
Bacillus subtilis is a member of a large family of

Gram�positive bacteria – Bacillaceae. According to the

present classification, the B. subtilis species includes sev�

eral subspecies. Structures and composition of teichoic

acids of several strains described in the literature as well as

our preliminary data [1] are indicative of species hetero�

geneity and necessity for further investigations using

modern methods of gene taxonomy.

This work is the continuation of investigations of

variability of anionic bacillus polymers [1, 2] and chemo�

taxonomical perspectives of the application of their struc�

tural peculiarity as a species�specific marker for members

of the Bacillus genus. The paper deals with descriptions of

teichoic acid structures for cell walls of two B. subtilis

strains, VKM B�760 and VKM B�764, that basically dif�

fer from polymers of the type strain B. subtilis subsp. sub�

tilis VKM B�501T [2].

MATERIALS AND METHODS

Bacillus subtilis strains VKM B�760 and VKM B�

764, obtained earlier by the All�Russian Collection of

Microorganisms (VKM) as non�valid “B. subtilis subsp.

aterrimus” and “B. subtilis subsp. niger”, respectively,

were grown under aerobic conditions at 28°C to exponen�

tial growth phase as described previously [2].

Cell walls were obtained from sonicated biomass by

differential centrifugation, repeatedly washed with water,

and lyophilized [3]. Teichoic acids were extracted from
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Abstract—Cell walls of Bacillus subtilis VKM B�760 and VKM B�764 are characterized by heterogeneous composition of tei�

choic acids. Polymer I with structure �6)�β�D�Galp�(1→1)�sn�Gro�(3�P�, polymer II with structure �6)�α�D�Glcp�

(1→1)�sn�Gro�(3�P�, and a small amount of unsubstituted 1,3�poly(glycerol phosphate) were detected in strain VKM B�

760. Strain VKM B�764 contains an analogous set of teichoic acids, but a characteristic feature of polymer II is the pres�

ence of disubstituted glycerol residue with α�glucopyranose localization in the integral chain at C�1 hydroxyl and β�glu�

copyranose as a side branch at C�2 hydroxyl (polymer III): �6)�α�D�Glcp�(1→1)�[β�D�Glcp�(1→2)]�sn�Gro�(3�P�. The

structures of polymer I in bacilli and polymer III in Gram�positive bacteria are described for the first time. Teichoic acids

were studied by chemical methods and on the basis of combined analysis of one�dimensional 1H�, 13C�, and 31P�NMR spec�

tra, homonuclear two�dimensional 1H/1H COSY, TOCSY, and ROESY, and heteronuclear two�dimensional 1H/13C

gHSQC� and HMQC�TOCSY experiments. Simultaneous presence of several different structure teichoic acids in the bacil�

lus cell walls as well as chemotaxonomical perspectives of the application of these polymers as species�specific markers for

members of the Bacillus genus is discussed.
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cell walls with 10% trichloroacetic acid (TCA) (1 : 10 w/v,

three times, 24 h each at 4°C). Extracts were combined

and dialyzed, the undialyzed residue was lyophilized, and

preparations B�760 and B�764 were obtained. Conditions

of acid hydrolysis and other analytical methods were

described previously [4]. Forms of phosphorus were

determined according to the earlier described method [3].

Products of acid degradation of cell wall prepara�

tions and teichoic acids were analyzed by high�voltage

electrophoresis and paper chromatography by compari�

son with control samples. Electrophoresis was carried out

in pyridine–acetate buffer (A), pH 5.6 (20 V/cm, 4 h).

The following solvent systems were used for descending

paper chromatography: pyridine–benzene–butan�1�

ol–H2O (3 : 1 : 5 : 3 v/v) (B) for separation of glycerol and

monosaccharides and butan�1�ol–AcOH–H2O (5 : 1 : 4

v/v) (C) for separation of hydroxamates. Electrophoresis

and paper chromatography were carried out on Filtrak

FN�3 chromatographic paper (Germany).

