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Stress-induced L-forms of Mycobacterium bovis:
a challenge to survivability
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SUMMARY
This study addressed the ability of Mycobacterium bovis to produce unusual extreme morphologic forms (cell walldeficient or L-forms) under stress conditions. Models using nutrient starvation and cryogenic stress treatments of
Mycobacterium bovis, as well as the filtration technique followed by cultivation in semisolid medium, were used for
isolation of L-form variants. Morphological transformations and developmental stages, typical for the bacterial L-cycle were observed by electron microscopy. Of special interest was the formation of giant filaments and common extremely thick membranous structures enveloping the entire L-form population. Following collapse of giant filamentous structures small viable cell elements, mainly granules and coccobacilli, were released and proved able to grow
into large bodies or multiply by fission or budding. Derivation of viable filterable forms from L-form cultures and
parental strain and their identification as Mycobacterium bovis based on specific IS6110 PCR was noteworthy. We
suggest that formation of giant filaments and thick common membranous envelopes, observed under stress conditions,
may serve a twofold purpose - protection against an unfavourable environment, and a role in reproduction of
Mycobacterium bovis L-forms. The observed L-form conversion phenomenon in Mycobacterium bovis seems to be associated with an adaptive strategy of this pathogen for survival and reproduction in an unfavorable environment.
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INTRODUCTION
M. bovis is an etiological agent of bovine tuberculosis. The disease can spread via contaminated
milk and meat and thus presents a heath risk to
humans (Pollock et al., 2001).
M. bovis possesses the ability to withstand unfavorable conditions outside the living body and
thus can persist, remaining infectious for a long
period of time (Tanner and Michel, 1999; Fine et
al., 2011). Morphological plasticity can be assumed as one of the bacterial strategies for survival under harsh conditions (Justice et al., 2008).
The appearance of various aberrant morphological forms in mycobacteria under different stressful environments in vivo and in vitro has been obCorresponding author
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served by many authors (Csillag, 1964; Ghosh et
al., 2009; Shleeva et al., 2011, Michailova et al.,
2005; Beran et al., 2006; Markova et al., 2008a;
2008b; Markova et al., 2012).
An interesting biological phenomenon, including
different morphological transformations, is bacterial L-form conversion, also known as L-cycle or
existence of cell wall-defective bacteria (Dienes
and Weinberger, 1951; Prozorovski et al. 1981;
Domingue, 1982; Mattman, 2001; Allan et al.
2009).
The bacterial L-cycle might be considered an
adaptive reaction for survival under extreme environmental changes and raises provocative questions regarding the unusual life of these morphological forms.
This study addresses special aspects concerning
the ability of M. bovis to exhibit unusual morphological transformations and developmental
stages typical for the bacterial L-cycle under
stress conditions, and to give rise to variable Ltype growths.
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MATERIALS AND METHODS
Bacterial strain
Mycobacterium bovis CRBIP7.106 (isolated from
human bone), purchased from Institute Pasteur,
Paris was used. The strain was grown on
Löwenstein-Jensen (LJ) medium at 37°C for 28
days before experiments.
Experimental design
Models using nutrient starvation, cryogenic treatment and filtration of M. bovis high cell density
population followed by cultivation in semisolid
medium were used for induction and selective isolation of L-form variants. The semisolid medium
was prepared from Middlebrook 7H9 broth (Difco)
solidified with 0.8% (w/v) Bacto Agar (Difco).
For the nutrient starvation experiment, 2 ml of
sterile saline were inoculated with 0.2 g biomass
harvested from a fresh, well-developed LJ culture
of M. bovis and incubated without shaking at
37°C for 30 days. After incubation, the cell suspension was centrifuged at 4000 rpm for 20 min,
the supernatant was removed, the sediment resuspended in 500 µl saline and the whole volume
was plated on semisolid medium. The Petri dishes were enveloped with parafilm and incubated at
37°C for one week, followed by five serial passages of starved mycobacteria in the same medium at weekly intervals.
For the cryogenic treatment experiment, one ml
of sterile saline was inoculated with 0.2 g biomass
harvested from a fresh, well-developed LJ culture
of M. bovis and the suspension was frozen at
-20°C for 72 h. After that, the cell suspension was
thawed and centrifuged at 4000 rpm for 20 min.
The supernatant was removed and the sediment
was resuspended in 500 µl saline and the whole
volume was plated on semisolid medium, after
which five serial passages were performed, as described above.
For the first filtration experiment, bacterial suspensions from L-form cultures, obtained after starvation and cryogenic treatment of M. bovis, were
prepared by lavage with 1500 µl of Middlebrook
7H9 broth of colonies grown on Middlebrook 7H9
semisolid medium. The suspensions were filtrated
through a sterile 25 mm syringe filter with pore
size of 0.22 µm (Fisherband, MCE) and incubated
at 37°C. After two weeks incubation, the filtrated
cultures were centrifuged at 6000 rpm for 15 min.

