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ABSTRACT  Bacillus cereus is among the microorganisms most often isolated from cases of food spoilage and causes gastrointes-
tinal diseases as well as nongastrointestinal infections elicited by the emetic toxin cereulide, enterotoxins, and a panel of tissue-
destructive virulence factors. This opportunistic pathogen is increasingly associated with rapidly fatal clinical infections espe-
cially linked to neonates and immunocompromised individuals. Fatality results from either the misdiagnosis of B. cereus as a
contaminant of the clinical specimen or from failure of antibiotic therapy. Here we report for the first time that exposure to ami-
noglycoside antibiotics induces a phenotype switching of emetic B. cereus subpopulations to a slow-growing small colony vari-
ant (SCV) state. Along with altered antibiotic resistance, SCVs showed distinct phenotypic and metabolic properties, bearing the
risk of antibiotic treatment failure and of clinical misdiagnosis by standard identification tests used in routine diagnostic. The
SCV subpopulation is characterized by enhanced production of the toxin cereulide, but it does not secrete tissue-destructive and
immune system-affecting enzymes such as sphingomyelinase and phospholipase. SCVs showed significantly prolonged persis-
tence and decreased virulence in the Galleria mellonella model for bacterial infections, indicating diversification concerning
their ecological lifestyle. Importantly, diversification into coexisting wild-type and SCV subpopulations also emerged during
amikacin pressure during in vivo infection experiments.

IMPORTANCE  This study shows for the first time that pathogenic spore-forming B. cereus strains are able to switch to a so far
unreported slow-growing lifestyle, which differs substantially in terms of developmental, phenotypic, metabolic, and virulence
traits from the wild-type populations. This underpins the necessity of molecular-based differential diagnostics and a well-chosen
therapeutic treatment strategy in clinical environments to combat B. cereus in a tailored manner. The reported induction of SCV
in an endospore-forming human pathogen requires further research to broaden our understanding of a yet unexplored antibi-
otic resistance mechanism in sporulating bacteria. Our work also raises a general question about the ecological meaning of SCV

subpopulation emergence and importance of SCV in sporeformer populations as an alternative route, next to sporulation, to
cope with stresses encountered in natural niches, such as soil or host interfaces.
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he endospore-forming species Bacillus cereus belongs to one of

the most relevant food poisoning-associated pathogens, due
to its ability to produce several enterotoxins, tissue-destructive
enzymes, and the heat-stable emetic toxin cereulide (1, 2). These
toxins cause severe gastrointestinal symptoms; however, particu-
larly cereulide has received increasing attention, since occasional
fatal outcomes after food ingestion have been reported (3-5). Be-
sides typical symptoms like vomiting, the potent ionophoric toxin
cereulide can also lead to rhabdomyolysis, liver damage, and seri-
ous multiorgan failure and has recently been linked to the induc-
tion of diabetes by causing beta cell dysfunction (3, 6). Especially
immunocompromised people and young children, who are pre-

November/December 2015 Volume 6 Issue 6 e01172-15

dominately affected by infections of the central nervous system,
wounds, and the respiratory tract, as well as endocarditis and sep-
ticemia, are more thoroughly monitored (2). Since B. cereus
strains, which possess very different toxinogenic potentials (7, 8),
are notoriously present in our daily environment as soil and food
dwellers, additional problems arise from judging detection of
B. cereus as being a true case of a harmful threat. In some instances,
contaminations of clinical specimens, equipment, and disinfec-
tants have been misleadingly seen as “environmental contamina-
tion” (9). This might be one reason why, despite increased aware-
ness, the administered antibiotic therapies often result in high
mortality, if not promptly initiated. For treatment of infections,
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FIG 1 Detection and phenotypes of small colony variants of B. cereus. Small colony variants (SCVs) detected within the diffusion zones of aminoglycoside
antibiotics (indicated by the lower yellow box) were recultured on media used for the identification of B. cereus in clinical practice and routine diagnostics. In
contrast to the parental wild-type strain F3351/87 (B and C), the amikacin-induced SCV population F3351/87/SCV/AN shows a strongly diminished hemolytic
activity on Columbia blood agar (E) and no phospholipolytic activity on selective MYP agar (F). Identification of SCV cells by microscopy is hampered by their
atypical cell separation behavior and by their impaired ability to form endospores (G), while the predominately single wild-type cells typically enter sporulation
after 24 h of incubation at 30°C (D). Phase-contrast images are shown at a 1,000-fold magnification. The scale bars represent 10 mm in panel A, 5 mm in panels

B, G, E, and F, and 10 wm in panels D and G.

aminoglycoside antibiotics have so far been judged as being reli-
ably effective and are thus widely used (10, 11). In invasive and
rapidly progressive infections, a combination of amikacin or gen-
tamicin with imipenem, vancomycin, cefazolin, or clindamycin is
often chosen for administration (12—14). Notably, cases of relaps-
ing bacteremia and persistent infections of B. cereus in immune-
deficient patients due to treatment with aminoglycosides have al-
ready been reported (15).