To obtain alanine hydroxamates, 0.1 ml freshly pre�

pared hydroxylamine solution was added to 10�30 mg tei�

choic acid dissolved in 1 ml H2O [5]. The solution was

alkalized with 1 M NaOH to pH 7.6 and left for 1 h at

37°C, then vacuum evaporated to dryness, and hydroxa�

mates were extracted by aqueous ethanol (96%

ethanol–H2O, 4 : 1 v/v) 5�6 times. Ethanol extracts were

dried and analyzed by electrophoresis in buffer A and

paper chromatography in system C by comparison with a

standard sample of alanine hydroxamate.

To obtain glycosides, the teichoic acid preparation

was hydrolyzed with 48% HF (4°C, 16 h) with subsequent

lyophilization using a trap with NaOH. Hydrolysis prod�

ucts were separated on a column (90 × 1.5 cm) with TSK

gel HW�40S (Toyopearl, Japan), elution being carried out

in 1% acetic acid and using a differential refractometer

(Knauer, Germany). The resulting fractions were ana�

lyzed by NMR spectroscopy.

NMR spectra were registered on a Bruker DRX�500

spectrometer (Germany) for solutions in D2O at 30°C.

Internal TSP (δH 0.0) and acetone (δC 31.45) were used as

standards for chemical shift readings. Two�dimensional

spectra were registered and processed using standard

Bruker techniques. The spin lock time in TOCSY and

HMQC�TOCSY experiments was 200 and 150 msec,

respectively. Mixing time in ROESY experiments was

200 msec. The HMBC experiment was optimized for JH,C

constant of 8 Hz.

Base sequence for the 16S rRNA gene fragment

comprising approximately 500 bp and including variable

regions V1�V3 was determined using a CEQ Dye

Terminator Cycle Sequencing kit on a MegaBASE 1000

automatic sequencer (JSC GE Healthcare, USA).

Preliminary phylogenetic analysis of the 16S rRNA

gene fragment base sequence was carried out using the

BLAST software package of National Center of Biotech�

nological Information of USA (http://www.ncbi.nlm.nih.

gov). Then the 16S rRNA base sequences of studied

strains were compared with those of typical strains of

closely related species using the CLUSTAL W program

[6].

RESULTS AND DISCUSSION

Cell walls of B. subtilis strains VKM B�760 and VKM

B�764 contained 2.8 and 2.1% organic phosphorus,

respectively, and acid hydrolysis with 2 M HCl for 3 h at

100°C gave identical products: glycerol mono� and

diphosphates, phosphoric esters (mgroP 0.45 and 0.61),

inorganic phosphate, galactose, glucose, and glycerol,

which suggested the possible presence of teichoic acids.

Teichoic acids were extracted from the cell wall using

fractional extraction with 10% TCA, and the resulting

preparations were analyzed. Products of their acid degra�

dation were identical to each other and to those obtained

previously upon cell wall hydrolysis, which made it possi�

ble to combine them and then to work with overall prepa�

rations (preparations B�760 and B�764).

Electrophoretic study of the latter showed the pres�

ence of two fractions stained by Isherwood reagent for

organic phosphorus. Fraction 1 was prevalent, had mobil�

ity in electric field mgroP 0.90, and after acid degradation it

formed glycerol monophosphate, inorganic phosphate,

phosphoric esters with mgroP 0.45 and 0.61, as well as glu�

cose, galactose, and glycerol, which could be indicative of

the presence of teichoic acids of poly(glycosyl glycerol

phosphate) nature. Polymers of similar structure do not

form glycerol diphosphate upon acid hydrolysis [7].

Further studies by NMR spectroscopy showed that the

teichoic acid preparations contain two polymers with glu�

cose and galactose in each integral chain. Such polymers

have similar charge and are not separated in an electric

field.

Fraction 2 with mobility mgroP 1.3 was minor, formed

only glycerol mono�and diphosphates upon acid hydroly�

sis, and corresponded to unsubstituted poly(glycerol

phosphate) [8].

To detect in teichoic acids the O�ester�bound ala�

nine residues, preparations B�760 and B�764 were treated

by hydroxylamine solution. Hydroxylaminolysis products

were separated in an electric field in buffer A and identi�

fied by paper chromatography in system C by comparison

with a standard sample. Alanine hydroxamate was

revealed in trace amounts and was not detected by NMR

spectroscopy, which can be explained both by the O�ester

bond lability and by the method of polymer isolation [4].

