the fact that mycobacterial coccoid L-forms not
only mimicked the morphology of staphylococci or other coccus- shaped bacteria, but also
exhibited extremely rapid growth and colonial development in contrast to classical TB
bacilli (n. d.). Coccoid cells were initially mistaken by us as contaminants, but the specific
DNA testing (amplification of 16SrRNA gene fragment, 165-23S rRNA gene Internal
Transcribed Spacer sequences, IS6110 PCR and DNA sequencing analysis) identified them
as M. tuberculosis (n. d.). We suppose that non-acid fast coccoid L-form variants of
mycobacteria resulted probably from the more regular mode of multiplication,
synchronization and stabilization of L-form cells under specific condition of cultivation.
Thus, it can be presumed why such coccoid forms of M. tuberculosis remain often
unrecognized or are mistaken for contaminants.
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Fig. 7. Light microscopy of (a) control M. tuberculosis rough microcolony and (b, c) typical
“fried eggs” shaped colonies of M.tuberculosis L-forms obtained after nutrient starvation
stress (n. d.).

Standard plating techniques are often inadequate for accurate enumeration of microbial
dormant forms, because some of them may be in a “nonculturable” state (Shleeva et al., 2010).
When it comes to L-forms, they are considered to be both “difficult-to-cultivate” and “difficult-
to-identify”. Because of their altered morphology and fully changed bacterial life cycle, L-
forms are difficult to be identified in clinical materials. The isolation of arising in vivo L-forms
is generally possible only with special procedures ensuring their enrichment and resuscitation
to actively growing state i.e. having an ability to form colonies (Michailova et al., 2000a; Zhang
et al., 2001; Zhang, 2004). The use of specially supplemented liquid and semisolid media, as
well special techniques, like so called “blind” passages, are absolutely necessary for isolation
of L-forms from specimens (Michailova et al., 2005; Markova et al., 2008a).
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3.4 Yin-Yang hypothesis for co-existence of classical and L- forms within natural
mycobacterial population

The Yin-Yang hypothesis is based on the idea that classical and cell wall deficient forms co-
exist within natural mycobacterial populations. The Chinese concept of the complementary
alternating forces of Yin and Yang provides opportunities to better understand the natural
phenomenon of heterogeneity and correspondence between both subpopulations in
mycobacteria. The Yin-Yang point of view, suggesting the hypothesis for coexistence of
classical and cell wall deficient forms, is illustrated in Fig.6.

Unfavorable
conditions

Bacteria L-forms

L-form transformation

Reversion &o, ﬂ
Yin

Fig. 8. Alternating “Yin-Yang”-life phases of classical walled bacteria and cell wall deficient
L-forms: “Yang” - monomorphic population of classical rod shaped bacteria under optimal
conditions ensuring yield and nutrients for growth and cell division; “Yin”- polymorphic
population of L-forms. Polymorphism ensures survival advantages and arsenal of various
notoriously resistant to environmental assaults L-form structures under unfavorable
conditions.

The morphological diversity within bacterial populations is often related to heterogeneous
environments observed under natural conditions. Population-based morphological
variability and cell wall deficiency of M. tuberculosis might be considered as a natural
phenomenon ensuring the adaptive strategy of this pathogen for environmental change
(Markova, 2009; Mattman, 2001). By making use of our Yin-Yang concept, by utilizing
available scientific data on this subject and our own findings, we try to figure out how
classical walled and cell wall deficient subpopulations interact under different conditions.
We found that both classical walled and cell wall deficient L-forms coexist within clinical
strains of M. tuberculosis freshly isolated from sputum of patients has been demonstrated in
our study (Michailova et al, 2005). This finding supports the concept that natural
mycobacterial population usually consists of prevalent classical forms and small numbers of
L- forms. There is data reporting about coexistence of classical walled and cell wall deficient
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L-forms within natural populations of other bacteria as well as about relations of
concurrence and interference between them under different conditions (Boris et al., 1969;
Fodor and Roger, 1966). Extreme morphological plasticity of bacteria has been found to
provide survival advantages (Justice et al., 2008; Young, 2007). It is assumed that L-forms
occur along with resistance to factors that trigger their appearance (Prozorovski, 1981).

We found that under stress in vitro and in vivo (Markova et al, 2008a) the balance within
mycobacteria was shifted in favor of cell wall deficient forms and the population continued
to exist, replicating predominantly as L-forms. Our in vitro experiments aimed to induce L-
conversion of M. tuberculosis, by means of nutrient starvation stress (n. d.). Once the process
in favor of L-form development was induced and shifted, further selective separation of L-
form variants was made, based on the unique ability of mycobacterial L- forms to grow
faster in comparison to classical tubercle bacilli due to the lack of cell walls and easier
permeation of nutrients. Selection of mycobacterial L-forms was achieved technically
through transfers of stressed mycobacterial cultures at weekly intervals on semisolid
Middlebrook agar. Due to their growth advantage, mycobacterial L-form variants became
the prevailing subpopulation, overgrowing classical TB bacilli during the performed five
passages, which resulted in isolation of L-form cultures. As has been demonstrated in our
previous study, similar L-form transformation of E. coli was found to appear under
conditions of starvation and, more surprisingly, after lethal heat stress (Markova et al.,
2010). However, it has been found that cell wall deficient forms of E. coli developed slower
than classical walled forms. In contrast with interactions between both subpopulations
during L-form transformation of E. coli, we recognized the opposite relations between
classical and L-forms in mycobacteria, which were strongly influenced by the special
biochemical structure and physiology of TB bacilli.

4. Formation and persistence of mycobacterial L-forms in vivo

Animal models for the study of tuberculosis include guinea pigs, mice, rabbits and
nonhuman primates. Despite the difficulty in modeling human latency in experimental
animals, the understanding of both host and microbial factors that contribute to the
establishment and maintenance of a persistent M. tuberculosis infection has progressed and
the information gathered is pertinent to human latent tuberculosis (Flynn & Chan, 2001).
Formation of M. tuberculosis L-forms in vivo were demonstrated by means of biological
experiments on guinea pigs (Li, 1990; Markova et al., 2008b ; Ratnam &Chandrasekhar, 1976;
Snitinskaia et al., 1990;), mice (Belianin et al., 1997) and rats (Markova et al., 2008a).

In our study, we established a rat model of experimental tuberculosis that produces
mycobacterial cell-wall deficient forms in vivo (Markova et al, 2008a). Although rats are not a
common animal model for TB research, we attempted, on basis of our previous experience
with other bacterial L- form experimental infections (Markova et al, 1997; Michailova et al.,
2000), to use the capability of these animals to exhibit high innate resistance to infections,
thus ensuring inhibition of classical bacterial forms and inducing the occurrence of cell-wall
deficient forms. After intraperitoneal and intranasal infection with M. tuberculosis, samples
from lung, spleen, liver, kidney, mesenterial and inguinal lymph nodes and broncho-
alveolar and peritoneal lavage liquid were taken and plated simultaneously on Lowenstein-
Jensen medium or inoculated into specially supplemented for L-forms Dubos broth at
weekly intervals over five weeks. Mycobacterial L-form cultures were isolated throughout
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the whole period of the experiment, including the last two weeks, when typical
mycobacterial colonies consisting of classical bacilli were not isolated on Lowenstein-Jensen
medium. If we had used only the classical isolation procedure with Lowenstein-Jensen
media alone, we would have been led to falsely believe that mycobacteria were completely
eliminated. However, mycobacteria continued to persist as L-forms at the late stage of
infection. We believe that the established by us rat model of experimental tuberculosis can
mimick latent infection.