The Bacillus anthracis-related, cereulide-producing type of
B. cereus seems to be more frequently correlated with serious clin-
ical manifestations and outbreaks than the non-cereulide-
producing B. cereus strains (4). Thus, we investigated the acquisi-
tion of antibiotic resistance within a panel of emetic strains
stemming from diverse origins. We unexpectedly found that ami-
noglycosides induce the phenotypic switching of a subset of cells
to a slow-growing, small colony variant (SCV)-like state, which
hasbeen previously proposed as a model for a persistent lifestyle of
nonsporulating bacteria, with Staphylococcus aureus as the most
prominent organism (16, 17). To gain insights into this yet unex-
plored life form and to decipher its potential ecological function
within the B. cereus population, we carried out a comprehensive
analysis of the phenotypic and metabolic traits of B. cereus SCVs.
Using a Galleria mellonella model, which has been established as a
suitable model for studies of B. cereus pathogenesis (18-20), the
induction of SCVs by administration of amikacin could be proven
in vivo.

TABLE 1 Strains and strain variants included in this study

RESULTS

Induction and phenotypes of B. cereus SCVs. During a broad-
scale disk diffusion screening to assess the susceptibility of emetic
B. cereus strains toward antibiotics commonly used for human
and veterinary therapy (E. Frenzel, M. Kranzler, and M. Ehling-
Schulz, unpublished data), we observed that strains frequently
showed an adaptive behavior toward the exposure to aminoglyco-
sides by forming atypically small, isolated colonies capable of
growing within the antibiotic diffusion zones (Fig. 1A; Table 1).
During reculturing on nonselective agar, isolates retained the
slower growth behavior and homogenously formed rounded col-
onies of 0.9 mm on plate count (PC) agar and 1.8 mm on LB,
whereas the sizes of their parental strain colonies were 4.5 mm on
PC agar and 3.5 mm on LB agar.

Next, we monitored the colony characteristics after subculture
on growth media commonly used for the detection and identifi-
cation of B. cereus group isolates in clinical/food diagnostic set-
tings, which are based on typical secretory phenotypes (21). While
the irregularly shaped wild-type colonies showed typical beta-
hemolytic activity on Columbia blood agar (Fig. 1B) and a zone of
lipolysis on selective mannitol-yolk-polymyxin (MYP) agar
(Fig. 1C), these phenotypes were strongly reduced or absent in
B. cereus small colony variants (Fig. 1E and F; Table 1). Cells of
SCVs were associated in long chains with apparent failure of
daughter cell separation, suggesting that these cells remained in a

Wild-type strains and
strain variants®

Source of isolation

Geographic origin

Wild type
F3351/87 Human feces (outbreak) United Kingdom
RIVM Bc51 Rice dish (outbreak) The Netherlands
UHDAM 143/pl Dust (environment) Finland

SCVs?
F3351/87/SCV/AN Amikacin induced; parent F3351/87 This study
F3351/87/SCV/GM Gentamicin induced; parent F3351/87 This study
RIVM Bc51/SCV/AN Amikacin induced; parent RIVM Bc51 This study
UHDAM 143/pl/SCV/GM Gentamicin induced; parent UHDAM 143/pl This study
UHDAM 143/pl/SCV/AN Amikacin induced; parent UHDAM 143/pl This study

a Strain designation abbreviations: F-, Public Health Laboratory Service, London, United Kingdom; RIVM, Rijksinstituut voor Volksgezondheid en Milieu, Bilthoven, The
Netherlands; UHDAM, University of Helsinki, Department of Applied Chemistry and Microbiology, Helsinki, Finland.
 Small colony variants were isolated as single grown colonies in the inhibition zones of disk diffusion assays with antibiotics as indicated in the table and shown in Fig. 1.
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TABLE 2 Antibiotic susceptibilities of SCVs in comparison to their parental B. cereus wild-type strains as assessed by the CLSI disk diffusion assay

Susceptibility of wild-type strain® Susceptibility of SCV?
RIVM UHDAM F3351/87/ F3351/87/ RIVM UHDAM UHDAM
Antibiotic? F3351/87 Bc51 143/pl SCV/AN SCV/GM Bc51/SCV/AN 143/pl/SCV/AN 143/pl/SCV/GM
Amikacin S (26) S (26) S (26) 1(18) 1(19) 1(17) 1(17) 1(17)
Amoxicillin/ R (15) R (16) R (16) S (20) S(17) S (18) S(19) S(19)
clavulanic acid
Azithromycin S (22) S (21) S (22) S (24) S (23) S (23) S (25) S (24)
Cefepime R (10) R (11) R(9) S (22) S(19) S (23) S (22) S (21)
Chloramphenicol S (27) S (27) S (27) S (28) S (26) S (28) S (29) S (27)
Ciprofloxacin S (26) S (26) S (28) S (29) S (28) S (29) S (31) S (32)
Clindamycin S (22) S (21) S (22) S (20) S (20) S (19) S (21) S (19)
Colistin R (0) R (0) R (0) R (0) R (0) R (0) R (0) R (0)
Enrofloxacin S (26) S (26) S (28) S (26) S (26) S (26) S (28) S (28)
Erythromycin S(27) S(27) S (27) $(29) S (28) S (28) S (30) S (29)
Fusidic acid R(12) R(12) R (13) 1(17) 1(16) 1(17) 1(16) 1(16)
Gentamicin S (26) S (23) S (23) S (16) S (16) S (16) S (16) S (16)
Imipenem S (38) S (36) S (40) S (38) S (36) S (37) S (39) S(37)
Linezolid S (29) S (29) S (30) S(32) S (30) S(31) S (31) S (30)
Meropenem S (31) S (32) S (33) S (32) S (30) S (33) S (33) S (33)
Mupirocin R(0) R(0) R (0) R (8) R(9) R(9) R(9) R(9)
Penicillin R(11) R(12) R (13) R(12) R (12) R(12) R(12) R (13)
Rifampin 1(18) 1(17) 1(19) S (20) S (21) S (20) S (20) 1(19)
Sulfonamide/ R (0) R (6) R (0) R (0) R (0) R (0) R (0) R (0)
trimethoprim