Final structure of the cell wall polymers in the stud�

ied bacilli was established by NMR spectroscopy.

The 13C�NMR spectrum of B�760 preparation con�

tained two signals of unequal intensity at δC 104.8 and

99.9 in the resonance region of the sugar anomeric carbon

atoms. In the resonance region of carbon atoms bound to
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one oxygen atom, the APT spectrum (Fig. 1) identified

signals of substituted oxymethyl groups at δC 69.7, 68.1,

and 65.8 (intense peaks) and at δC 72.0, 67.8, and 65.7

(less intense peaks). One broad signal with peak at

δP +0.9 was detected in the 31P�NMR spectrum. In the
1H�NMR spectrum, a doublet at δH 4.93 (J 4 Hz) and

another less intense doublet at δH 4.43 (J 8 Hz) were

present in the proton resonance region at anomeric car�

bon atoms. The remaining signals were localized in the

δH 4.2�3.5 region.

Two equal intensity signals δC 103.8 and 99.9 and the

lower intensity signal at δC 104.8 were present in the res�

onance region of anomeric carbon atoms in the 13C�

NMR spectrum of the B�764 preparation. The APT spec�

trum (Fig. 2) contained seven signals of substituted

oxymethyl groups at δC 72.0�65.9 and an intense signal of

unsubstituted hydroxymethyl group at δC 62.3. Two broad

partially overlapping signals with peaks at δP +0.5

and +0.7 were detected in the 31P�NMR spectrum. Two

equally intense doublets were present in the proton reso�

nance region at anomeric carbon atoms in the 1H�NMR

spectrum: a doublet at δH 4.94 (J 4 Hz) and 4.64 (J 8 Hz)

and a less intense doublet at δH 4.43 (J 8 Hz). The

remaining signals were localized in the δH 4.2�3.3 region.

1H�NMR spectra were decoded using two�dimen�

sional 1H/1H COSY, TOCSY, and ROESY experiments.

Analysis of two�dimensional spectra of the B�760 prepara�

tion showed that the more intense doublet belongs to an

α�glucopyranose residue (α�D�Glcp, A residue; table)

while the less intense one belonged to β�galactopyranose

residue (β�D�Galp, C residue). The spectra also revealed

glycerol residue signals (two series of signals with higher

and lower intensity). Signals in the one�dimensional 13C�

NMR spectrum of the B�760 preparation were subtracted

upon analysis of heteronuclear 1H/13C two�dimensional

spectra of gHSQC� and HMQC�TOCSY (table). The

weak�field displacement of sugar C�1 and C�6 hydroxyls

and glycerol C�1 and C�3 hydroxyls signals compared to

the same signals in the spectrum of the corresponding

unsubstituted sugars and glycerol was indicative of sugar

substitution at C�1 and C�6 hydroxyls and glycerol substi�

tution at C�1 and C�3 hydroxyls. Displacements of sugar

C�6 and glycerol C�3 signals were typical of effects of sub�

stitution by phosphoric acid residues [9], whereas changes

in C�1 chemical shifts in glycerol residues correlated with

effects of glycosylation by α�pyranose (+7.3 ppm, glycerol

residues with more intense signals) or by β�pyranose

(+9.6 ppm, glycerol residues with less intense signals).

Fig. 1. 13C�APT spectrum of teichoic acids from the B. subtilis VKM B�760 cell wall. Arabic numerals correspond to numbers of carbon atoms

in residues designated by Latin letters according to the table.
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Thus, the spectral data showed that preparation B�

760 contains a mixture of two poly(glycosyl glycerol phos�

phate) polymers with repeated units: �6)�α�D�Glcp�

(1→1)�sn�Gro�(3�P� (the prevalent component polymer

I) and �6)�β�D�Galp�(1→1)�sn�Gro�(3�P� (the minor

component polymer II).