Mycobacteria can convert to cell wall deficient forms (L-forms) inside macrophages. After
intraperitoneal administration of BCG, samples of peritoneal lavage fluid from guinea pigs
were obtained at day 1, 14 and 45. In order to study whether and how M. bovis BCG can
transform in L-forms and persist in vivo, series of events during interaction of live BCG
bacilli with peritoneal macrophages in guinea pigs were evaluated and observed by
transmission electron microscopy (Markova et al, 2008b). At the late intervals of infection, an
interesting phenomenon of L-form formation inside macrophages was observed. The
percent of the formed L-forms at day 14 was about 15% and at day 45, we did not find any
BCG bacilli with normal morphology - all observed bacteria were in L-form state.
Examination of BCG bacilli inside macrophages revealed morphological peculiarities typical
of cell wall deficient bacterial L-forms, as well as different modes of L-form multiplication.
As shown in Fig. 9 (d, e, f), pleomorphic and relatively large BCG L-form bodies were found
inside vacuoles which were found to persist for a long time inside macrophages due to the
ineffectual phagocytosis, digestion and clearance. Fusion of small phagosomes containing L-
forms and formation of larger ones was seen as well . Additional point of interest was the
observation that many mitochondria (M) with enlarged size and endoplasmic reticulum
dilation (ER) were clustered closely and around L-forms . The observed process of organelle
translocation appeared to be related to the intracellular life of L- forms - survival and
multiplication. Microbial digestion, respectively a process of complete phagocytosis of L-
forms, was not observed. Some intra-phagosomally located L-forms inside macrophages
were surrounded by multi-membranes (Fig. 9 f) and so packed within membranes they were
released to the extracellular space. The observed cycle of L-form attachment and engulfment
by new phagocytes at the late stage of infection suggests that L-forms probably exploit
apoptotic-like pathway as means of returning to the extracellular environment and for
subsequent rounds of new entry and uptake by macrophages. Obviously, such apoptosis-
like pathway may protect L-forms from humoral and cellular host defense factors during
their trafficking from intracellular to extracellular compartment and vice versa. It is
generally assumed that apoptosis has developed as a host defence mechanisms against
infection, but it is not completely clear what advantages apoptosis can provide to bacteria
(Keane et al., 2000; Riendeau & Kornfeld, 2003; Rosenberger & Finlay, 2003). A number of
authors have presented evidence that cell-wall defective variants can be formed within
macrophages (Mattman, 2001; Michailova et al., 2000a; Thacore & Willett, 1966). Thacore
and Willett (1966) have reported about formation of spheroplasts of M. tuberculosis within
tissue culture cells.

Since M. bovis BCG is an attenuated live strain, little is known about how long it can survive
in the vaccinated individuals . Reports about detection and isolation of BCG bacilli from
patients with AIDS many years after vaccination (Armbruster et al., 1990; Reynes et al., 1989;
Smith et al., 1992) give rise to questions about the mechanisms by which BCG bacilli persist
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in vivo for a long time. As far as cell wall deficiency facilitates the bacterial survival under
unfavorable conditions, L-forms of different bacterial species have been shown to survive
and persist for an extended period inside macrophages due to the ineffectual phagocytosis,
digestion and clearance (Markova et al.,, 1997; Michailova et al.,, 1993; Michailova et al.,
2000b; Michailova et al., 2007). The finding that of all the bacteria, L-forms predominate and
are crucial to the survival of mycobacteria in vivo (Mattman, 2001; Michailova et al., 2005)
needs to be taken into account when developing and putting in use new viable
mycobacterial vaccines, especially considering that L-forms of M. bovis BCG bacilli have
been found in the blood of persons vaccinated against TB with BCG vaccine (Xalabarder,
1958). This provides us with insight of the importance of L-form conversion phenomenon
for the behavior, persistence and safety of live BCG vaccines.

Fig. 9. Formation of BCG L-form cells (L) within the vacuoles in guinea pigs peritoneal
macrophages: a, b, ¢ -at day 1 after BCG installation, the interactions of BCG bacilli () with
peritoneal cells demonstrated initial phases of phagocytosis including attraction, adhesion
and attachment of bacteria to the phagocytes and processes of bacterial enclosing and
engulfment; d, e, f- at day 45 after BCG installation, formation of BCG L-form cells (L)
within the vacuoles near to mitochondria (M); d, e - L-form multiplication inside
macrophages; f- BCG L-form large bodies , surrounded by multi membranes; Bar = 0.5 pm
(Markova et al., 2008 )

5. Reversion of mycobacterial L-forms to classical TB bacilli

Reversion of L-forms to normal parental bacteria is an important property, which is
inducible by changing the condition of cultivation in vitro or occurs spontaneously in vivo
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under favorable for the pathogen circumstances. Mattman defined the essential factors for
reversion, the most popular of which are omission of the inducing agent, changes in
nutrition, concentrating populations, inoculation in to experimental animals and others
(Mattman, 2001). Of special interest is the reversion stimulated by products from microbes.
Rathham & Chandrasekhar reported about reversion of filterable variants of tubercle
bacillus from sputum by culturing with Freund’s adjuvant (Rathham & Chandrasekhar,
1976). Although atypical forms are genetically programmed to develop a cell wall, it is not
yet clear how compromised cell wall deficient bacteria mobilize the energy necessary for
reversion to bacterial walled phase. It is interesting to note that the reversion
of mycobacterial L-forms to normal TB bacilli appeared to be more difficult and slower,
when compared to other bacteria.

There is a widespread assumption, which perceives the dormant state of M. tuberculosis as a
reversible state or as ability of mycobacteria to reverse into active state and to reactivate the
disease (Shleeva et al., 2010). Recently, it has been found that bacteria possess a specific
system for autoregulation of growth and development, which participates in control of cell
differentiation at the level of regulation of the functional activity of subcellular components
and of the cell as a whole (Shleeva et al., 2010). Resuscitation-promoting factors have also
been identified and their role in latency and reactivation of tuberculosis have been
investigated (Biketov et al., 2007; Zhang et al., 2001;). Five genes encoding Rpf-like proteins
have been found in M. tuberculosis genome, which may act in reactivation of “nonculturable
" forms of M. tuberculosis (Kana et al., 2008; Mukamolova et al., 2002; Tufariello et al., 2004).
Shleeva et al. (2003) found that cell-free culture liquid of an exponential-phase
Mycobacterium tuberculosis culture or the bacterial growth factor Rpf exerted a resuscitating
effect, substantially increasing the growth capacity of the nonculturable cells in liquid
medium. During resuscitation of nonculturable cells, a transition from ovoid to rodlike cell
shape occurred.

6. Clinical significance and role of mycobacterial L-forms

Arguments for and against significance of L-forms as infecting and persisting agents,
respectively their role in human and animal diseases, are limited because of difficulties in
their isolation, cultivation and identification. However, a lot of papers, reviews (Allan et al.,
2009; Beran et al, 2006; Domingue and Woody, 1997, Domingue, 2010; Gumpert &
Taubeneck, 1983; Onwuamaegbu et al., 2005, Zhang, 2004) and several monographs
(Domingue, 1982; Mattman, 2001; Prozorovski et al., 1981), support the concept that L-forms
can be induced in vivo, can persist there for a significant span of time and can be the cause
for latent, chronic and relapsing/recurrent infections, as well as for diseases of unknown
infectious-allergic or autoimmune origin.

