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Lantibiotics are ribosomally synthesized peptides that contain multiple posttranslational modifications. Research on lantibiotics
has increased recently, mainly due to their broad-spectrum antimicrobial activity, especially against some clinical Gram-positive
pathogens. Many reports about various bacteriocins in the Bacillus cereus group have been published, but few were about lanti-
biotics. In this study, we identified 101 putative lanthipeptide gene clusters from 77 out of 223 strains of this group, and these
gene clusters were further classified into 20 types according to their gene organization and the homologies of their functional
genes. Among them, 18 types were novel and have not yet been experimentally verified. Two novel lantibiotics (thuricin 4A-4 and
its derivative, thuricin 4A-4D) were identified in the type I-1 lanthipeptide gene cluster and showed activity against all tested
Gram-positive bacteria. The mode of action of thuricin 4A-4 was studied, and we found that it acted as a bactericidal compound.
The transcriptional analysis of four structural genes (thiA1, thiA2, thiA3, and thiA4) in the thuricin 4A gene cluster showed that
only one structural gene, thiA4, showed efficient transcription in the exponential growth phase; the other three structural genes
did not. In addition, the putative transmembrane protein ThiI was responsible for thuricin 4A-4 immunity. Genome analysis
and functional verification illustrated that B. cereus group strains were a prolific source of novel lantibiotics.

Bacteriocins are ribosomally synthesized peptides produced by
bacteria and exhibit antimicrobial activity against other bacteria

(either in the same species or across genera) (1); they include post-
translationally modified bacteriocins and unmodified bacteriocins
(2). Lanthipeptides (lantibiotics) are peptides that undergo multiple
posttranslational modifications, and these are the best-characterized
modified bacteriocins (3). Modifications include the formation of
meso-lanthionine and 3-methyllanthionine as well as dehydrated
amino acids (Dha and Dhb). Lanthipeptides are classified into four
different classes on the basis of their biosynthetic enzymes (4). In class
I lanthipeptides, the dehydration is carried out by a dehydratase
(LanB) and cyclization is catalyzed by a cyclase (LanC). Class II lan-
thipeptides are modified by LanM proteins, which perform both de-
hydration and cyclization. In class III and IV lanthipeptides, the de-
hydration and cyclization reactions are catalyzed by multifunctional
enzymes (RamC/LabKC or LanL).

The Bacillus cereus group currently contains eight species: B.
anthracis, B. cereus, B. thuringiensis, B. cytotoxicus, B. weihen-
stephanensis, B. mycoides, B. pseudomycoides, and B. toyonensis (5,
6). To date, bacteriocins of the B. cereus group have been identified
or characterized mainly in strains of B. cereus and B. thuringiensis.
More than 20 bacteriocins have been reported in these two species
(7, 8). They are active against closely related bacilli, such as the
foodborne pathogen B. cereus, and are also potentially useful for
the control of some pathogenic bacteria. For example, thuricin
CD, a two-peptide bacteriocin consisting of Trn-� and Trn-�,
shows antibacterial activity against Clostridium difficile and Liste-
ria monocytogenes, and it is suggested as a potential treatment
against C. difficile-associated disease (CDAD) (9).

Many lantibiotics exhibit broad-spectrum antimicrobial activ-
ity against clinical Gram-positive pathogens, including multi-
drug-resistant strains, and have clinical applications in the treat-
ment of multidrug-resistant pathogens (10–14). So far, most
reports of bacteriocins from the B. cereus group are about unmod-
ified bacteriocins, while few are on class I bacteriocins or lantibi-
otics (8). Recent studies suggested that the B. cereus group may

contain some unidentified lanthipeptide gene clusters (15, 16).
Therefore, the purpose of this study was to systematically investi-
gate the distribution and diversity of lanthipeptide gene clusters in
this group. Putative biosynthetic gene clusters were predicted by
BAGEL3 (17) from 223 genomes of B. cereus group strains. A
novel class I lanthipeptide-encoding gene cluster, thuricin 4A,
which has multiple structural genes and exists in 10 B. cereus
group strains, was selected for validation of the antibacterial ac-
tivity of in silico-predicted lanthipeptides.

MATERIALS AND METHODS
Gene cluster identification and classification. The genome sequences of
223 B. cereus group strains (see Table S1 in the supplemental material)
were retrieved from GenBank (ftp://ftp.ncbi.nlm.nih.gov/genomes). Pre-
diction of lanthipeptide biosynthetic gene clusters was carried out with
BAGEL3 (17). The predicted results for each strain were used for further
analysis. First, all genes involved in lanthipeptide biosynthesis were
searched against the NCBI database to predict their function. Second,
several gene clusters which had the same gene organization and identity of
the same functional genes of greater than 85% were classified as a type.