Teicoplanin S (19) S (18) S (19) S (19) S (18) S (20) S (20) S (19)
Tetracycline S (23) S (23) S (24) S (25) S (26) S (25) S (26) S (26)
Tigecycline S (23) S (23) S (24) S (26) S (25) S (26) S (27) S (26)
Vancomycin S (20) S (20) S (20) S (22) S (20) S (21) S (22) S (21)

“ For details on antibiotic concentrations, see Table S1 in the supplemental material.

b For strain details, see Table 1. Results printed in boldface either indicate increased resistance of the SCV versus the wild type toward the tested antibiotic (visible by a reduction of
the disk diffusion zone of =3 mm) or indicate enhanced sensitivity toward the respective antibiotic (visible by an enlargement of the disk diffusion zone of =3 mm). The letters S, I,
and R indicate the sensitivity breakpoints as given by the CLSI/EUCAST (see Materials and Methods for details): S, sensitive; R, resistant, I, intermediate susceptibility toward the
antibiotic. The numbers in parentheses indicate the diameter (in millimeters) of the zone of inhibition on Mueller-Hinton agar.

vegetative state for a prolonged time and did not readily initiate
sporulation (Fig. 1G). In contrast, wild-type cells showed a nor-
mal septation process and formation of endospores after 24 h of
cultivation on MYP, LB, or Columbia blood agar (Fig. 1D). A
sporulation assay confirmed that the sporulation rate of the wild-
type accounted for 51% * 17% of the population (mean * stan-
dard deviation [SD]) in LB broth and 26% = 5% in PC broth after
48 h, whereas only 8% * 7% of the SCV population sporulated in
LB broth and failed to form heat-resistant spores in PC broth. A
swimming assay performed on 0.3% LB agar showed that SCVs
were impaired in their motility and showed a significantly reduced
spreading zone compared to the wild-type (see Fig. S1 in the sup-
plemental material). A flagellum-specific staining (data not
shown) revealed that SCV cells were nonflagellated under this
condition, indicating that the reduced colony expansion of SCVs
originates from passive surface translocation (colony expansion
and/or sliding).

Independent of the number of cell passages and the cultivation
medium (LB, PC, Columbia blood agar, or hemin-supplemented
LB medium), B. cereus SCVs remained morphologically stable
without reverting to the wild-type phenotype, rendering them
ideal candidates to study metabolic characteristics and toxino-
genic potential and to compare wild-type- and SCV-host interac-
tions in vivo.

B. cereus SCVs show a congruent antibiotic resistance pat-
tern. SCV forms stemming from different B. cereus strains with a
clinical, food outbreak, or antibiotic-unexposed environmental
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history were exclusively found in response to aminoglycoside an-
tibiotic exposure but not to other antibiotic compounds included
in the screening approach. To evaluate whether the SCV pheno-
types were associated with alterations in antibiotic susceptibility,
we employed a disk diffusion assay. Notably, SCVs originating
from different B. cereus isolates showed identical disk antibiotype
patterns, indicating a shared cellular response mechanism toward
certain antibiotics (Table 2). In contrast to their parental popula-
tions, SCV cells were more resistant toward amikacin and genta-
micin but more sensitive toward fusidic acid, amoxicillin-
clavulanic acid, and cefepime. In order to quantify the extent of
resistance, MICs were determined by the Clinical and Laboratory
Standards Institute (CLSI) broth microdilution method. In line
with the disk diffusion assays, the majority of tested antimicrobial
compounds were similarly effective in killing both B. cereus phe-
notypes, and no differences in MICs (greater than a 2-fold dilu-
tion) were observed (Table 3). In contrast, SCV populations were
8- to 16-fold less susceptible to a treatment with amikacin, strep-
tomycin, and gentamicin than the wild-type, clearly reflecting
cross-resistance mechanisms against aminoglycoside compounds
(Table 3).