However, of all the bacteria, L-forms predominate and are crucial to the survival of M.
tuberculosis in vivo. Therefore they are thought of as carriers of a tubercular constitution
(Mattman, 2001). The understanding of cell wall deficiency in M. tuberculosis may occur as
consequence of a long-lasting interaction with the host and as a strategy to ensure its
survival and persistence in vivo is still limited, as mycobacteria are quite difficult to detect,
especially when in their viral-like, cryptic state. Although the mechanisms of spontaneously
occurring in vivo cell wall deficient forms are difficult to explain, many authors have
considered that mycobacteria, undergoing L-form transformation, are of clinical significance

www.intechopen.com



Cell Wall Deficiency in Mycobacteria: Latency and Persistence 207

for the incidence of relapses and are a prognostic unfavorable indicator (Berezovski &
Salobai, 1988; Dorozhkova. et al.,, 1989, Dorozhkova et al., 1990; Khomenko et al., 1980).
Observation of atypical, non-acid fast and cell wall deficient forms of M. tuberculosis in
patient specimens suggests their occurrence in vivo. Kochemasova succeeded in isolating M.
tuberculosis L-forms from cerebrospinal fluid, from resected sections of different organs of
tuberculosis patients, as well as from urine of patients with renal tuberculosis during long
lasting chemotherapy (Berezovski & Golanov, 1981; Kochemasova et al, 1970;
Kochemasova, 1975). L-variants of M. tuberculosis were observed during antibacterial
therapy of tuberculosis meningitis by Kudriavtsev et al. (1974). Of special interests were the
reports by different authors about isolation of Mycobacterium tuberculosis L-forms from
sputum and caverns of patients with pulmonary tuberculosis (Takahashi, 1979a, 1979b;
Tsybulkina, 1979;). Zhu et al. (2000) found cell wall deficient forms of M. tuberculosis in
biological material,particularly sputum and blood from patients with pulmonary
tuberculosis. The first report of L-forms from Mycobacterium scrofulaceum infection, occurring
in an 11 -year- old boy, was made by Korsak (1975). L-colonies consisting of non- acid fast
coccoids and large spheres grew from autopsy materials (dermal lesions, brain, spleen,
kidney, lung and intesties), sometimes making syncitya and reverting to acid fast bacilli.

Regardless of the huge progress in TB research and the development of new molecular
technologies, pathogenesis of latent tuberculosis is still not well understood. The dynamic
hypothesis of Cardona (2009) suggests that latent tuberculosis infection is caused by the
constant endogenous reinfection of latent bacilli. Considering this hypothesis, constant
"escape" of bacilli from granulomas before fibrosis is the primary source of bacteria,
reactivation would never occur after a specific time period, unless the host suffered an
immunosuppressive episode (Cardona & Ruiz-Manzano, 2004). Of special interest is the
finding that foamy macrophages are able to maintain a stressful environment that keeps the
bacilli in non-replicating state, but on the other hand, allow them to escape from
granulomas, making them more resistant to future stressful conditions (Cardona et al., 2000;
Cardona et al.; 2003; Cardona, 2009).

Currently, asymptomatic latent tuberculosis is defined not by identification of bacteria, but
by host immune response tests. Although individuals with latent tuberculosis harbor viable
bacteria, it is difficult to identify them (Young et al., 2009; Manabe & Bishai, 2000). Among
the unresolved mysteries of latent tuberculosis is the nature and anatomical situation of
persisting tubercle bacilli (Grange 1992). The common observation that acid-fast bacilli are
frequently absent in smears is an indication that pathology may result from in vivo
propagation of cell wall deficient mycobacteria (Domingue, 1982; Judge& Mattman, 1982).
Thus, if diagnosis by finding these forms (cell wall free, non acid-fast persisting bacilli)
becomes practice, it may have valuable application in diagnosis of latent tuberculosis.

There are many tuberculous syndromes in which the aetiology is occult or imitative of other
diseases (Domingue, 1982; Judge & Mattman, 1982). Traditional concept of the
mycobacterial aetiology of sarcoidosis and especially the assumption that cell wall deficient
forms rather than bacillary are involved has been supported by several reports. Varying acid
fast spindle-shaped or yeast-like structures, termed pleomorphic chromogens, and cell wall
deficient forms of M. tuberculosis complex were detected in lymph node tissue from subjects
with sarcoidosis (Alavi and Moscovic, 1996; Moscovic,1978). Cantwell also suggested that
acid-fast organisms, found in skin lymph nodes and lung tissue from patients with
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sarcoidosis, were mycobacterial cell wall deficient forms (Cantwell, 1982a,b). Judge &
Mattman grew mycobacterial cell wall deficient forms (predominantly coccoid forms, larger
L forms and short acid-fast rods) from blood of patients with sarcoidosis (Judge & Mattman,
1982). Polymerase chain reaction (PCR) was used to detect mycobacterial DNA in clinical
samples from patients with sarcoidosis and in half the sarcoidosis patients was found M
tuberculosis DNA (Saboor et al, 1992). A report, describing the molecular characterization of
M. tuberculosis complex isolates from patients with sarcoidosis and tuberculosis, showed
that half of the isolates from sarcoidosis patients did not resemble the spoligotypes of the
isolates from patients with tuberculosis (Gazouli et al., 2005). Cell wall-defective
mycobacteria were isolated also from skin lesions and cerebrospinal fluid of patients with
sarcoidosis and identified to be M. a. paratuberculosis or other M. avium-intracellulare complex
members (El-Zaatari et al., 1996). A relationship between cell wall deficient forms of M. a.
paratuberculosis and Crohn’s disease has been found by some authors, although this
aetiological agent has not yet been conclusively proven (Hermon-Taylor and Bull, 2002;
Hulten et al., 2001 a, b, ¢; Sechi et al. ,2001; Schwartz et al., 2000).

Future research in the field of cell wall deficiency in mycobacteria promises an increased
accent on its association with latent and persistent bacterial state, which should be
supported with modern molecular biological evidences. In order to better understand the
nature of L-conversion phenomenon, it will be important to correlate in vitro with in vivo
(experimental animals and patients) findings.

Since many researchers do not believe in existence of L-conversion phenomenon in
mycobacteria, molecular genetic studies are relatively scarce (Hulten et al., 2000a,b; Lu et al,
2009; Melnikoava &, Mokrousova, 2006; Vishnevskaia et al. , 2001; Wang et al., 2007; Wall et
al., 1993). On the other hand, L-forms are “difficult-to-identify” by most of the standard
DNA-based tests, probably due to their unusual life style and irregular division. The relative
scarcity and rather inaccessibility of the genetic material in L-forms make them generally
difficult for genetic studies. De Wit & Mitchison (1993) indicated that mycococci derived
from mycobacteria did not exist. The authors examined stored cultures of the mycococcus
form of M. bovis BCG and M. phlei which were prepared by Csillag in 1972 and 1969 and
found that restriction fragment patterns of the DNA of the variant forms and the parent
mycobacteria were not similar. Traag et al (2009) also found no evidence that mycobacteria
produced free-living "spores" (i.e cocci). However, the verification of L-forms isolated from
experimental animals as genuine M. tuberculosis but not as contaminating bacteria became
possible in our study, with species - specific spoligotyping test (spacer oligonucleotide
typing technique) and after some modification of the initial steps in preparing the L-form
cultures (Markova et al., 2008a). Spoligotyping results provided interesting insight into the
occurrence of certain polymorphisms, i.e. insertion or deletion of spacer signals in some of
the L-form isolates. In our laboratory, we have also gained much experience in experiments
to obtain stable mycobacterial L-forms in vitro and have already developed a reproducible
protocol, which allows obtaining sufficient biomass of L-cultures to get enough DNA.
Under screening is a spectrum of the most examined genes for detection, identification and
characterization of Mycobacterium tuberculosis complex in stable mycobacterial L-form
cultures. The next necessary step after gene screening would be the sequencing analysis, in
order to understand what kind of genetic events happen during L-transformation and
which mechanisms lead to cell wall deficiency.
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7. Conclusion