DNA manipulation, RNA extraction, cDNA synthesis, and RT-
qPCR. The bacterial strains, plasmids, and primers used in this study are
listed in Table S3 in the supplemental material. Molecular biology cloning
techniques and DNA detection assays were performed as described by
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Sambrook and Russell (18). Total DNA of B. thuringiensis was obtained as
described by Arantes and Lereclus (19).

B. thuringiensis T01001 was obtained from the Collection of Bacillus
thuringiensis and Bacillus sphaericus, Institut Pasteur, Paris. It was inocu-
lated from glycerol stocks into 5 ml Luria-Bertani (LB) broth and grown
for 12 to 16 h at 28°C. Twenty microliters of activated culture was subcul-
tured in 20 ml LB broth and grown for 6 h, 16 h, 26 h, and 36 h. Cells were
collected by centrifugation (12,000 rpm, 10 min, 4°C). RNA was extracted
from cells using the RNeasy minikit (Qiagen, Germany) according to the
manufacturer’s protocol. The first-strand cDNA was synthesized accord-
ing to the manufacturer’s instructions for the RNA PCR kit (AMV ver. 3.0;
TaKaRa, Dalian, China).

Real-time quantitative PCR (RT-qPCR) was performed using the
StepOne thermal cycler (Applied Biosystems, Foster City, CA). The
2���CT method (20) was used to analyze the real-time quantitative PCR
data. The primers for the endogenous control 16S rRNA gene and four
specific structural genes (thiA1, thiA2, thiA3, and thiA4) are listed in Table
S3 in the supplemental material. The amplification efficiencies of each
genes were obtained by the equation E � 10(�1/slope). The standard reac-
tions were carried out in volumes of 20 �l containing 10 �l SYBR green
PCR master mix (Applied Biosystems, Madrid, Spain), 1.5 �l forward
primer (5 �M), 1.5 �l reverse primer (5 �M), 2 �l DNA template (10
ng/�l), and 5 �l double-distilled water (ddH2O). Cycling conditions were
95°C for 10 min and 40 cycles of 95°C for 15 s, 50°C for 30 s, and 72°C for
15 s. Fluorescence data were collected at the end of each cycle. Each sample
was run in triplicate with two biological replicates.

Cloning and overexpression of the thuricin 4A biosynthetic gene
cluster. The DNA fragment containing the thuricin 4A gene cluster was
amplified from B. thuringiensis T01001 with the primers F1 and R1 (see
Fig. 3A and Table S3 in the supplemental material). The PCR was run in a
580BR3396 thermal cycler (Bio-Rad) with the following thermal cycle:
denaturation at 94°C for 10 min, followed by 30 cycles of 94°C for 30 s and
annealing and extension at 60°C for 9 min, with a final extension at 72°C
for 10 min. The DNA fragment and plasmid pEMB0630 were both di-
gested with NotI and ligated with T4 DNA ligase. The recombinant plas-
mid pBMB1661 was electroporated into B. thuringiensis BMB171 as de-
scribed by Peng et al. (21). The transformant B. thuringiensis BMB1661,
which had antimicrobial activity against B. thuringiensis BMB171, was
screened by PCR amplification with the primer pair F1/R1. The transfor-
mant was then sequenced with Megabace 1000 automated sequencers.

Cloning and overexpression of thiI. The DNA fragment which con-
tained the thiA4 gene and its promoter sequence was amplified using
splicing by overlap extension PCR (SOE-PCR) with the primers A-F, A-R,
I-F, and I-R (see Fig. 6A and Table S3 in the supplemental material) from
B. thuringiensis T01001. After digestion with EcoRI and HindIII, the DNA
fragment was ligated into pHT304 (19) and then transformed into
BMB171 by electroporation (the recombinant plasmid was named
pHT304-I). pHT304 was also transformed into BMB171 as the negative
control.

Bacteriocin activity assay and verification of thiI immune function.
For the various indicator strains and their culture conditions, see Table 3. The
bacteriocin activity assay was performed using a previously described method
with some modifications (22). Twenty milliliters of agar was seeded with 106

CFU of indicator strain in a petri dish, and holes (diameter, 6 mm) were bored
in the agar. Then, 50 �l of 2-fold dilutions of the bacteriocin preparation was
added to the wells. In the bacteriocin tolerance assay, B. thuringiensis
BMB171, BMB171(pHT304), and BMB171(pHT304-I) were used as in-
dicator strains. The plates were kept at 4°C for 2 h and subsequently
incubated at a temperature suitable for the growth of the test strains.