Diagnostic identification of B. cereus SCVs is hampered by
an altered metabolic profile. To monitor alterations in the me-
tabolism of SCVs, Fourier transform infrared (FTIR) spectros-
copy was used to generate a global metabolic fingerprint of the
SCV state as well as of the wild-type population. Comparison of
the vibrational spectra by hierarchical clustering and subtraction
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TABLE 3 MIC determination of SCVs in comparison to their parental B. cereus wild-type strains as assessed by the CLSI broth microdilution

method
MIC (ug/ml) for:
Test range F3351/87/ RIVM Bc51/
Antibiotic (ug/ml) F3351/87 RIVM Bc51 SCV/AN SCV/AN
Ampicillin 0.5-512 256 128 256 128
Amikacin 0.5-512 4 4 32 32
Chloramphenicol 0.125-128 2 2 2 2
Ciprofloxacin 0.0078-8 0.0625 0.0312 0.0312 0.0625
Clindamycin 0.0039-4 0.0625 0.0625 0.125 0.125
Doxycycline 0.000244-0.25 0.0625 0.125 0.125 0.125
Erythromycin 0.0625-64 0.250 0.250 0.250 0.250
Gentamicin 0.03125-32 0.125 0.250 2 2
Linezolid 0.0156-16 4 4 8 8
Lincomycin 0.03125-32 1 1 1 1
Meropenem 0.0078-8 0.125 0.125 0.125 0.125
Penicillin 0.0625-64 >64 >64 >64 >64
Streptomycin 0.0625-64 4 4 32 32
Tigecycline 0.0078-8 0.0625 0.0625 0.0625 0.125
Tetracycline 0.125-128 0.25 0.25 0.25 0.25
Vancomycin 0.03125-32 0.0625 0.0625 0.0625 0.0625
A Heterogeneity

analysis revealed substantial macromolecular and metabolic ad-
aptations in the SCVs. The close clustering of amikacin-induced
SCV group spectra from two different strains suggests that very
similar or identical cellular alterations shape the SCV phenotype
(Fig. 2A). Major spectral differences were found at 1,655-cm™!
and 1,740-cm 1, which were previously assigned to triglycerides
(22), and in the 1,200- to 900-cm ! region, thereby indicating
changes in the composition of cell wall polysaccharides and phos-
pholipids (Fig. 2B).

To gain further insights into the metabolic alterations of SCVs,
we subjected SCVs stemming from different genetic backgrounds
to a classical identification approach by the API CH50 system,
which assigns bacterial species on the basis of their substrate con-
sumption patterns. None of the SCV strains metabolized
D-saccharose or D-trehalose, but SCVs contrarily showed an en-
hanced esculin hydrolyzation capability and accelerated con-
sumption of D-glucose, D-fructose, and the cell wall component
N-acetylglucosamine, which is notable in the context of cell sepa-
ration defects. These results reflect profound metabolic altera-
tions, promoting the risk of a failed identification or misdiagnosis
of aminoglycoside-exposed B. cereus subpopulations in tests used
in clinical routine diagnostic laboratories.

B. cereus SCVs show alterations in virulence factor expres-
sion. Since the aminoglycoside-induced SCVs originated from
strains with significantly different cereulide toxin production
capacities (7), we asked whether the physiological SCV cell
state might alter cereulide biosynthesis. Thus, the SCVs F3351/
87/SCV/AN and RIVM Bc51/SCV/AN and their parental
strains were tested on sheep blood and Trypticase soya agar
(TSA) for cereulide production. Both SCVs showed a tendency
toward higher toxin production, with increases of 83 to 90%
and 30 to 40%, respectively (Fig. 3). This indicates a common
adaptation of the antibiotic-induced SCVs toward enhanced
cereulide production.

As B. cereus virulence is considerably based on secreted viru-
lence factors, we next compared the production of two major cy-
tolytic virulence factors. Notably, the enterotoxin Nhe (nonhe-
molytic enterotoxin) was still expressed by SCV cells, whereas
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FIG 2 FTIR spectroscopy reveals a high degree of metabolic heterogeneity
between wild-type B. cereus and amikacin-induced SCV subpopulations. (A)
Hierarchical cluster analysis-based dendrogram of metabolic fingerprints
from the wild-type strains F3351/87 and RIVM Bc51 and the small colony
variants F3351/87/SCV/AN and RIVM Bc51/SCV/AN. The cluster analysis
revealed substantial but similar macromolecular changes in the amikacin-
induced SCV phenotypes. (B) Representative SCV subtraction spectrum cal-
culated from averaged spectra of the parental strain F3351/87 and the derived
small colony variant F3351/87/SCV/AN. The peaks correspond to hot spots of
macromolecular alterations in the SCV phenotype (indicated by arrows).
Changes were mainly associated with the (phospho)lipid and polysaccharide
content.
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FIG 3 The SCV phenotype is connected to higher cereulide production
capacity on solid growth media. Comparison of the B. cereus wild-type strains
(F3351/87 and RIVM Bc51) and their corresponding amikacin-induced SCVs
show that SCV subpopulations produce higher levels of cereulide on Columbia
blood agar and tryptone soy agar. Amounts of cereulide per 50 mg weight of
cells were quantified by UPLC-ESI-ToF-MS and normalized to the wild-type
levels, which were set as a 100% reference.

sphingomyelinase (SPH) production was not detected (Fig. 4).
Sphingomyelinase is a phagocytosis-inhibiting factor that pro-
motes septicemia (23) and complements Nhe-induced cytotoxic-
ity and hemolysis (24). Since the secretome plasticity of B. cereus s
transcriptionally shaped by quorum-sensing mechanisms and by
posttranslational degradation (25, 26), our data suggest a loss of
(so far unknown) regulatory functions that influence the secretory
capacity of SCVs.