The resulted pallet was plated on Middlebrook 7H9
semisolid medium and incubated at 37°C for a
week. Colonies that developed were identified by
DNA-based test (IS6110 PCR) and observed by
electron microscopy.
For the second filtration experiment, a bacterial
suspension of control M. bovis strain was prepared as follows: 2 ml of Middlebrook 7H9 broth
was inoculated with 0.2 g biomass harvested from
a fresh, well developed LJ culture of M. bovis. The
suspension was filtrated through a sterile 25 mm
syringe filter with pore size of 0.22 µm
(Fisherband, MCE) and incubated for two weeks
at 37°C. After incubation, the broth culture was
centrifuged at 6000 rpm for 15 min. The resulteing pellet was plated on Middlebrook 7H9 semisolid medium and incubated at 37°C for a week.
The developed culture was identified by DNAbased test (IS6110 PCR) and observed by electron microscopy.
Electron microscopy
Observations were performed on L-form cultures
obtained after starvation and cryogenic treatment, and cultures developed from filterable
forms of M. bovis. Bacterial cultures were fixed
with 4% (v/v) glutaraldehyde in 0.1 M cacodylate
buffer with 4.5% w/v sucrose, pH 7.2 and postfixed in 1% (w/v) osmium tetroxide in the same
buffer at room temperature for 2 h and dehydrated in serial ascending ethanol concentrations.
For scanning electron microscopy (SEM), specimens were placed on membrane filters with pore
size diameter of 0.22 µm (Millichrom, Isopore),
covered with 15-20 Å gold, visualized and photographed with a Phillips SCM 515 scanning electron microscope. For transmission electron microscopy (TEM), after dehydration in ethanol and
propylene oxide series, cell pellets were embedded in epoxy resin Epon-Araldite (Serva,
Heidelberg, Germany). Resin blocks polymerized
at 56°C for 48 h. Ultrathin cell sections were made
with crystal glass knives on a Reichert-Jung
Ultracut Microtome and were stained with 5%
(w/v) uranyl acetate in 70% (v/v) methanol and
0.4% (w/v) lead citrate. Observations were made
with a Zeiss 10C electron microscope at 60 kV.
IS6110 PCR
Cultures developed from filterable forms of control M. bovis strain (F) and from filterable forms
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of L-form subcultures obtained after starvation
and cryogenic treatment (F1 and F2), were identified by IS6110 PCR. Chromosomal DNA was
isolated as described by Van Embden et al. (1993).
IS6110 PCR which targeted 245 bp DNA fragment was done in 50 µl reaction mix containing
10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM
MgCl2, 200 µM each deoxynucleoside triphosphate, i.e., dATP, dGTP, dCTP, and dUTP, 5 pmol
of each primer (INS1, 5’-CGTGAGGGCATCGAGGTGGC-3’ and INS2, 5’-GCGTAGGCGTCGGTGACAAA), 2 U of HotStart Taq polymerase (USB),
and 5 µl of DNA. The thermal profile involved 40
cycles with the following steps, initial denaturation at 94°C for 2 min, followed by denaturation
at 94°C for 1 min, annealing at 63° for 1 min, extension at 72°C for 1 min and final extension at
72°C for 7 min. The original PCR protocol
(Zumaraga et al., 2005) was optimized for mycobacterial L-forms.
Amplified products were analyzed by 3% agarose
gel electrophoresis.