The MICs of the bacteriocin for the various indicator strains were
determined with high-pressure liquid chromatography (HPLC)-purified
bacteriocin solutions using the well diffusion assays described above.

Purification of antibacterial peptides. B. thuringiensis T01001 was
inoculated from glycerol stocks into 5 ml Luria-Bertani (LB) broth and
grown overnight. The activated culture was subcultured in 500 ml LB

medium at 28°C with agitation at 220 rpm for 16 h. Cells were then
removed by centrifugation (12,000 rpm, 10 min, 4°C), and the cell-free
supernatant fluid was shaken with 100 g of Amberlite XAD-7HP (Sigma,
St. Louis, MO, USA) for 12 h at 4°C. The resin was sequentially washed
with 1 liter of distilled water, 750 ml of 30% (vol/vol) ethanol, and 500 ml
of 80% (vol/vol) ethanol. The active substances were eluted with 250 ml of
80% (vol/vol) ethanol, pH 2.0, and then the eluate was collected and
lyophilized into powder. The generated powder was dissolved in distilled
water followed by centrifugation. The resulting supernatant is referred to
as antimicrobial crude extract (CE) (23). B. thuringiensis BMB171 and
BMB1661 (with addition of kanamycin [50 �g/ml]) were cultured for 12
h, and CEs were prepared by the procedure as described above.

HPLC analysis was carried out on the Waters 1525 Breeze system. The
mobile phase consisted of acetonitrile and HPLC-grade water containing
0.1% trifluoroacetic acid (TFA). Fifty microliters of the CE of B. thurin-
giensis T01001 was loaded into an Agilent HC-C18 (2) column (particle
size, 5 �m; 4.6 mm [inside diameter] by 250 mm) and separated by a
linear gradient of 30% to 80% acetonitrile from 0 to 10 min at a flow rate
of 1.0 ml/min. The eluate was monitored at a wavelength of 254 nm, and
fractions were manually collected for the bioassay of antibacterial activity
against B. thuringiensis BMB171. The active fractions were collected and
lyophilized into powder. They were then dissolved in ddH2O, and the
concentration of bacteriocin preparation was quantified to 1 �g/�l. In
addition, the CEs of B. thuringiensis BMB171 and B. thuringiensis
BMB1661 were separated under the same HPLC conditions as described
above.

LC-MS/MS analysis. Liquid chromatography-mass spectrometry (LC-
MS) and LC-tandem MS (LC-MS/MS) were both performed with the Agilent
6540 ultra-high-definition (UHD) accurate-mass quadrupole time of flight
(Q-TOF) LC-MS system. The analytical column was an Agilent HC-C18 (2)
column (particle size, 5 �m; 4.6 mm [inside diameter] by 250 mm). The MS
operating conditions were as follows: capillary voltage, 3,500 V; nebulizer
pressure, 35 lb/in2 gauge; flow rate of drying gas, 9 liters/min; and tempera-
ture, 350°C. The scanning range of Q-TOF was m/z 100 to 3,000. Data were
acquired at the rate of 1 spectrum/s. Detailed sequence information for these
two peptide antimicrobial substances was further investigated with the tar-
geted MS/MS mode. The target ion was isolated and fragmented by adding a
voltage of 35 V.

Effects of temperature and pH on antimicrobial activities of the
lantibiotics. To test the thermal stabilities of thuricin 4A-4 and thuri-
cin 4A-4D, the bacteriocin preparations (�10 �M) were exposed to
28°C, 60°C, 80°C, 100°C, and 121°C for 30 min. The residual bacteri-
ocin activities against B. thuringiensis BMB171 were determined as de-
scribed above. To establish the sensitivities of these two peptides to pH,
the bacteriocin preparations (�10 �M) were adjusted to pH 2.0 to 9.0,
using 1 M NaOH or 1 M HCl solution, followed by incubation at 28°C for
2 h. The residual antimicrobial activity was assessed after neutralizing the
sample to pH 6.5.

Thuricin 4A-4 mode of action. The effect of thuricin 4A-4 on the
sensitive indicator strain B. thuringiensis BMB171 was assessed by incu-
bating the exponential-phase B. thuringiensis BMB171 with the purified
thurincin 4A-4. A 40-ml culture of the indicator strain (B. thuringiensis
BMB171) grown in LB broth was incubated at 28°C. The culture was
divided in four aliquots when the optical density at 600 nm (OD600)
reached 0.5. One was used as a control, while different amounts of thuri-
cin 4A-4 were added to the other three. The flasks were then incubated at
28°C for 120 min, and samples were removed at different times to measure
the number of viable cells on LB agar plates and the OD600. Three inde-
pendent experiments were performed.