In vivo infection and persistence of SCVs. The changes in
metabolic and virulence phenotypes prompted us to compare

Small Colony Variants of Bacillus cereus

the in vivo virulences of wild-type populations and the corre-
sponding SCV forms by monitoring the onset and severity of
infection in the G. mellonella model of bacterial infections.
Infection of larvae with SCVs did not trigger a rapid disease
progression, which is usually visual due to the melatonization
of larvae (Fig. 5C), whereas the intrahemocoelic injection of
the wild-type expectedly resulted in a rapid onset of cell mul-
tiplication and the death of all individuals (Fig. 5A and B). The
decreased spreading of the SCV population in the host
(Fig. 5C), connected to a reduced multiplication rate (Fig. 5B),
highly likely reflects a window of time in which SCVs persist in
a low-virulence state. After this deferral period, a significant
increase in SCV counts was statistically connected to an in-
crease in the lethality rate (P < 0.001) (Fig. 5A and B). How-
ever, SCVs did dot revert back to wild-type phenotypes (as
assessed by the plating assay), suggesting that SCVs were still
capable of producing relevant virulence factors affecting the
host immunity.

SCV subpopulations are induced in vivo during amikacin
administration. In order to test whether SCVs could also be in-
duced in vivo, cells of the wild-type strain F3351/87 were injected
along with 30, 50, and 70 pg-ml~! amikacin, resulting in doses of
0.375, 0.625, and 0.875 ng per mg-of larva. While the lethality rate
remained unaltered during administration of 30 ug-ml~! amika-
cin, injection of 50 or 70 ug-ml~! amikacin caused a significantly
increased survival of larvae due to bacterial eradication within
early postinfection stages (P < 0.05) (Fig. 6A and B). Colonies
smaller than that of the wild type were detected in 8 of 120 (9.6%)
larvae (Fig. 6C). The phenotypes of the in vivo-induced SCV sub-
populations were identical to those of the in vitro-induced SCV
isolates (Fig. 6C). In particular, the filamentous phenotypes with
reduced endospore formation capability, reduced beta-hemolysis,
phosphatidlycholine-specific phospholipase C (PC-PLC) activity,
and congruent susceptibility patterns toward antibiotics were
identical (data not shown). These results demonstrate that the
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FIG 4 The small colony variant phenotype of B. cereus impacts virulence factor secretion. Cells were grown in LB medium, and samples for the analysis of the
secretome were collected at an ODy,, of 10 and 24 h after inoculation to correct for the growth delay of the SCVs (n = 3). The inset shows a representative
immunoblot with anti-NheB and anti-SPH antibodies on 10 ug of secretome proteins, which demonstrates that the nonhemolytic enterotoxin B subunit (Nhe)
is produced by the SCV phenotype, while sphingomyelinase (SPH) is not expressed.
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FIG 5 A reduced multiplication rate of SCVs is correlated with attenuated
virulence and persistence in the G. mellonella model of bacterial infection. (A)
Lethality rates of animals challenged with B. cereus wild-type and an SCV
phenotype reflect a prolonged persistence of SCV subpopulations within the
host. (B) Multiplication of strains after intrahemocoelic infection of G. mello-
nella larvae (white circles, F3351/87 wild type; black circles, F3351/87/SCV/
AN) illustrates that clonal expansion of SCVs is retarded. High cell loads,
however, lead to fatality in the infection model, indicating that SCVs are still
capable of producing relevant virulence factors. Encircled data points show the
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FIG 6 Amikacin treatment enhances the survival rate of B. cereus-infected
larvae and leads to emergence of the SCV phenotype in vivo. (A) Rate of killing
of B. cereus F3351/87 and induction of SCVs in animals receiving a singular
intrahemocoelic amikacin treatment at doses of 30, 50, and 70 ug/ml, respec-
tively. The initial amikacin dose determines the rapidity of cell multiplication
and lethality rate of larvae (A) but is unrelated to the number of induced SCVs
found per treatment group (B). In panel B, respective amikacin treatment
groups are indicated by white circles (30 wg/ml/larva), gray squares (50 g/
ml/larva), and black circles (70 wg/ml/larva). Individuals from which SCVs
were isolated are marked with an asterisk. Encircled data points show the
bacterial load within dead larvae. (C) (Left panel) Representative image of
small colony variants that are visible next to a wild-type B. cereus colony re-
covered from a homogenized larva on PC agar (scale bar, 5 mm). (Right panel)
Representative microscopic image of SCV cells induced in larvae (1,000-fold
magnification; scale bar, 10 wm).

treatment of B. cereus-infected G. mellonellalarvae with sub-MICs
of amikacin leads to the induction of SCVs in vivo, which suppos-
edly has profound relevance in clinical aspects of antibiotic treat-
ment of (systemic) B. cereus infections.
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DISCUSSION

The SCV phenotype constitutes a well-known escape strategy of
nonsporulating bacteria in response to environmental stressor
signals, functional comparably to the endospore production of
spore-forming bacilli (27). Small colony variants have been de-
scribed for several bacterial species (28), of which the S. aureus
SCVs are the most extensively characterized (29). The identifica-
tion of aminoglycoside-induced SCV subpopulations of B. cereus
in our present work adds an additional strategy of phenotypic and
presumably also genotypic diversification among spore-forming
pathogens, raising the question of the importance and role of this
alternative, not yet explored strategy of sporeformers to cope with
stress in natural habitats as well as in clinical settings. Notably, all
SCVs stemming from different genetic backgrounds shared the
same pattern of reduced aminoglycoside susceptibility, while the
sensitivity against cell wall synthesis-inhibiting antibiotics was en-
hanced, which points toward a general underlying adaptation
mechanism (Table 2).