In conclusion, tubercle bacilli may use L-form conversion as unique adaptive strategy to
survive and reproduce under unfavorable conditions in hosts. Possibility for persistence and
reversion of L-forms to classical TB bacilli in vivo elaborates on some specific aspects of L-
conversion phenomenon and link them to the mechanisms at play in latent tuberculosis.
Morphologically modified and non-acid fast L-forms of mycobacteria are difficult to identify
and often remain unrecognized, or are mistaken for contaminants. “L-form persistence
phenomenon” of actively growing and propagating by unusual modes cell wall deficient
cells differs definitively from the current understanding for latency as persistence of a
few‘non-replicating”” or “dormant” bacteria. Mycobacterial L-forms give rise to many
unsolved questions concerning their biology and behavior in vivo, as well as about the
genetic regulatory mechanisms leading to their appearance. Cell wall deficiency in
mycobacteria remain an interesting topic that needs to be re-examined in the context of
modern molecular biology.

8. Acknowledgment

This work was supported by grant ID Ne 02/27 of the National Scientific Fund in Bulgaria.

9. References

Alavi, H. & Moscovic, E. (1996). Immunolocalization of cell-wall-deficient forms of
Muycobacterium Tuberculosis complex in sarcoidosis and in sinus histiocytosis of
lymph nodes draining carcinoma. Histology and Histopathology, Vol.11, No3, (July
1996), pp.683-694, ISSN: 1699-5848

Allan, E.; Hoishen, C. & Gumpert, J. (2009). Bacterial L-forms. Advances in Applied
Microbiology, Vol.68, (May 2009), pp. 1- 39, ISSN: 0065-2164

Armbruster, C.; Junker, W.; Vetter, N.& Jaksch, G. (1990). Disseminated bacilli Calmette-
Guerin infection in an AIDS patient 30 years after BCG vaccination. The Journal of
Infectious Diseases, Vol. 162, No5 (November 1990), pp.1216, ISSN: 0022-1899

Belianin, I; Nikolaeva, G. & Martynova, L. (1997). Action of dissolved ozone on
mycobacterium tuberculosis and alveolar macrophages in experimental
tuberculosis. Problemy Tuberkuleza, Nol, pp.56-59, ISSN: 0032-9533

Beran, V.; Havelkova, M.; Kaustova, J.; Dvorska, L. & Pavlik 1. (2006). Cell wall deficient
forms of mycobacteria: a review. Veterinarni Medicina, Vol. 51, No 7, pp.365-389,
ISSN: 03758427

Berezovski, B. & Golanov, V. (1981). Mycobacterium tuberculosis L forms in patients with
abacillary lung caverns. Problemy Tuberkuleza, No6, (June 1981), pp.22-25, ISSN:
0032-953

Berezovskii, B. & Salobai, R. (1988). The role of L variants of Mycobacteria in the
development and clinical course of recurrences of pulmonary tuberculosis.
Problemy Tuberkuleza, No4, (July 1988), pp.32-35, ISSN: 0032-9533

Biketov, S.: Potapov, V.; Ganina, E.; Downing, K., Kana, B. & Kaprelyants, A. (2007). The role
of resuscitation promoting factors in pathogenesis and reactivation of
Mycobacterium tuberculosis during intra- peritoneal infection in mice. BMC
Infectious Diseases, Vol.7 (December 2007), pp.146, ISSN:1471-2334

Boris, M.; Teubner, D. & Shinefield, H. (1969). Bacterial interference with L-forms. Journal of
Bacteriology, Vol.100, No2, (November 1969), pp.791-795, ISSN: 0021-9193

www.intechopen.com



210 Understanding Tuberculosis — Deciphering the Secret Life of the Bacilli

Calmette, A.& Valti, J. (1926). Virulent filterable elements of the tubercle bacillus, Annals of
Medicine, Vol.19, (March 1926), pp.553, ISSN:16512219

Cantwell, A. (1982a).Variably acid-fast bacteria in a rare case of coexistent malignant
lymphoma and cutaneous sarcoid-like granulomas. International Journal of
Dermatology, Vol.21, No9, (November 1982), pp. 99-106, ISSN: 00119059

Cantwell, A.(1982b). Histologic observations of variably acid-fast pleomorphic bacteria in
systemic sarcoidosis: a report of 3 cases. Growth, Vol.46, No2, pp.113-125, ISSN:
0017-4793

Cardona, P. & Ruiz-Manzano, J. (2004). On the nature of Mycobacterium tuberculosis-latent
bacilli. European Respiratory Journal, Vol.24, No6, (December 2004), pp.1044-51,
ISSN: 0903-1936

Cardona, P.; Gordillo, S.; Diaz, J.; Tapia, G.; Amat, I; Pallarés, A.; Vilaplana, C.; Ariza, A. &
Ausina, V. (2003). Widespread bronchogenic dissemination makes DBA/2 mice
more susceptible than C57BL/6 mice to experimental aerosol infection with
Mycobacterium tuberculosis. Infection and Immunity, Vol.71, No pp.5845-5854, ISSN:
0019-9567

Cardona, P. (2009). A dynamic reinfection hypothesis of latent tuberculosis infection.
Infection, Vol. 37, No2, (April 2009), pp.80-86, ISSN: 0300-8126

Cardona, P.; Llatjos, R.; Gordillo, S.; Diaz, J.; Ojanguren, I.; Ariza, A.& Ausina, V. (2000).
Evolution of granulomas in mice infected aerogenically with Mycobacterium
tuberculosis. Scandinavian Journal of Immunology, Vol.52, No2 (August 2000), pp.156-
163, ISSN: 0300-9475

Chandrasekhar, S., & Ratnam, S. (1992). Studies on cell-wall deficient non-acid fast variants
of Mycobacterium tuberculosis. Tubercle and Lung Diseases , Vol. 73, No5, (October
1992), pp.273-279, ISSN: 0962-8479

Csillag, A. (1964). The Mycococcus Form of Mycobacteria. Journal of General Microbiology,
Vol. 34, No 2, pp. 341-352, ISSN: 0022-1287

de Wit, D. & Mitchison, D. (1993). DNA analysis demonstrates that mycococcus forms are
not mycobacteria. Tubercle and Lung Diseses, 1993; Vol.74, No2, (April 1993), pp.96-
99, ISSN:0962-8479

Dienes, L. & Weinberger, H. (1951). The L- forms of Bacteria. Bacteriology Reviews, Vol. 15,
No4 (December 1951), pp.245-288, ISSN: 1082-0132

Domingue, G. (1982). Cell-wall Deficient Bacteria: Basic Principles and Clinical Significance.
Reading MA: Addison Wesley Publishing Co, ISBN: 0-201-10162-9, Reading MA

Domingue, G. (2010). Demystifying pleomorphic forms in persistence and expression of
disease. Discovery Medicine, Vol.10, No52, (September 2010), pp.234-246, ISSN: 1539-
6509

Domingue, G.& Woody, H. (1997). Bacterial persistence and expression of disease. Clinical
Microbiology Reviews Vol. 10, No2, (April 1997), pp. 320-344, ISSN 1098-6618