RESULTS
The B. cereus group contains 20 types of lanthipeptide gene
clusters. A total of 101 putative lanthipeptide biosynthetic gene clus-
ters were identified in 78 of the 223 strains of the B. cereus group with
available genome sequences (Table 1; see Table S1 in the supple-
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mental material). Most of the gene clusters were identified from
strains of B. cereus and B. thuringiensis. On the basis of their gene
organizations and the homologies of functional genes (lanB or
lanM genes), these gene clusters were classified into 20 types, in-

cluding 6 types of class I (Fig. 1) and 14 types of class II (Fig. 2). No
putative lanthipeptides belonging to class III or IV were predicted,
except for two putative genes encoding LanL-like lanthionine syn-
thetases involved in modification of type IV lanthipeptides from
some B. cereus strains (see Table S1 in the supplemental material).
However, adjacent to these genes, putative structural genes or
other genes involved in lanthipeptide secretion and immunity
could not be found.

None of the 6 types of class I lanthipeptide biosynthetic gene
clusters have yet been biochemically characterized. All the puta-
tive precursor peptides (LanA peptides) of these gene clusters had
the conserved motif F-(N/D)-L-(N/D/E) and contained cysteine,
threonine, and serine residues (see Table S2 in the supplemental
material). The putative precursor peptides in the type I-3, I-5, and
I-6 gene clusters had no similarity to any known class I lantibiotics
precursor peptides (see Table S2). Two types of gene clusters, I-1
and I-4, contained two or more similar structural genes (see Table
S2). In type I-2, different gene clusters in different strains con-
tained different copies of the structural gene (lanA) (Fig. 1; see
Table S2). This situation has rarely been reported in class I lanti-
biotic biosynthetic gene clusters.

In the 14 types of class II lanthipeptide gene clusters, each of the

TABLE 1 Distribution of the lanthipeptide gene cluster in the B. cereus
group strains

Species (no. of strains)

No. of lanthipeptide
gene clustersa

TotalClass I Class II

B. anthracis (29) 0 0 0
B. cereus (147) 25 53 78
B. thuringiensis (37) 7 11 18
B. cytotoxicus (1) 0 0 0
B. mycoides (3) 1 2 3
B. pseudomycoides (1) 0 1 1
B. weihenstephanensis (4) 1 0 1
B. toyonensis (1) 0 0 0

Total (223) 34 67 101
a Class III or class IV lanthipeptide gene clusters were not identified in any of the
genomes.

FIG 1 Line diagram of 6 predicted types of class I lanthipeptide gene clusters in the B. cereus group strains. The genes in the dashed boxes were not annotated.
The numbers refer to NCBI annotation numbers of the underlined strains.
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putative structural peptides (LanA peptides) was characterized by
an N-terminal leader sequence with a conserved G (G/A/S) cleav-
age site (see Table S2 in the supplemental material). Four of them,
II-2, II-7, II-9, and II-12, might produce two-peptide lanthipep-
tides. The type II-1 and type II-3 gene clusters had significant
similarity with known lantibiotic (cerecidin and thuricin) gene
clusters (15, 16), but the other 10 types of gene clusters were not
biochemically characterized (see Table S2). The putative precur-
sor peptides of II-5 and II-12 showed no similarity to any other
known lantibiotic precursor peptides (see Table S2).

Characterization of the thuricin 4A biosynthetic gene clus-
ter. To confirm the synthetic function of these predicted gene
clusters, we selected the first type of class I lanthipeptide gene

cluster for verification. This type of gene cluster contains multiple
structural genes and exists in 10 B. cereus group strains. In these 10
strains, the sequence diversity of the structural genes is low
(	1%), and the major differences among different gene clusters
are the numbers of the structural genes (Fig. 1).

In B. thuringiensis T01001, the sequence of the thuricin 4A gene
cluster (GenBank accession number KP133062) was verified by
PCR amplification and Sanger sequencing (Fig. 3A). It consisted
of nine genes, four tandem structural genes (thiA1, thiA2, thiA3,
and thiA4), two genes (thiB and thiC) coding for enzymes in-
volved in the posttranslational modification of the precursor pep-
tides, one gene (thiP) coding for a putative extracellular serine
protease which may remove the leader peptide of the precursor

FIG 2 Line diagram of 14 predicted types of class II (B) lanthipeptide gene clusters in the B. cereus group strains. The numbers refer to NCBI annotation numbers
of the underlined strains. #, the gene cluster in different strains might have different numbers of structural genes, which could not be determined by the available
sequence.
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peptides, and one gene (thiT) coding for an ABC transporter-
related protein that may contribute to secretion of the lanthipep-
tides (Table 2). thiI, a gene encoding a putative membrane protein
with five putative transmembrane domains, may be responsible
for lantibiotic immunity. The protein sequences of the four pre-
cursor peptides (ThiA1, ThiA2, ThiA3, and ThiA4) had identities
of 58%, 54%, 48%, and 58% to PaenA (the precursor peptide of
paenibacillin), respectively (Table 2). As indicated in Fig. 3B,
ThiA1, ThiA2, ThiA3, ThiA4, and PaenA had a high level of amino

acid sequence similarity in the C termini but were more diverse in
the N termini and the leader peptides.