In Escherichia coli, an origin of enhanced sensitivity is the
aminoglycoside-induced reduction of the proton motive force
(PMF), which primarily prevents aminoglycoside uptake and sec-
ondarily leads to diminished activity of PMF-dependent efflux
pumps (30). However, no correlation was observed regarding the
modulation of antibiotic susceptibility patterns of S. aureus (31—
33) and B. cereus SCVs identified in this study. Thus, antibiotic
susceptibility patterns of SCVs probably depend not only on the
bacterial species but also on the inductor compound and the un-
derlying metabolic alterations. Our results demonstrate that B. ce-
reus SCVs share key characteristics with aminoglycoside-induced
SCV types previously described for S. aureus (28). The small col-
ony size and slow growth, which are based on filamentous cell
morphology with an apparent dysfunction in membrane biogen-
esis and cell separation, are accompanied by a reduced secretion of
virulence factors such as PC-PLC, proteases, and sphingomyeli-
nase. This loss of the typical postexponential-phase regulation
leads to a phenotype that is not identifiable as B. cereus on selective
media, by FTIR, or in metabolic profiling test systems. These traits
are linked to profound alterations in the metabolism of fatty acids,
phospholipids, and cell wall polysaccharides and a modulated ac-
tivity or synthesis of carbohydrate metabolism-associated pro-
teins, which resemble previously documented alterations in SCV
gene expression patterns (28, 34, 35).

However, B. cereus SCVs seem to be exceptional in terms of
phenotypic plasticity: while S. aureus SCVs frequently employ
switch-back mechanisms to revert to the normal phenotype (36),
B. cereus SCV subpopulations remained stable even during com-
plementation with hemin, menaquinone, or menadione, which
usually complement the auxotrophies of S. aureus SCVs (28). This
finding corroborates the idea of versatile mechanisms for SCV
phenotype formation that may be generated either by recurrent
inversion of genome segments (37), reversible point mutations
(38), or permanent gene deletions (39) and further indicates that
the stable B. cereus phenotype might be associated with nonrevert-
ible genetic changes. Importantly, the phenotypic similarities of
the in vitro- and in vivo-induced B. cereus SCVs stemming from
different wild-type population backgrounds indicate that certain
strains respond to aminoglycoside antibiotics in a hitherto un-
known but similar and reproducible manner, inducing the SCV
state. These changes might be associated with genetic alterations
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occurring in low frequency but in a targeted manner during envi-
ronmental stimulus perception, as has been reported for stress-
induced transfer of mobile genetic elements (reviewed in refer-
ences 40 and 41). However, a genome-wide analysis, which is
clearly beyond the scope of this study, is necessary to shed light on
the mechanisms leading to an SCV-type adaptation of spore-
forming pathogens.

We assessed the relative virulence and probability of B. cereus
SCV induction in G. mellonella, a suitable surrogate model to
study bacterial virulence as well as antibiotic efficacy, because its
immune system functions cooperatively and exhibits both hu-
moral and cellular components like those of mammals (18, 20,
42). SCV populations were significantly less virulent than the wild
type, and the lethality rate of larvae was correlated with the rate of
bacterial cell multiplication (P < 0.001). Melatonin formation
near the infection site indicated a local persistence of SCV in the
host (Fig. 5C). The reduced proliferation might be associated with
the reduced motility of SCV cells, as indicated in the swimming
assay, and with the reduced proteolytic activity and inability to
secrete sphingomyelinase, which constitutes an important viru-
lence factor in this model (24). As B. cereus SCVs showed no back-
switching phenotype, our work (Fig. 5B and 6B) indicates that the
delay in virulence is not associated with a relapse of infection but is
the result of a prolonged latent infection with SCV subpopula-
tions. This is in sharp contrast to S. aureus virulence outbreaks
after persistence periods, which are based on the dynamics of re-
versal to the rapidly growing phenotype (43).

Our data convincingly show that even single, below-MIC ami-
noglycoside administration triggers the emergence of SCV sub-
populations also within host environments. Thus, it is tempting to
speculate that the downregulation of virulence factors allows
SCVs to evade detection by the ad hoc host immune response.
Given that the atypical SCV phenotypes raise the risk of clinical
misdiagnosis and in view of the steadily increasing cases of severe
B. cereus infections, these data clearly underpin the clinical impor-
tance of this study, because the in vivo emergence of SCV sub-
populations increases the risk of antibiotic therapy failure.