RESULTS
Colony growth of M. bovis was observed by light
microscopy (Figure 1). In contrast to normal
rough colonies of control M. bovis (Figure 1A),
L-form subcultures obtained after starvation
showed growth variability. Small colonies with
compact center and delicate periphery, known also as “fried egg” L-form colonies (Figure 1B), Ltype single dark compact centers of different
sizes, ingrown into semisolid agar (Figure 1C), as
well as “cat paw”-like L-type growth, formed only from delicate peripheries (Figure 1D) were observed. A variety of colonies was also noted in Lform subcultures obtained after cryogenic stress.
Colonies with filamentous structures (Figure 1E,
F), as well as interesting colonies with crystalloids in them (Figure 1G, H) were observed.
Biofilm-like growth with typical L-form colonies
at the border was also formed by L-form subcultures (Figure 1I).
The variety of L-type growths corresponded to
great diversity of cell morphology observed by
electron microscopy in stress-induced L-form
subcultures. In contrast to normal morphology
of M. bovis control rod-shaped cells (Figure 2A),
the starvation stress induced formation of un-
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usual structures and cells, distinctive to the bacterial L-cycle (Figure 2). As seen in Figure 2B,
clusters of many small oval granules were adherent to a large filamentous form. The filament
was branching and exhibited surface protuberances, which may be regarded as sites of budding
and extrusion of granules. A cluster of aggregated granules was also noticed, already separated
from the large filamentous form. Figure 2C shows
a huge and extremely thick rough membrane
fragment, probably remains from destroyed filamentous structures. Granules in the process of
releasing from collapsed filament are well-visualized in Figure 2D. Granules, also known as “elementary bodies”, were seen to divide or grow,
forming giant “large bodies” (Figure 2E, F).
A similar morphogenesis was observed in L-form
subcultures of M. bovis, obtained after cryogenic
treatment (Figure 3). The same long filamentous
forms with many small granules fitted together
(Figure 3A, B), remains of thick rough membrane
structures without cell contents (Figure 3C) and
membrane lamellas with many granules on their
surface (Figure 3D) were seen. The release of various small spherical cells or coccobacilli, as well
as generative processes leading to the formation
of classical rod-shaped cells was noted (Figure
3E, F).
TEM of ultrathin cell sections of M. bovis subcultures obtained after stress treatments demonstrated the typical ultrastructure of cell wall-deficient L-forms (Figure 4). Morphological variability, distinctive to the bacterial L-cycle, observation of elongated forms (Figure 4A), small
vesicular forms (Figure 4B), oval L-cells of different electron density and filamentous remains
around them respectively (Figure 4C, D), as well
as typical L-form bodies in the process of multiplication by fission and budding (Figure 4C, E)
were noted.
As described under the Experimental design section, filtration experiment 1 was aimed at obtaining filterable elements from L-forms of M. bovis (produced after starvation and cryogenic treatment), their further culturing and identification
by specific IS6110 PCR. The developed colonies
and growths from filterable forms, as well as the
morphological transformations observed by electron microscopy (data not shown) were similar
to the morphogenesis of L-form cultures shown
in Figures 2, 3 and 4.
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FIGURE 1 - Light microscopy of M. bovis colonies grown on Middlebrook semisolid agar. A: Colonies of control M.
bovis; B, C, D, I: L-type growth of M. bovis obtained after starvation: small colonies with dense centers and fine periphery, typical morphology of bacterial L-forms and biofilm-like growth; E, F, G, H: L-type colonies of M.bovis obtained after cryogenic treatment: peculiar filamentous and crystalloid formations inside the colonies. Magnifications:
A, B, C, D, E: 200x; F, G, H: 800x; I: 100x.
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Of special interest was the development of culture from filterable forms separated from the initial control strain of M. bovis (filtration experi-
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ment 2). As seen in Figure 5, granules (filterable
forms) similar in size to the filter pores (0.22 µm),
single or in clusters were observed in this culture