Transcriptional analysis and cloning of the thuricin 4A bio-
synthetic gene cluster. To verify this gene cluster, we first tested
the transcription of four structural genes by qPCR. Relative quan-
tification was carried out by the 2���CT method (20). The ampli-
fication efficiencies of the endogenous gene and four structural
genes ranged from 92% to 108%, with an r2 value of �0.992 (data
not shown). It was found that all four structural genes were tran-

FIG 3 Characterization and cloning of the thuricin 4A biosynthetic gene cluster. (A) Construction of thuricin 4A gene cluster expression vector pBMB1661. (B)
Amino acid sequence alignment of four precursor peptides with PaenA. Conserved residues are in boldface, and the cleavage site of the processing protease is
represented by a vertical line. Thioether bridging of paenibacillin is shown.

TABLE 2 Open reading frames analysis of the thuricin 4A gene cluster in B. thuringiensis serovar thuringiensis T01001 using BLASTp

Predicted open
reading frame

No. of
amino acids Protein homology (accession no./no. of amino acids)a

Identity (%) in
aligned region Expectation value

thiA1 51 PaenA, paenibacillin precursor peptide, P. polymyxa
OSY-DF (AFS60100; 53)

29/50 (58) 6.00E�17

thiA2 51 PaenA, paenibacillin precursor peptide, P. polymyxa
OSY-DF (AFS60100; 53)

27/50 (54) 8.00E�15

thiA3 51 PaenA, paenibacillin precursor peptide, P. polymyxa
OSY-DF (AFS60100; 53)

24/50 (48) 2.00E�13

thiA4 51 PaenA, paenibacillin precursor peptide, P. polymyxa
OSY-DF (AFS60100; 53)

29/50 (58) 2.00E�16

thiP 324 SubP, subtilisin-like protease, B. subtilis MMA7
(AGL93172; 324)

118/314 (38) 3.00E�69

thiB 1,023 SubB, lanthionine synthetase B-like protein, B. subtilis
MMA7 (AGL93173; 1,036)

379/1,038 (37) 0

thiC 436 PaenC, lantibiotic cyclase, P. polymyxa OSY-DF
(AFS60103; 423)

135/436 (31) 1.00E�69

thiI 183 Transmembrane protein responsible for subtilomycin
immunity, B. subtilis BSn5 (ADV95128; 196)

53/180 (29) 4.00E�12

thiT 536 Antibiotic ABC transporter ATP-binding protein, S.
haemolyticus, (WP_011276513; 575)

245/538 (46) 2.00E�173

a Results are from a BLASTp search of the GenBank protein database in October 2014.
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scribed in the exponential growth phase. Although they had sim-
ilar promoters and terminators (Fig. 4A and B), the cDNA quan-
tity of thiA4 was much higher than those of the other three
structure genes (Fig. 4C).

Second, a DNA fragment (�11 kbp) containing the entire puta-
tive gene cluster was cloned into the vector pEMB0603 and trans-
ferred into a surrogate host, B. thuringiensis BMB171 (Fig. 3A). A
transformant, designated B. thuringiensis BMB1661, exhibited
antibacterial activity against the parent strain B. thuringiensis
BMB171, demonstrating that the putative thuricin 4A biosyn-
thetic gene cluster codes for the synthesis of an active antibacterial
peptide(s).

B. thuringiensis strains T01001 and BMB1661 both produce
two novel lantibiotics, thuricin 4A-4 and its derivative thuricin
4A-4D. The kinetics of the antimicrobial substance production
assay showed that T01001 produced an antimicrobial compound
in the exponential phase (Fig. 5A). Antimicrobial peptides in the
culture supernatants of T01001 and BMB1661 were concentrated
on Amberlite XAD-7 HP resin and separated by reverse-phase
HPLC (RP-HPLC). The CEs of T01001 and BMB1661 both
showed high antimicrobial activity (
1.6 � 105 arbitrary units
[AU]/ml) compared to that of BMB171. Separation of active pep-
tides from T01001 and BMB1661 by RP-HPLC generated two
fractions with activity against BMB171 (Fig. 5B), while the corre-
sponding preparation from BMB171 did not yield fractions with
antimicrobial activity.