Since our data show that there exists a trade-off between en-
hanced aminoglycoside resistance and microbial fitness (i.e., cell
separation, motility, and virulence), it is tempting to speculate
that the SCV lifestyle adds an additional selective advantage or
survival strategy for B. cereus, next to the capability of endospore
formation. However, this phenotypic diversification does not fit
into the classical concept of a bet-hedging strategy that increases
population survival chances and long-term fitness (44), because
B. cereus SCVs did not revert to normal growth phenotypes under
all tested conditions. It is tempting to speculate that the SCV phe-
notypes increase the cell’s fitness under specific, presumably ad-
verse conditions and that these subpopulations might occur in
specific environmental niches. Indeed, B. subtilis chemostat evo-
lution experiments showed that SCV-like cell forms have a fitness
advantage in sporulation-repressing rich medium (45). Recently,
the isolation of a cereulide-producing endophytic B. cereus strain
from potato tubers, a potassium-poor environment, was reported
(46). Thus, the enhanced production of the potassium ionophore
and antibiotic cereulide by SCVs observed in our present work
might be a hint that B. cereus SCVs gain a fitness advantage in
potassium-restricted environments shared with antibiotic-
producing competitors. Furthermore, the enhanced esculin hy-
drolysis capacity of the SCVs detected in our biochemical analyses
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fosters the hypothesis that plants represent a potential, although
yet unexplored, ecological niche for emetic B. cereus (47).

In summary, our work has revealed a previously unknown
adaptive diversification strategy of B. cereus into phenotypically
fairly unrelated subpopulations in response to antibiotic expo-
sure. This finding is expected to be of high relevance to more than
just diagnostic and clinical therapeutic aspects. The natural reser-
voirs of B. cereus seem to be manifold—ranging from the soil to
invertebrate vectors and the mammalian gut. However, particu-
larly for the emetic lineage, population aspects like the ecological
niches and intraspecies diversification due to gene or phenotypic
plasticity are far from being understood. Thus, consideration of
SCVs as a new, yet unexplored lifestyle of B. cereus within the
common ecological niches, in which antibiotic-active substances
produced by competitive microorganisms, plants, and inverte-
brate/vertebrate vectors might potentially also induce this persis-
tent life-form of B. cereus, opens a panoply of research questions to
be followed up.

MATERIALS AND METHODS

Bacterial strains and composition of media. The bacterial strains used in
this study are listed in Table 1. The following growth media were pre-
pared: PC (1 gliter—! glucose, 5 gliter! tryptone, 2.5 g-liter—! yeast
extract), LB-Miller (10 g-liter ! NaCl, 10 g-liter—! tryptone, 5 g-liter !
yeast extract), MYP agar (43 gliter—! MYP agar base supplemented with
egg yolk emulsion and polymyxin B, according to the manufacturer’s
instructions [Oxoid]), and TSA (40 g-liter ! according to the manufac-
turer’s instructions [Oxoid]). Ready-to-use Columbia blood agar plates
were obtained from Oxoid.

Growth condition for protein-biochemical analyses. Cells previ-
ously grown for 16 h in LB medium were diluted to 10> CFU-ml~ ' in a
volume of 100 ml LB into 500-ml baffled flasks. The cultures were incu-
bated at 30°C and 120 rpm, and growth was monitored by spectrophoto-
metric measurements (optical density at 600 nm [ODg,]). OD values
above 1.0 were diluted 1:10 and extrapolated in order to avoid nonlinear
measurement errors.

For the analysis of secretome patterns, respectively, enterotoxin ex-
pression, samples were collected during the transition phase (at an ODgy,
of 10) and in the stationary phase (after 24 h) by centrifugation (7.500 X
& 22°C, 4 min). The supernatant was filtered through a 0.22-um-pore
filter (Millex GP polyethersulfone [PES] membrane [Millipore]), and a
1/10 vol of 100% trichloroacetic acid (TCA [wt/vol]) was added to achieve
overnight protein precipitation at 4°C. The precipitate was centrifuged
(7.500 X g, 4°C, 1 h) and washed four times with 100% acetone (7,500 X
¢, 4°C, 15 min). Each pellet was resuspended in 150 ul of 0.5 M Tris-HCl
(pH 7.5). The total protein content was quantified with the Bradford dye
reagent (BioRad).

For Western immunoblotting of nonhemolytic enterotoxin (Nhe)
and sphingomyelinase (SPH), 10 ug of proteins was transferred after SDS-
PAGE with a 10% acrylamide—bisacrylamide (AA/BAA; 37.5:1) gel (Carl
Roth GmbH) to a nitrocellulose membrane (Amersham Hybond-ECL;
GE Healthcare) by semidry blotting using 1 X blotting buffer (50 mM Tris,
39 mM glycine, 0.0039% SDS). After blocking of membranes in 5% milk
powder overnight at 4°C, the blots were developed with the primary an-
tibodies (anti-NheB antibody mAKIEIl or anti-SPH antibody
mAK2A12, both kindly provided by Richard Dietrich, LMU Munich) ina
1:40 dilution and the secondary horseradish peroxidase (HRP) goat anti-
mouse IgG antibody (catalog no. 115-035-062; Dianova) in a 1:20,000
dilution using the Super Signal West Pico chemiluminescent substrate
(Thermo).

Sporulation and motility assay. To assess the sporulation capacity,
cultures were grown in LB broth and heated after 24 and 48 h for 15 min
at 80°C to inactivate vegetative cells. Serial dilutions were plated on PC
agar. The amount of heat-resistant CFU was determined by calculating
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the percentage of surviving CFU-per milliliter in comparison to the CFU
of nonheated samples detected on PC agar after incubation at 30°C for
24 h. A swimming assay was used to investigate the motility of strains.
Three microliters of a 16-h overnight liquid culture (LB broth) was spot-
ted on 0.3% LB agar in 85-mm-diameter petri dishes and incubated in a
box with moistened cloths to simulate a humidified environment at 30°C.
After 48 h, the diameter of the grown colonies was recorded. The sporu-
lation and swimming assays were performed in three independent exper-
iments.