Dorozhkova, I. & Volk A. (1972). Dihydrostreptomycin as a factor inducing L-forms in M.
tuberculosis. Antibiotiki, Vol.17, No10, (October 1972), pp.915-922, ISSN:0003-5637

Dorozhkova, I & Volk, A. (1973). Induction of L-forms of Mycobacterium tuberculosis under
the action of ethambutol, ethionamide and their combinations with some antibiotic
and tuberculostatic drugs Antibiotiki, Vol. 18, No2 (February 1973), pp.144-148.
ISSN: 0003-5637

Dorozhkova, I; Karachunskii, M. ; Abdullaeva, E.; Gamzaeva, N. & Kochetkova, E.
(1989).Isolation of mycobacteria L forms as a prognostic criterion of recurrence and
aggravation of tuberculosis in patients with extended residual tuberculous lesions
of the lungs. Problemy Tuberkuleza, No3, pp. 14-18, ISSN: 0032-9533 Dorozhkova, L;

www.intechopen.com



Cell Wall Deficiency in Mycobacteria: Latency and Persistence 211

Krudu, V. & Popesku, T. (1990). Clinical value of detection of L forms of
Mycobacterium tuberculosis in patients with residual tuberculous changes in the
lungs. Problemy Tuberkuleza, No12, pp.5-8, ISSN: 0032-953

Draper, P.(1998). Draper, P.(1998). The outer parts of mycobacterial envelope as
permeability barriers. Frontiers in Bioscience Vol. 15, (December 1998), No3, pp.
1253-1261 ISSN: 1093-9946

El-Zaatari, F.; Naser, S,; Markesich, D; Kalter, D.; Engstand, L. & Graham, D.(1996).
Identification of Mycobacterium avium complex in sarcoidosis. Journal of Clinical
Microbiology, Vol.34, No9. (September 1996), pp.2240-2245, ISSN: 0095-1137

Flynn, J. & Chan, J. (2001). Tuberculosis: latancy and reactivation. Infection and Immunity,
Vol. 69, No7, (July 2001), pp.4195-4201, ISSN: 0019-9567

Fodor, M. & Roger, H. (1966). Antagonism between vegetative cells and L-forms of Bacillus
lichniformis 6346. Nature, Vol. 211, No5049, (August 1966), pp. 658-659. ISSN: 0028-
0836

Gazouli, M.; Mantzaris, G.; Archimandritis, A.; Nasioulas, G. & Anagnou, N. (2005). Single
nucleotide polymorphisms of OCTN1, OCTN2, and DLG5 genes in Greek patients
with Crohn's disease. World Journal of Gastroenterology, Vol.11, No47, (December
2005), pp.7525-7530, ISSN: 1007:9327

Ghosh, J.; Larsson, P.; Singh, B.; Pettersson, BMF, Islam NM, Sarkar SN, Dasgupta S,
Kirsebom LA (2009) Sporulation in mycobacteria. Proc Natl Acad Sci USA, Vol.106,
No26, (June 2009), pp.10781-10786, ISSN: 1091-6490

Grange, ].(1992).The mystery of the mycobacterial 'persistor'. Tubercle and Lung Diseases, Vol.
73, No5, (October 1992), pp. 249-51 ISSN: 0962-8479

Gumpert, J. & Taubeneck, U. (1983).Characteristic properties and biological significance of
stable protoplast type L-forms. Experientia Supplimentum, Vol.46, pp.227-41, ISSN:
0071-335X

Hammes, W.; Schleifer, K. & Kandler, O. (1973). Mode of action of glycine on the
biosynthesis of peptidoglycan. Journal of Bacteriology, Vol. 116, No2, (November
1973), pp. 1029-1053, ISSN: 0021-9193

Henderson, B.; Lund, P. & Coates, A. (2010). Multiple moonlighting functions of
mycobacterial molecular chaperones.Tuberculosis (Edinb), Vol.90, No2, (March
2010), pp.119-124, ISSN: 1472-9792

Hines, M. & Styer, E. (2003). Preliminary characterization of chemically generated
Mycobacterium avium subsp. paratuberculosis cell wall deficient forms (Spheroplasts).
Veterinary Microbiology, Vol.95, No4, (September 2003), pp.247-258, ISSN: 0378-1135

Hermon-Taylor, J. & Bull T. (2002). Crohn’s disease caused by Mycobacterium avium
subspecies paratuberculosis: A public health tragedy whose resolution is long
overdue. Journal of Medical Microbiology,Vol 51, Nol (January, 2002), pp.3-6, ISSN:
0022-2615

Hulten, K.; Karttunen, T; El-Zimaity, H.; Naser, S.; Almashhrawi, A; Graham, D.; El-Zaatari,
F (2000a): In situ hybridization method for studies of cell wall deficient M.
paratuberculosis in tissue samples. Veterinary Microbiology, Vol.77, No3-4, (December
2000), pp. 513-518, ISSN: 0378-1135

Hulten, K; Karttunen, T.; El-Zimaity, H.; Naser, S.; Collins, M.; Graham, D. & El-Zaatari, F.
(2000Db). Identification of cell wall deficient forms of M. avium subsp. paratuberculosis
in paraffin embedded tissues from animals with Johne’s disease by in situ
hybridization. Journal of Microbiological Methods, Vol.42, No2, (October 2000),
pp.185-195, ISSN: 1872-8359

www.intechopen.com



212 Understanding Tuberculosis — Deciphering the Secret Life of the Bacilli

Hulten, K.; El-Zimaity, H.; Karttunen, T.; Almashhrawi, A.; Schwartz, M.; Graham, D.; El-
Zaatari, F. (2001). Detection of Mycobacterium avium subspecies paratuberculosis in
Crohn’s diseased tissues by in situ hybridization. American Journal of
Gastroenterology, Vol96, No5 (May 2001), pp.1529-1535, ISSN: 0002-9270

Imaeda, T. (1975). Ultrastructure of L-phase variants isolated from a culture of
Mycobacterium phlei. The Journal of Medical Microbiology.Vol.8, No 3, pp. 389-395,
ISSN: 0022-2615

Judge, M. & Mattman, L.(1982). Cell wall-deficient mycobacteria in tuberculosis, sarcoidosis
and leprosy. In. Cell wall deficient bacteria. Domingue GJ, ed., pp. 257-29, Addison -
Wesley , ISBN: 0-201-10162-9,MA, USA

Juhasz, S. (1962). Aberrant forms of Mycobacterium phlei produced by streptomycin and their
multiplication on streptomycin-free media. Journal of General Microbiology, Vol. 28,
(April 1962), pp.9-13, ISSN:0022-1287

Justice, S.; Hunstad, D.; Cegelski, L. & Hultgren, S. (2008). Morphological plasticity as
bacterial survival strategy. Nature Reviews Microbiology, Vol.6, No2, (February 2008),
pp.162-168, ISSN: 1740-1526 Kana, B.; Gordhan, B.; Downing, K. Sung, N,
Vostroknutova, G.; Machowski, E.; Tsenova, L; Young, M., Kaprelyants, A,
Kaplan, G. & Mizrahi, V. (2008). The resuscitation-promoting factors of
Mycobacterium tuberculosis are required for virulence and resuscitation from
dormancy but are collectively dispensable for growth in wvitro, Molecular
Microbiology, Vol.67, No3, ( February 2008), pp. 672-684, ISSN: 0950-382X