FIGURE 2 - SEM of the M. bovis control (A) and L-forms obtained after starvation (B-F): B, C, D: Large filamentous forms with rough membrane structures and many small oval granules inside or outside membranous forms;
E, F: Many oval forms of different size, typical “elementary” and “large” L-form bodies. Bar =10 µm.
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(Figure 5A, B, C, arrows). Recovery of coccobacilli and bacilli from filterable forms (Figure
5B, C, D, E) and formation of micro-colonies

(Figure 5F) was also discovered. To confirm the
identity of cultures developed from filterable
forms (F, F1 and F2), we used the specific IS6110

FIGURE 3 - SEM of M. bovis L-form cells obtained after cryogenic treatment: A, B, C: Long filamentous forms with
many small granules fit together and thick rough membrane structures; D, E, F: Clusters of granules, oval L-form
bodies and bacillary like cells, situated inside or outside of membranes. Bar=100 µm (A, B, C);10 µm (D, E);1 µm (F).

L-forms of Mycobacterium bovis
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FIGURE 4 - TEM (ultrathin sections) of M. bovis L-form cells obtained after stress treatments. A: Elongated L-form
with elementary bodies inside and small vesicular forms outside; B: Many small vesicular bodies in intercellular
space; C, D, E- Spherical L-bodies of different size and electron density, typical L-form cells without cell walls in a
process of multiplication by fission and budding. Bar=0.5 µm.

FIGURE 5 - SEM of control M. bovis culture developed after filtration. A, B, C: Filterable forms (granules, arrows),
single or in groups; D, E, F: Recovery of coccobacilli and bacilli from filterable forms and formation of microcolonies.
Bar=10 µm ( F); 1 µm (A, B, C, D).
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FIGURE 6 - IS6110 detection by PCR in filterable forms of M. bovis
derived from: control M.
bovis strain (F), from Lform subcultures obtained after starvation
(F1) and from L-form
subcultures obtained after cryogenic treatment (
F2). Note: 1 DNA ladder
100bp; 2 Water; 3 M. bovis positive control; 4 F;
5 F1; 6 F2.

PCR assay. The tested cultures (F–from filterable
forms of control M.bovis, F1- from the L-form of
M. bovis obtained after starvation stress and F2from L-forms of M. bovis obtained after cryogenic
stress) showed positive results.

DISCUSSION
The complex L-cycle in bacteria involving various morphological transformations has been reported by many authors (Dienes and Weinberger,
1951; Prozorovski et al. 1981; Domingue, 1982;
Mattman, 2001). It is assumed that the L-form
state represents different stages in adaptation of
stressed bacteria. L-conversion, i.e. existence
without rigid walls of mycobacteria, has been observed under unfavorable conditions, when mycobacteria are exposed to different damaging factors in vivo and in vitro (Csillag, 1964; Ghosh et
al., 2009; Shleeva et al., 2011, Michailova et al.,
2005; Beran et al., 2006; Markova et al., 2008a;
2008b; Markova et al., 2012). Although it is known
that mycobacteria are able to adopt a different