Subsequently, these two target fractions were analyzed by LC-
MS. The measured molecular masses of fractions A-A= (m/z

2,786.3) and B-B= (m/z 2,886.3) were determined from their
monoisotopic signals (Fig. 5C). The calculated molecular mass of
the predicted mature peptide of ThiA4, termed thuricin 4A-4, was
2,965.4 Da. The observed molecular masses of fractions A and A=
were �179 Da less than the calculated mass, indicating that 3
serine residues and 7 threonine residues in thuricin 4A-4 were
dehydrated. Spontaneous hydrolysis of Dhb at the N terminus of
thuricin 4A-4, analogous to LtnA2 (24), was predicted to yield
2-oxobutyryl residue (�1). It can thus be concluded that fractions
A and A= contain thuricin 4A-4. However, the m/z of fractions B
and B= (m/z 2,886.3) did not correspond to any of the predicted
products of the structural genes of the gene cluster, ThiA1, ThiA2,
ThiA3, or ThiA4.

Fractions A and B were further analyzed using LC-MS/MS. As
illustrated in Fig. S1A in the supplemental material, all the marked
fragment ions of fraction A corresponded to fragments of thuricin
4A-4, confirming the identity of fraction A as thuricin 4A-4. Further-
more, judging from the fracture site, the pattern of Lan or MeLan
cross-linking of thuricin 4A-4 (Fig. 3B and 5D) was identical to that of
paenibacillin (23, 25). Surprisingly, the parent ion (m/z 930.1051)
and a series of fragment ions (gray) of thuricin 4A-4 also appeared in
the MS/MS spectrum of fraction B (see Fig. S1 in the supplemental
material). The molecular masses of fragment ions y22, y23, y24, y25,
y26, b20, and b27 of fraction B were about 100 Da (monoisotopic)
higher than those of the corresponding fragment ions of thuricin
4A-4. However, fragment ions corresponding to y14 and y15 with
100 Da added could not be identified in the MS/MS spectrum of
fraction B. These results suggested that fraction B was derived from

FIG 4 Analysis of transcription of four structural genes (thiA1, thiA2, thiA3, and thiA4). (A) The promoters of the four putative structural genes. Their �35
and �10 regions, putative transcription start sites, ribosomal binding sites (RBS), and the start codons for the thiA1, thiA2, thiA3, and thiA4 genes are indicated.
(B) Nucleotide sequence of the stem-loop structures located in the four structural genes. Nucleotides are numbered from the putative transcription start site of
each structural gene. (C) RT-qPCR for the relative quantification (RQ) of thiA1, thiA2, thiA3, and thiA4 mRNAs in B. thuringiensis serovar thuringiensis T01001
at different time points during bacterial growth. Error bars represent standard deviations.
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thuricin 4A-4 by addition of an unknown compound to the side
chain of an amino acid between Val6 and Cys13 of thuricin 4A-4. In
that range of amino acids, the most reactive side chains of amino acids
were Lys7 and Lys10. Therefore, we suggest that the side chain of Lys7
or Lys10 reacted to an 118-Da substance to produce the derivative of
thuricin 4A-4, thuricin 4A-4D (Fig. 5D; see Fig. S1 in the supplemen-
tal material).

Antimicrobial activities and stabilities of thuricin 4A-4 and
thuricin 4A-4D. The HPLC-purified thuricin 4A-4 and thuricin
4A-4D showed broad-spectrum antimicrobial activity and were
active against all of the tested Gram-positive bacteria, including B.
cereus, B. firmus, B. thuringiensis, B. subtilis, B. pumilus, Enterococ-
cus faecalis, Microbacterium, Paenibacillus, Staphylococcus aureus,
and Staphylococcus sciuri (Table 3). Both compounds were inac-
tive against all of the Gram-negative bacterial strains tested. Com-
paring the MIC values of these two antimicrobial peptides, the

antibacterial activity of thuricin 4A-4 was higher than that of thu-
ricin 4A-4D for each indicator bacterial strain (Table 3).

The residual antibacterial activities of thuricin 4A-4 and thu-
ricin 4A-4D remained unchanged when the temperature was be-
low 80°C (see Table S4 in the supplemental material). After expo-
sure to temperatures exceeding 90°C, the antibacterial activities of
thuricin 4A-4 and thuricin 4A-4D decreased, and they were elim-
inated at 121°C. Thuricin 4A-4 and thuricin 4A-4D retained most
of their antimicrobial activities when exposed to different pH val-
ues from 2 to 9 (see Table S4 in the supplemental material).