Absolute configuration of glycerol residues were

attributed on the basis of existing concepts of teichoic

acid biosynthesis, according to which residues of sn�glyc�

erol�3�phosphate are incorporated into the polymer mol�

ecule [10]. Some investigations of glycosylation enzymes

point to D�hexose incorporation into the teichoic acid

molecule [11�13], which is supported by our data on

determination of the monosaccharide absolute configura�

tion in analogous polymers [14].

In addition to the abovementioned polymers of

poly(glycosyl glycerol phosphate) nature, the 13C�NMR

spectrum of the B�760 preparation showed the presence

of a small amount of 1,3�poly(glycerol phosphate) chains.

Treatment of this preparation by 48% hydrofluoric acid

(HF) resulted in complete dephosphorylation of the poly�

mers and formation of two glycosides (table) whose struc�

ture correlated with that of the initial polymers.

Similar spectral and chemical investigations of the

B�764 preparation showed that it contained three poly�

mers, two of which were identified by NMR spectra as

1,3�poly(glycerol phosphate) with characteristic signals

in the 13C�NMR spectrum at δC 67.8 (C�1,3) and 70.7

(C�2) [9] and as teichoic acid II identical to that in B�760

(table). According to the analysis of the homonuclear

two�dimensional spectra, the third polymer (polymer III)

contained two glucopyranose residues with different

anomeric configuration along with one glycerol and one

phosphoric acid residue. Analysis of 1H/13C gHSQC and

HMQC�TOCSY spectra of the preparation showed that

the glycerol residue is glycosylated at positions 1 and 2

and carries a phosphate group in position 3, the α�glu�

copyranose residue has a phosphate group in position 6,

while the β�glucopyranose residue is terminal. Finally,

the structure of the repeated unit of the polymer was

detected upon analysis of the two�dimensional 1H/13C

gHMBC spectrum (Fig. 3), where correlation peaks

pointing to α�glucopyranose localization at C�1 and β�

glucopyranose at C�2 hydroxyl of glycerol residue were

found:

�6)�α�D�Glcp�(1→1)�sn�Gro�(3�P� (polymer III)

2)

↑
β�D�Glcp�(1 

Fig. 2. 13C�APT spectrum of teichoic acids from the B. subtilis VKM B�764 cell wall. Designations as in Fig. 1.
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The investigations showed that cell walls of the stud�

ied bacillus strains VKM B�760 and VKM B�764 contain

a heterogeneous set of teichoic acids: a low amount of

1,3�poly(glycerol phosphate) and two polymers of

poly(glycosyl glycerol phosphate) nature with α�glucopy�

ranose and β�galactopyranose in the integral chain, in

which a phosphodiester bond joins the hydroxyl at C�3

atom of glycerol and hydroxyl at C�6 of a glycosyl residue.

The characteristic feature of the VKM B�764 cell wall is

the presence in poly(glycosyl glycerol phosphate) of the

β�glucopyranose side residue at the C�2 hydroxyl of glyc�

erol. In the VKM B�760 cell wall, polymer I prevailed

quantitatively, while polymer III was prevalent in the cell

wall of VKM B�764 (table). A small amount of O�ester�

bound alanine residues was found in teichoic acid prepa�

rations from the studied bacilli.

It was shown previously that the heterogeneous set of

teichoic acids is a characteristic feature of actinomycetes,

some members of which contained in their cell walls up to

four structurally different polymers [15, 16]. As for bacil�

li that are up to now less studied, simultaneous presence

of several polymers was described in three microorgan�

isms: Lactobacillus plantarum NIRD C106 [17], Bacillus

coagulans AHU 1631 [18, 19], and Bacillus licheniformis

[20]. In some cases it was possible to separate the mixture

of teichoic acids to components with a regular repeated

unit by chromatography, electrophoresis, or by immuno�

logical methods, which excluded the supposition con�

cerning the polymer heterogeneity as such. We believe by

analogy that a mixture of polymers rather than a polymer

with heterogeneous chains was studied.