morphology under certain conditions, a crucial
question remains whether morphological plasticity can provide a survival advantage.
The findings reported here provide insight into
the ability of M.bovis to produce L-phase variants
under stress conditions (nutrient starvation and
cryogenic treatment). Apparently in response to
both stresses, M. bovis underwent a peculiar morphological transformation and developmental
stages, typical for the bacterial L-cycle. The most
fascinating structures observed here, were the giant branching filaments. The derivation of different morphological elements from them, mainly granules or coccobacilli, is also noteworthy.
These giant filamentous structures were also visible in semisolid media by light microscopy. The
released granules were seen to develop in large
bodies or multiply by fission. From observing the
transformation stages of these polymorphic
forms, it became apparent that they gave rise to
a great variety of colonies with typical L-form
characteristics containing more than one type of
growing elements. Crystalloid formation in
colonies of cryogenic stressed M. bovis was also
of interest. Similarly, crystalloids were examined
in L-form colonies of E. coli in our previous study
(Markova et al, 2010). Pseudo-crystalline aggregates were found in streptococcal L-forms by Cole
(1968) and the crystalline cell surface layer of M.
bovis BCG was seen by Lounatmaa and Brander
(1989). The authors suggest that the observed periodic crystalline structures can be formed from
proteins.
It is believed that the name mycobacterium is derived from its “fungus-like” nature, because
branching filamentous forms are sometimes seen
in cultures. However, little is known about the
mechanisms of mycobacteria formation and their
role in survivability under life-threatening conditions. The appearance of giant filaments has been
associated with L-form conversion as a mode of
bacterial survival in an unfavorable environment.
It is also assumed that these filaments may play
a role in L-form reproduction (Prozorovski et al.,
1981). Remarkably, we showed that in both experimental stress models of M. bovis, common
rough envelopes with an unusual thickness were
formed. Reproduction of L-form bacteria inside
giant filamentous structures and typical ultrastructural morphology of cell wall-deficient Lbodies were well-demonstrated by electron mi-
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croscopy in this study. Altogether, spatial sheltering of mycobacterial population inside thick common envelopes may be regarded as a prerequisite for L-form conversion and further reproduction of L-form cells. However, it is not clear how
a “consortium” of mycobacteria, respectively of Lform transformed cells, would be able to produce
common membranous envelopes to protect
themselves from stress. Devados et al. (1991a,
1991b) found that cell aggregates formed by
Mycobacterium bovis BCG were encased in a specific envelope. The authors suggest that this envelope consists of proteins, carbohydrates and
acidic residues. According to the vanguard hypothesis of Norris (2012), the over-production of
so called “transertion hyperstructures” in which
proteins are inserted into and through the membrane or interact with lipids to structure the
membrane, allowing the bacteria to survive hard
times.
Another surprising finding was the derivation of
viable filterable forms from the control M. bovis
strain. Obtaining filterable bodies from L-form
cultures is well known (Klieneberger, 1951; van
Boven et al., 1968; Kohbata et al., 2009; Markova
et al., 2012) but the observation of a normal culture of M.bovis containing small L-bodies able to
pass filters with pore size of 0.22 µm is very intriguing.
Filterability or capability to pass filters with a
pore size of 0.22 µm is one of the characteristics
of bacterial L-forms, first demonstrated by
Klieneberger-Nobel (1951) for the L-form of
Streptobacillus moniliformis, and later confirmed
for the L-forms of other bacteria (van Boven et
al., 1968; Kohbata et al., 2009; Markova et al.,
2012). Thus, it is generally assumed that filterable bodies are the smallest reproductive elements and play an important role in the life cycle
of L-forms. Domingue (2010) suggests that Lforms are notoriously resistant to environmental
stress factors and are also capable of developing
into undifferentiated cells having the potential
for unlimited growth and division. He also proposes that these tiny L-bodies are the core element in bacterial persistence. The results obtained in our filtration experiments confirmed
that filterable forms were viable, as they developed cultures by further cultivation. It is interesting to note that filterable forms obtained from
L-form cultures caused a new L-cycle, while fil-
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terable forms obtained from the control strain
showed a process of aggregation and further recovery to bacillary morphology. According to
Prozorovski (1982), an important condition for
development of growth from filterable forms is
their aggregation in clusters. Domingue (2010)
hypothesizes that filterable bodies might contain
a bacterial genome and minimal metabolic capability sufficient to initiate reproduction. Most
recently, Briers et al. (2012), using specific dyes,
Raman microspectroscopy and confocal microscopy, demonstrated nucleic acids and proteins in very small vesicles, which were released
from mother L-form cells. Based on our observations, we suggest that the presence of very small
(filterable) L-bodies in population of control
M.bovis may indicate the potential of this
pathogen to produce L-form variants under stress
conditions.
In conclusion, the L-form cycle induced in M. bovis might provide an arsenal of morphological
structures ensuring survival and protection from
an unfavorable environment. We suggest that giant filaments may serve as a “collective” defense
structure, and play a role in the reproduction of
mycobacterial L-forms. The L-form state of M.
bovis could be regarded as an important factor
for the long-term survival strategy of this
pathogen.
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