Kaprelyants, A.; Gottschal, J.& Kell, D. (1993). Dormancy in non-sporulating bacteria. FEMS
Microbiology Reviews, Vol. 10, No3-4, (April 1993) pp. 271-285, ISSN: 1574-6976

Keane, J.; Remold, H. & Kornfeld, H. (2000). Virulent Mycobacterium tuberculosis strains
evade apoptosis of infected alveolar macrophages. Journal of Immunology, Vol. 164,
No4, (February 2000), pp.2016-2020, ISSN: 0022-1767

Khomenko, A.; Karachunskii, M.; Dorozhkova, I, Chukanov, V., Balta, I. (1980). L-
transformation of the mycobacterial population in the process of treating patients
with newly detected destructive pulmonary tuberculosis. Problemy Tuberkuleza,
No2, (February 1980), pp.18-23, ISSN: 0032-9533

Klieneberger-Nobel, E. (1951). Filterable forms of bacteria. Bacteriology Review, Vol. 15, No2,
(June 1951), pp. 77-103, ISSN: 1082-0132

Koch, A. (2003).Cell wall-deficient (CWD) bacterial pathogens: Could amylotrophic lateral
sclerosis (ALS) be due to one? Critical Review in Microbiology, Vol.29, No3, pp. 215-
221, ISSN: 1549-7828

Kochemasova, Z.; Dykhno, M.; Prozorovski, S.; Kassirskaia, N,. & Bakanova, D. (1968). L-
transformation of M. tuberculosis strains isolated from patients treated with
antibiotics. Problemy Tuberkuleza, Vol.46, No8, pp.64-67, ISSN: 0032-9533.

Kochemasova, Z.; Kudriavtsev, A.; Dykhno, M. &, Kassirskaia, D. (1970). Isolation of L-
forms of mycobacteria from pathological material of tuberculosis patients. Problemy
Tuberkuleza, Vol.48, Nol2, pp. 63-65, ISSN: 0032-953

Kochemasova, Z.; Dykhno, M.; Kassirskaia, N. & Bakalova, D. (1975). L-forms in the urine of
patients with renal tuberculosis. Problemy Tuberkuleza, No4, pp.68-70, ISSN: 0032-
953

Korsak, T. (1975). Occurrence of L-forms in a case of generalized mycobacteriosis due to
Mycobacterium scrofulaceum. Acta Tuberculosea et Pneumologica Belgica, Vol.66, No6,
(November 1975), pp.445-469,

Kremer, L. & Besra, G. (2005).A waxy tale, by Mycobacterium tuberculosis pp. 287-305. In
Tuberculosis and the tubercle bacillus. ASM Press, ISBN: 0001-7078, Washington

www.intechopen.com



Cell Wall Deficiency in Mycobacteria: Latency and Persistence 213

DC; Kudriavtsev, A.; Kochemasova, Z.; Dykhno, M.; Kassirskaia, N. & Bakanova D.
(1974). Characteristics of the course of meningeal tuberculosis with the presence of
L-forms of Mycobacterium tuberculosis in the cerebrospinal fluid. Problemy
Tuberkuleza, No2, pp.35-39, ISSN: 0032-953

Li, G. (1990). Induction of L-forms of M. tuberculosis in vivo in guinea pigs. Zhonghua Jie He
He Hu Xi Za Zhi). Vol. 13, No6, (December 1990), pp.351-354, ISSN:0254-6450

Lu, J; Ye, S,; Li, C; Sai, W.& Li, W. (2009). Sequence analysis on drug-resistant gene of rpoB
in Mycobacterium tuberculosis L-forms among pneumoconiosis patients
complicated with tuberculosis. Zhonghua Liu Xing Bing Xue Za Zhi, Vol.30, No5,
(May 2009), pp.486-488, ISSN:0254-6450

Manabe, Y. & Bishai, W. (2000). Latent Mycobacterium tuberculosis-persistence, patience,
and winning by waiting. Nature Medicine, Vol.6, No12, (December 2000), pp.1327-
1329, ISSN : 1078-8956 ISSN: 10010939

Markova, N. (2009). Hidden face of tuberculosis. Bioscience Hypotheses, Vol.2, No6, (July
2009), pp. 441-442, ISSN: 1756-2392

Markova, N.; Michailov, L.; Vesselinova, A.; Kussovski, V.; Radoucheva, T.; Nikolova S. &
Paskaleva, I. (1997). Cell wall-deficient forms (L-forms) of Listeria monocytogenes in
experimentally infected rats. Zentralblatt fiir Bakteriologie, Vol.286, Vol.1, (June 1997),
pp-46-55, ISSN: 1438-4221

Markova, N.; Michailova, L.; Jourdanova, M.; Kussovski, V.; Valcheva, V.; Mokrousov, 1. &
Radoucheva, T. (2008a). Exhibition of persistent and drug-tolerant L-form habit of
Mycobacterium tuberculosis during infection in rats. Central European Journal of
Biology, Vol. 3, No 4, (December 2008), pp. 407-416, ISSN: 1895-104X Markova, N.;
Michailova, L.; Kussovski , V. & Jourdanova, M. (2008b). Formation of persisting
cell wall deficient forms of Mycobacterium bovis BCG during interaction with
peritoneal macrophages in guinea pigs. Electronic Journal of Biology, Vol. 4, Nol,
pp.1-10, ISSN: 1860-3122

Markova, N.; Slavchev, G.; Michailova, L. & Jourdanova, M. (2010). Survival of Escherichia
coli under lethal heat stress by L-form conversion. International Journal of Biological
Sciences, Vol. 6, No4, (June 2010), pp.303-315, ISSN: 1449-2288

Mattman, L.; Tunstall, L.; Mathews, W. & Gordon D. (1960). L-variation in mycobacteria.
American Review of Respiratory Diseases, Vol. 82, No2, (August 1960), pp. 202-211,
ISSN: 0003-0805

Mattman, L. (1970). Cell wall-deficient forms of mycobacteria. Annals of the New York
Academy of Sciences Vol.174, No 2, (October 1970), pp. 852-861, ISSN: 0077-8923

Mattman, LH. (2001). Cell wall Deficient Forms. Stealth Pathogens, 3rd ed., CRC Press Inc,
ISBN: 0-8493-8767 Boca Raton, FL, USA

Melnikoava, N. &, Mokrousova, I. (2006). Study of rifampicin resistance in L-forms of
Mycobacterium tuberculosis, by analyzing rpoB gene mutations. Problemy
Tuberkuleza, Noll, pp. 22-24, ISSN: 1728-2993

Merkal, R.; Rhoades, K.; Gallagher, ]J. & Ritchie, A. (1973). Scanning electron microscopy of
mycobacteria. American Review of Respiratory Diseases, Vol. 108, No2, (August 1973),
pp.381-387, ISSN: 0003-0805

Michailova, L.; Stoitsova, S.;Markova, N. ;Kussovski, V.;Jourdanova, M. & Dimova, 1.
(2000a). Interaction of alveolar macrophages with Staphylococcus aureus and
induction of microbial L-forms during infection in rats. International Journal of
Medical Microbiology, Vol. 290, No 3, (July 2000), pp.259-267, ISSN: 1438-4221

Michailova, L.; Kussovski, V.; Radoucheva, T.; Jordanova, M.; Berger, W.; Rinder, H. &
Markova, N. (2005). Morphological variability and cell wall deficiency in

www.intechopen.com



214 Understanding Tuberculosis — Deciphering the Secret Life of the Bacilli

Mycobacterium  tuberculosis ‘heteroresistant’ strains. International Journal of
Tuberculosis and Lung Diseases, Vol. 9, No8, (August 2005), pp.907-914, ISSN: 1027-
3719