It should be noted that several structurally different

poly(glycosyl glycerol phosphates) were found in cell

walls of the studied and abovementioned strains. The

unsubstituted or poorly substituted 1,3�poly(glycerol

phosphate), often incorporated in heterogeneous set of
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polymers of actinomycete cell walls, was also found

among bacillar teichoic acids in the VKM B�760 and

VKM B�764 strains.

Teichoic acids of poly(glycosyl glycerol phosphate)

nature are widespread among Gram�positive bacteria and

are described in representatives of genera − Bacilli,

Streptomyces, Actinoplanes, Nocardioides, Agromyces, etc.

[9]. Structural variations are associated with the phospho�

diester bond localization on the glycosyl substituent (C�3,

C�4, and C�6) and the glycosyl residue on polyol (C�1

and C�2 in the case of glycerol) as well as with the amount

and nature of carbohydrate components in the repetitive

unit and with the glycoside bond configurations.

Poly(galactosyl�(β 1→1)�glycerol phosphates) with

the phosphodiester bond localization at C�6 hydroxyl of

β�galactopyranose, appearing in the actinomycete cell

walls [9], were not found earlier in cell walls of bacilli. On

the contrary, similar polymers but with α�glucopyranose

already appeared in cell walls of the streptomycete S.

kanamyceticus RIA 690 [7] and the bacillus B. stearother�

mophilus B 65 [21].

Teichoic acid III of the VKM B�764 strain with di�

substituted glycerol as the integral chain monomer is of

interest. Such structural peculiarity was described within

the hydrophilic part of lipoteichoic acids of Lactococcus

garvieae NCFB 2730, Streptococcus lactis Kiel 42172,

Clostridium innocuum [22], teichoic acids of the cell wall

of Actinomadura viridis VKM Ac�1315T [23], and two

bacillus strains—B. coagulans AHU 1638 and AHU 1631

[18]. However, disubstituted glycerol with the integral

chain α�glucose localization at C�1 hydroxyl and the side

branch β�glucose localization at C�2 hydroxyl was found

for the first time within Gram�positive bacterial cell sur�

face layers polymers.

The cell wall teichoic acids of the studied bacilli are

close to each other in structure and composition, but tei�

choic acid II, whose integral chain is identical in the two

strains, differs in VKM B�764 by the presence of disubsti�

tuted glycerol residue. This peculiarity separates strains

VKM B�760 and VKM B�764. The studied bacilli also

essentially differ from the typical strain B. subtilis subsp.

subtilis VKM B�501T [2] that contains in its cell wall

structurally different polymers.

Our data correlate with results of phylogenetic

analysis of the 16S rRNA gene fragments. Strain VKM B�

764 is characterized by a high level of its base sequence

Fig. 3. Fragments of the 1H/13C gHMBC spectrum of teichoic acids from B. subtilis VKM B�764 cell wall. Parts of one�dimensional 1H� and
13C�APT spectra are shown at the top and to the left, respectively. Figures in front of oblique stroke relate to proton numbers, while figures

after this stroke relate to numbers of carbon atoms in residues designated by Latin letters according to the table.
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similarity (100%) with those of Bacillus subtilis subsp.

subtilis DSM10T and Bacillus tequilensis 10bT, and the

level of similarity between strain VKM B�760 and Bacillus

licheniformis DSM13T and Bacillus sonorensis NRRL B�

23154T is 99.5%. It is necessary to note that the similarity

of the analyzed 16S rRNA gene fragment for some species

of Bacillus sensu stricto group is in the range of 99�100%,

which suggests the necessity of additional investigations

for more exact definition of species affiliation of VKM B�

764 and VKM B�760 strains. Taking into attention struc�

tural distinctions of the cell wall polymers and their

genetic similarity with different valid bacillus species, it

can be supposed that the strains are members of different

species.

Thus, our investigations show the heterogeneity of B.

subtilis strains and the necessity for further revision of the

species. Owing to repeatedly discussed species specificity

of teichoic acids [15, 24�28], the improvement or confir�

mation of species affiliation of VKM B�760 and VKM B�

764 strains is the subject of further investigations using

modern methods of gene taxonomy.

This work was supported by the Russian Foundation

for Basic Research (grant 07�04�01054).
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