The putative membrane protein ThiI confers thuricin 4A-4
immunity. The thiI gene codes for a polypeptide of 183 residues that
has low similarity (29%) with known lantibiotic immunity protein
ApnI (26) (Table 2). To test whether it contributes thuricin 4A-4
immunity, we heterologously expressed thiI with the thiA4 promoter
in B. thuringiensis BMB171 (Fig. 6A). The recombinant strain, B.

FIG 5 Purification and identification of two lantibiotics, thuricin 4A-4 and thuricin 4A-4D. (A) Kinetics of antimicrobial substances produced during the
growth of B. thuringiensis T010001. The optical density of the T01001 culture was measured at 600 nm (Œ). The antimicrobial substance concentration was
expressed as inhibition zone diameter (�). (B) Reverse-phase HPLC profiles of crude extracts of B. thuringiensis BMB171, T01001, and BMB1661. (C) MS
profiles of the HPLC-purified antimicrobial peptides thuricin 4A-4 and thuricin 4A-4D. (D) Schematic representation of thuricin 4A-4 and thuricin 4A-4D
structures. For thuricin 4A-4D, the added group (approximately 100 Da) is represented as X.
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thuringiensis BMB171 (pHT304-I), was four times more resistant
to thuricin 4A-4 than the control strain B. thuringiensis BMB171
(pHT304) (Fig. 6B and C). This means that ThiI is a novel immu-
nity protein conferring immunity to producer strains.

Thuricin 4A-4 mode of action. To study the putative mode of
action of thuricin 4A-4, an exponentially grown culture of the indi-
cator strain B. thuringiensis BMB171 was treated with different
concentrations of thuricin 4A-4 and both the OD600 of the culture
and the number of viable cells were monitored at different times.
The addition of thuricin 4A-4 caused OD600 values of the culture
to rapidly change (Fig. 7A). A series of thuricin 4A-4 concentra-
tions (1� MIC, 2� MIC, and 4� MIC) were tested, and various
degrees of decrease in the OD600 were observed. The number of
viable cells also showed various degrees of decrease after the treat-
ment with different concentrations of thuricin 4A-4 (Fig. 7B).
These results indicated that thuricin 4A-4 acts as a bactericidal
compound.

DISCUSSION

Lantibiotics inhibit many clinical pathogens, including some multi-
drug-resistant ones (10–14). Therefore, the identification of novel
lantibiotics may provide new tools for treatment of multidrug-resis-
tant pathogens. In this study, we analyzed the genome sequences of
the B. cereus group strains and identified a large number of puta-
tive lanthipeptide gene clusters, most of which have not yet been
experimentally verified. The functional verification of one gene

cluster also supported the synthetic function of these predicted
gene clusters. The comprehensive bioinformatic assessment of
putative lanthipeptide gene clusters in a single species supports
conclusions about the distribution and diversity of lanthipeptides
in this species, and in addition, we identified a prolific source of
novel lantibiotics, the B. cereus group.

In our genome analysis, we provided some excellent candidate
strains for detailed validation experiments and quick discovery of
many more new lantibiotics. Although there are numerous lanthi-
peptides awaiting discovery and biochemical characterization, some
of the more promising antimicrobial substances should be given
more attention in future research. One of the most important of these
is the precursor peptide of lanthipeptide, which has no similarity to
any known lantibiotics and/or the lanthipeptide gene cluster that
contains some rare modifying enzymes, such as in the I-5 and I-6 gene
clusters of the B. cereus group. This might result in some new
antimicrobial activity (9). Next is the precursor peptide of lanthi-
peptide, which has similarity to well-applied lantibiotics. Some
studies have confirmed that products of the site-directed mu-
tagenesis of bacteriocin peptides or their analogs might have new
features, such as different three-dimensional structures, inhibi-
tory spectra, and thermal stabilities (27, 28). For example, geoba-
cillin I is a nisin analog but showed increased stability compared to
that of nisin A (29).

Of the 20 types of lanthipeptides, 12 types were identified in
different strains. The BLASTP analysis of the lanthipeptide syn-
thetases in the B. cereus group showed that any two proteins with
similar functions (LanB or LanM proteins) within the same type
have a high level of amino acid sequence identity, generally more
than 90%, while the identity of genes from other types or other
species is low, usually below 40% (see Table S5 in the supplemen-
tal material). This suggested that these 20 types of lanthipeptide
gene clusters independently evolved or at least had no recent hor-
izontal gene transfer, and most of them are likely transmitted by
intraspecies horizontal gene transfer.