Mihailova, L.; Markova, N.; Radoucheva, T.; Veljanov, D. & Radoevska, S. (1993). Cell
interaction of Listeria monocytogenes L-forms and peritoneal exudative cells in rats.
Canadian Journal Microbiology, Vol. 39, Nol1l, (November 1993), pp.1014-1021, ISSN:
0008-4166

Michailova, L.; Markova, N.; Radoucheva, T.; Stoitsova, S.; Kussovski, V. & Jordanova, M.
(2000b). Atypical behaviour and survival of Steptococcus pyogenes L-forms during
intraperitoneal infection in rats. FEMS Immunology and Medical Microbiology , Vol.
28, Nol, (May 2000), pp.55-65, ISSN: 1574-695X Michailova, L.; Kussovski, V;
Radoucheva, T.; Jordanova, M. & Markova, N. (2007). Persistence of Staphylococcus
aureus L-forms during experimental lung infection in rats. FEMS Microbiology
Letters, Vol. 268, Nol, (March 2007), pp. 88-97, ISSN: 0378-1097

Miller, F. (1932). The induced development of non-acid fast forms of bacillus tuberculosis
and other mycobacteria. Journal of Experimental Medicine, Vol.56, No3 (August 1932,
pp 411-424, ISSN::0022-1007

Mitchel, P. & Moyle, J. (1956). Autolytic protoplast release in Bacterium coli. Nature, Vol.3,
No178, (November 1956), pp.993, ISSN: 0028-0836

Moscovic, E. (1978). Sarcoidosis and mycobacterial L-forms: a critical reappraisal of
pleomorphic chromogenic bodies (Hamazaki corpuscles) in lymph nodes. Pathology
Annual, Vol.13, No2, pp.69-164, ISSN: 0079-0184

Much, H. (1931). Die Variation des Tuberkelbacillus in Form und Wirkung. Beitrage zur
Klinik der Tuberkulose, Vol.77, No 1, (March, 1931), pp.60-71, ISSN: 0366-0966

Mukamolova, G.; Turapov, O.; Young, D.; Kaprelyants, A.; Kell, D. & Young, M. (2002). A
family of autocrine growth factors in Mycobacterium tuberculosis. Molecular
Microbiology, Vol. 46, No3, (November 2002), pp.623-635, ISSN: 0950-382X

Naser, S.; McCarthy, C.; Smith, G.& Tupponce, A. (1993). Low temperature protocol for
efficient transformation of Mycobacterium smegmatis spheroplasts. Current
Microbiology, Vol. 27, No3, (September 1993), pp. 153- 156, ISSN: 1432-0991

Norris, V. (2011). Speculations on the initiation of chromosome replication in Escherichia
coli: the dualism hypothesis. Medical Hypothesis, Vol.76, No5, (May 2011), pp.706-
716, ISSN: 03069877

Onwuamaegbu, M.; Belcher, R. & Soare, C. (2005). Cell wall-deficient bacteria as a cause of
infections: a review of the clinical significance. Journal of International Medical
Research, Vol. 33, Nol (January 2005), pp. 1- 20, ISSN: 0300-0605

Pla' Y Armengol, R. (1931). Die verschiedenen Formen des Tuberkuloseerregers. Beitrige zur
Klinik der Tuberkulose, Vol.77, pp.47-55

Postgate, J. & Hunter, ]. (1962). The survival of starved bacteria. Journal of General
Microbiology, Vol. 29, (October 1962) pp.233-267, ISSN: 0022-1287

Prozorovski, S.; Kaz, L. & Kagan, G. (1981). L-formsof bacteria (mechanisms of formation,
structure, role in pathology). Medicine Publishing, ISBN: 50500-347, Moscow

Ratnam, S. &Chandrasekhar, S. (1976).The effect of gravitational forces on the viability of
spheroplasts of mycobacteria. Canadian Journal of Microbiology, Vol. 22, No 9,
(September 1976), pp.1397-1399, ISSN: 0008-4166

Reynes, J.; Perez, C; Lamaury, I.; Janbon, F. & Bertrand, A. (1989). Bacille Calmette-Guérin
adenitis 30 years after immunization in a patient with AIDS. The Journal of Infectious
Diseases, Vol. 160, No4, (October 1989), pp. 727, ISSN: 0022-1899

www.intechopen.com



Cell Wall Deficiency in Mycobacteria: Latency and Persistence 215

Riendeau, C. & Kornfeld, H. (2003). THP-1 Cell Apoptosis in Response to Mycobacterial
Infection. Infection and Immunity, Vol.71, Nol, (January 2003), pp. 254-259, ISSN:
0019-9567

Rosenberger, C. & Finlay, B. (2003). Phagocyte sabotage: Disruption of macrophage
signalling by bacterial pathogens. Nature Reviews Mol Cell Biology, Vol. 4, No5, (
May 2003), pp.385-396, ISSN: 1471-0072 Saboor, S.; Johnson, N. & McFadden, J.
(1992). Detection of mycobacterial DNA in sarcoidosis and tuberculosis with
polymerase chain reaction. Lancet, Vol 339, No8800, (April 1992), pp.1012-1015,
ISSN: 1474-547X

Schwartz, D.; Shafran, I.; Romero, C.; Piromalli, C.; Biggerstaff, J.; Naser, N.; Chamberlin, W.
& Naser, 5.(2000). Use of short-term culture for identification of Mycobacterium
avium subsp. paratuberculosis in tissue from Crohn’s disease patients. Clinical
Microbiology and Infection,Vol 6, No6 (June 2000), pp.303-307, ISSN: 1198-743X

Sechi, L.; Mura, M.; Tanda, F.; Lissia, A.; Solinas, A.; Fadda, G.& Zanetti, S. (2001):
Identification of Mycobacterium avium subsp. paratuberculosis in biopsy specimens
from patients with Crohn’s disease identified by in situ hybridization. Journal of
Clinical Microbiology, Vol. 39, Nol2, (December 2001), pp.4514-4517, ISSN: 0095-
1137

Seiler, P.; Ulrichs, T.; Bandermann, S.; Pradl, L.; Jorg, S.; Jorg, S.; Krenn, V.; Morawietz, L.;
Kaufmann, S.& Aichele, P. (2003). Cell-wall alterations as an attribute of
Mycobacterium tuberculosis in latent infection. Journal of Infectious Diseases, Vol. 188,
(November 2003), No9, pp.1326-1331, ISSN: 0022-1899

Shleeva, M.; Kudykina, Y.; Vostroknutova, G.; Suzina, N.; Mulyukin, A.; Arseny, S. &
Kaprelyants, A. (2011). Dormant ovoid cells of Mycobacterium tuberculosis are
formed in response to gradual external acidification. Tuberculosis, Vol. 91, No2,
(March, 2011), pp.146-154, ISSN: 1472-9792

Shleeva, M.; Salina, E. & Kaprelyants, A. (2010). Dormant of Mycobacteria. Mikrobiologiya,
Vol. 79, No. 1, pp.3-15, ISSN: 0026-2617

Shleeva, M.; Mukamolova, G.; Telkov, M.; Berezinskaya, T.; Syroeshkin, A.; Biketov, S. &
Kaprelyants, A. (2003). Formation of nonculturable cells of Mycobacterium
tuberculosis and their resuscitation, Microbiology, Vol. 72, No 1, (January 2003),
pp.76-83, ISSN: 0026-2617

Smith, E.; Thybo, S.& Bennedsen, J. (1992). Infection with Mycobacterium bovis in a patient
with AIDS: a late complication of BCG vaccination. , Scandinavian Journal of
Infectious Diseases, Vol. 24, Nol, (January 1992), pp. 109-110, ISSN: 0036-5548

Snitinskaia, O.; Sibirnaia, R. & Beliakova, O. (1990). The significance of L-form mycobacteria
in the development of pulmonary tuberculosis. Vrachebnoe Delo, No 3 (March 1990),
pp.38-40, ISSN: 0049-6804

Takahashi, S. (1979a). L-phase growth of mycobacteria. 1. Cell walldeficient form of
mycobacteria. Kekkaku, Vol.54, No2, (February 1979), pp. 63-70, ISSN: 0022-9776 .