The function of the predicted novel lantibiotic biosynthetic gene
cluster thuricin 4A in B. thuringiensis serovar thuringiensis T01001
was verified by purification of thuricin 4A and heterologous ex-
pression of the cluster. It is worth mentioning that the broad in-
hibitory spectrum of thuricin 4A-4 may allow development of
applications. In reported lantibiotic gene clusters, the number of
structural genes rarely exceeds two (4, 16). Interestingly, the num-
ber of structural gene in the thuricin 4A gene cluster was four.
Moreover, the levels of expression of the four structural genes
differed substantially although the genes have similar promoters
and terminators. Purification of antimicrobial peptides confirmed
that thuricin4 A-4 is the only product and additionally identified a
derivative, thuricin 4A-4D, which may result from succinylation
at a lysine residue. The lantibiotic subtilin (m/z 3,319.6) also oc-
curred as succinylated subtilin (m/z 3,419.6) (30). N-terminally
succinylated subtilin retains less than 10% antibacterial activity,
and succinylation thus may present a novel mechanism of self-
protection for the producer strain (31). MS/MS analysis showed
that the molecular weight difference between thuricin 4A-4 and
thuricin 4A-4D and the reduced antibacterial activity of thuricin
4A-4D are consistent with succinylation at Lys7 or Lys10 of thu-
ricin 4A-4. However, the confirmation of succinylation requires
further experimentation.

A previous report proposed that the majority of bacteria and ar-
chaea produce at least one bacteriocin (32). The prevailing view is that

TABLE 3 Antimicrobial spectra of thuricin 4A-4 and thuricin 4A-4D

Indicator strain (reference)a

Mediumb-incubation
temp (°C)

MIC (�M)c

Thuricin
4A-4

Thuricin
4A-4D

Gram-negative bacteria
Sphingobacterium strain Pri1 NB-28 NA NA
Pseudomonas putida Pri3 NB-28 NA NA
Pseudomonas psychrophila

Pri5
NB-28 NA NA

Escherichia coli BL21 (18) LB-37 NA NA
Escherichia coli DH5� (18) LB-37 NA NA
Erwinia herbicola LS005 (35) LB-28 NA NA
Enterobacter strain Bom2 NB-37 NA NA

Gram-positive bacteria
Bacillus cereus UW85 (35) LB-28 7.8 21.6
Bacillus firmus BCRC11944 LB-28 0.326 1.35
Bacillus subtilis 168 (36) LB-28 5.2 10.8
Bacillus subtilis Bsn5 (37) LB-28 5.2 10.8
Bacillus thuringiensis BMB171

(38)
LB-28 1.3 5.2

Bacillus thuringiensis
YBT1518 (39)

LB-28 1.3 2.6

Bacillus pumilus SCG I LB-28 0.65 86.6
Paenibacillus X3 LB-28 2.6 10.8
Staphylococcus aureus X4 NB-37 1.3 2.6
Staphylococcus sciuri Bom1 NB-37 1.95 43.2
Microbacterium strain Pri2 NB-37 5.2 5.2
Enterococcus faecalis Bom3 NB-37 2.6 5.2

a Strain BCRC 11944 was obtained from Bioresource Collection and Research Center
(BCRC); other strains for which references are not provided were isolated by our group.
b NB, nutrient broth; LB, Luria broth.
c The highest concentrations of thuricin 4A-4 and thuricin 4A-4D were 332.8 �M and
345.6 �M, respectively. NA, no activity against the indicator strain, even with the
highest concentration of the indicated peptide.
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the production of antimicrobial compounds might facilitate the
competition of a producer and be a competitive advantage in certain
environment (33, 34). The bacteria of the B. cereus group can survive
in various ecological environments, and this ability is generally
considered to be associated with their robust endospores, while
the production of antimicrobial substances confers a double ad-
vantage for their survival and growth in different habitats (7). Two
reported lantibiotics (cerecidins and thuricin) and thuricin 4A-4
had a broad spectrum of antibacterial activity (15, 16). This sug-
gests that the lantibiotics may play an important role in survivabil-
ity and adaptability to the environment.

In total, our research revealed that the B. cereus group has a
variety of novel lanthipeptides, and it will greatly enrich the un-
derstanding of the distribution and diversity of the lanthipeptide
gene cluster in the B. cereus group.
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FIG 6 Validation of thiI gene immune function. (A) Construction of expression vector pHT304-I. (B) Thuricin 4A-4 immunity of BMB171 and its mutants. (C)
MICs of thuricin 4A-4 to BMB171 and its mutants. The arrows indicate the MIC of thuricin 4A-4 to the indicator bacteria.

FIG 7 Effect of thuricin 4A-4 on the optical density (A) and the number of
viable cells (B) of a B. thuringiensis BMB171 culture. Thuricin 4A-4 concen-
trations: 0 (�), 1� MIC (Œ), 2� MIC (�), and 4� MIC (�). Means and
standard deviations are presented.
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