Takahashi, S. (1979b). L-phase growth of mycobacteria. 2. Consideration on the survival of
tubercle bacillus in caseous . Kekkaku, Vol.54, No4, (April 1979), pp. 231-235, ISSN:
0022-9776.

Thacore, H. & Willett, H. (1966). The formation of spheroplasts of Mycobacterium
tuberculosis in tissue cultures cells. American Review of Respiratory Diseases, Vol. 93,
Nob5, (May 1966), pp.786-796, ISSN: 0003-0805

Traag, B.; Driksb, A.; Stragierc, P.; Bitterd, W.; Broussarde, G.; Hatfulle, G.; Chuf, F.;
Adamsf, K,; Ramakrishnanf, L. & Losicka, R. (2010). Do mycobacteria produce

www.intechopen.com



216 Understanding Tuberculosis — Deciphering the Secret Life of the Bacilli

endospores? Proc Natl Acad Sci USA, Vol. 107, No 2, (January 2010), pp. 878-881,
ISSN 1091-6490

Tsybulkina, I. (1979). Isolation of Mycobacterium tuberculosis and its L-forms from caverns
and sputum of patients with pulmonary tuberculosis. Problemy Tuberkuleza, Nol1,
(November 1979), pp.64-68, ISSN: 0032-953

Tufariello, J.; Jacobs, W. & Chan, ]. (2004). Individual Muycobacterium tuberculosis
resuscitation-promoting factor Homologues are dispensable for growth in vitro and
in vivo. Infection and Immunity, Vol. 72, Nol, (January 2004), pp. 515-526, ISSN:
0019-9567

Udou T,; Ogawa M.& Mizuguchi, Y. (1982). Spheroplast formation of Mycobacterium
smegmatis and morphological aspects of their reversion to the bacillary form. Journal
of Bacteriology, Vol. 151, No2 (August 1982), pp. 1035-1039, ISSN: 0021-9193

Vishnevskaia, E.; Bobchenok, A. & Melnikova, N. (2001). Identification of L-forms of
Mycobacterium tuberculosis complex by polymerase chain reaction (PCR).
Problemy Tuberkuleza, No4, pp.38-40, ISSN: 0032-953 Wall, S.; Kunze, Z.; Saboor, S.;
Soufleri, I.; Seechurn, P.; Chiodini, R. & McFadden ]. (1993). Identification of
spheroplast-like agents isolated from tissues of patients with Crohn’s disease and
control tissues by polymerase chain reaction. Journal of Clinical Microbiology, Vol.31,
No5, (May 1993),pp.1241-1245, ISSN: 0095-1137

Wang, He; Luo, Zhen-hua; Xu, Yan; Liang, Jing-Ping.(2007). Study on genes for drug
resistance of cell-wall deficient M.tuberculosis. Chinese Journal of Antibiotics.No10,
pp. 636-664, ISSN 1001-8689

Wang, H. & Chen, Z. (2001). Observations of properties of the L-form of M. tuberculosis
induced by the antituberculosis drugs. The Chinese Journal of Tuberculosis and
Respiratory Diseases (Zhongua Jie He He Hu Xi Za Zhi), Vol. 24, No 1 (January
2001), pp. 52-55, ISSN: 10010939

Xalabarder, C. (1958). Electron microscopy of tubercle bacilli. Excerpta Medica, Sect XV Chest
Diseases, Vol. 11, Nol (October 1958), pp. 467-473, ISSN: 0014-4320

Xalabarder, C.(1963). The nature of so-called atypical mycobacteria. Neumol Cir Torax,
Vol.24, (July 1963), pp. 259-274, ISSN: 0028-3746 Young, D.; Gideon, H. &
Wilkinson, R. (2009). Eliminating latent tuberculosis. Trends in Microbiology, Vol. 17
No 5, (May 2009), pp.183-188, ISSN 0966-842X

Young, K. (2007). Bacterial morphology: why have different shapes? Current Opinion in
Microbiology, Vol. 10 No 6 (December 2007), pp.596-600, ISSN: 1369-5274

Zhang, Y.; Yang, Y.; Woods, A.; Cotter, R. & Sun, Z. (2001). Resuscitation of Dormant
Mycobacterium tuberculosis by Phospholipids of Specific Peptides. Biochemical and
Biophysical Research Communications, Vol. 284, No2, (June 2001), pp.542-547, ISSN
0006-291X

Zhang, Y. (2004). Persistent and dormant tubercle bacilli and latent tuberculosis. Frontiers in
Bioscience, Vol. 9, Nol, (May 2004), pp.1136-1156, ISSN: 1093-9946

Zhu, M.; Xie, P. & Zhang, Y. (2000). Detecting mycobacteria and their L-forms in peripheral
blood from pulmonary tuberculosis patients by cultivation with hemolyzed-
centrifugated blood in liquid medium. The Chinese Journal of Tuberculosis and
Respiratory Diseases (Zhonghua Jie He He Hu Xi Za Zhi), Vol.23, No9, (September
2000), pp.556-558, ISSN: 10010939

Zumla, A,; Atun, R,; Maeurer, M.; Mwaba, P.; Ma, Z.; O'Grady, ].; Bates, M.; Dheda, K,;
Hoelscher, M. & Grange, ]J. (2011). Viewpoint: Scientific dogmas, paradoxes and
mysteries of latent M. tuberculosis infection. Tropical Medicine and International
Health, Vol.16, Nol, (Januaray 2011), pp.79-83, ISSN: 13602276

www.intechopen.com



Understanding Tuberculosis - Deciphering the Secret Life of the
Bacilli
Edited by Dr. Pere-Joan Cardona

ISBN 978-953-307-946-2

Hard cover, 334 pages

Publisher InTech

Published online 17, February, 2012
Published in print edition February, 2012

Mycobacterium tuberculosis, as recent investigations demonstrate, has a complex signaling expression, which
allows its close interaction with the environment and one of its most renowned properties: the ability to persist
for long periods of time under a non-replicative status. Although this skill is well characterized in other bacteria,
the intrinsically very slow growth rate of Mycobium tuberculosis, together with a very thick and complex cell
wall, makes this pathogen specially adapted to the stress that could be generated by the host against them. In
this book, different aspects of these properties are displayed by specialists in the field.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Nadya Markova (2012). Cell Wall Deficiency in Mycobacteria: Latency and Persistence, Understanding
Tuberculosis - Deciphering the Secret Life of the Bacilli, Dr. Pere-Joan Cardona (Ed.), ISBN: 978-953-307-
946-2, InTech, Available from: http://www.intechopen.com/books/understanding-tuberculosis-deciphering-the-
secret-life-of-the-bacilli/cell-wall-deficiency-in-mycobacteria-latency-and-persistence

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia HE EBTERAERKES S HEERR ARG M AK4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.



http://creativecommons.org/licenses/by/3.0