Biotyping of strains. The metabolic profile of strains was assessed
with the APT CH50 system according to the manufacturer’s instruction
(bioMérieux). Cells grown on Columbia sheep blood agar were dispersed
in CHE inoculation fluid to an optical density of a McFarland standard of
0.5, and the metabolic capacity was judged after 12, 24, and 48 h of incu-
bation at 30°C, respectively.

FTIR spectroscopy. FTIR spectroscopy was performed as previously
described (8). Strains were precultured as a lawn of cells on TSA for 24 h at
25°C. Cells were suspended in 100 ul double-distilled water (ddH,O),
corresponding to an ODy, of 0.2 to 1.3, and 30 ul of the suspension was
spotted on the zinc selenite target. After drying for 40 min at 40°C, infra-
red spectra were recorded with an HTS-XT Tensor27 FTIR spectrometer
(Bruker Optics GmbH, Germany). Spectral acquisition was performed in
the spectral range of 4,000 to 500 cm ™!, and spectral data analysis was
carried out using the OPUS software (version 6.5; Bruker Optics). The
following spectral windows were used for hierarchical cluster analysis
(HCA): 3,030 to 2,830, 1,300 to 1,250, and 900 to 700 cm~!. Second
derivatives of the spectra were calculated by the use of Ward’s algorithm
after normalization to repro level 30. Subtraction spectra were obtained
by comparison of average spectra after vector normalization and subse-
quent baseline correction as specified earlier (48).

Antibiotic susceptibility testing by the disc diffusion method. Sus-
ceptibility of strains against 23 antibiotics was tested according to the CLSI
guidelines M02-A10 and M100-S20 (49, 50). Antimicrobial discs (see Ta-
ble S1 in the supplemental material) were obtained from Becton, Dickin-
son, Germany. The cefquinome disks were obtained from Oxoid, Ltd.,
United Kingdom. Since interpretive guidelines for B. cereus susceptibility
testing are currently not available, categorization of sensitivity and resis-
tance of the strains toward antibiotics followed the interpretive guidelines
and breakpoints for Staphylococcus and other Gram-positive species ac-
cording to CLSI and EUCAST (50-52). Additionally, if zone diameter
breakpoints were altered by =3 mm while testing SCVs compared to their
parental strains, these changes were recorded as significant alterations in
antibiotic susceptibility, because they were equivalent to an at least 4-fold
change within broth microdilution MIC determinations (see below).
Staphylococcus aureus ATCC 29213, Escherichia coli ATCC 25922, and
Pseudomonas aeruginosa ATCC 27853 were used as quality control test
strains. Tests were performed at least twice for each strain and each anti-
biotic.

MIC determination by the CLSI broth microdilution method. Anti-
biotic MICs were determined by the broth microdilution method accord-
ing to the CLSI standard guidelines M07-A8, M100-S20, and M45-P (50,
51, 53). Meropenem, amikacin, gentamicin, linezolid, and tigecycline
were purchased from Sigma Aldrich (Germany). Vancomycin and tetra-
cycline were obtained from Merck (Germany). Clindamycin, ciprofloxa-
cin, lincomycin, and penicillin G were obtained from Applichem (Ger-
many). Ampicillin, chloramphenicol, spectinomycin, streptomycin, and
erythromycin were purchased from Carl Roth GmbH (Germany). MICs
of the quality control strains S. aureus ATCC 29213 and E. coli ATCC
25922 were recorded on each day for all tested antibiotics and fell within
the acceptable range prescribed by the CLSI.

Cereulide profiling by means of UPLC-ESI-TOF-MS. Cereulide pro-
duction of B. cereus strains was assessed after growth for 24 and 48 h at
30°C on Columbia sheep blood and TSA agar, respectively. Fifty milli-
grams of bacterial mass was resuspended in 1 ml of 99.9% EtOH (high-
performance liquid chromatography [HPLC] grade; AustrAlco) and ex-
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tracted on a rocking table for 16 h at 22°C. The suspension was centrifuged
(13,000 X g, 4 min, 22°C), and the supernatant was filtered through an
RTFE filter membrane (0.2-um pore; Phenomenex). Ultraperformance
liquid chromatography-electrospray ionization-time of flight mass spec-
trometry (UPLC-ESI-TOF-MS) profiling of the bacterial extracts for ce-
reulide was performed as described previously (7).

In vivo infection studies. The virulence potential of B. cereus strains
was assessed in the Galleria mellonella model for bacterial infections, as
described previously (18), with following modifications. The lethality rate
of larvae was studied at 24°C, and larvae of 400 * 50 mg were used. A total
of 10* CFU ina volume of 5 ul was injected intrahemocoelically via the last
left proleg of each individual. For SCV induction experiments, amikacin
was added to final concentrations of 30, 50, and 70 ug-ml~1, respectively,
to the bacterial suspension directly prior to injection. A triplicate of 10
larvae per bacterial strain was infected, and larvae treated with LB as well
as nontreated larvae were implemented as control groups. The lethality
rate was determined from 9 to 60 h after injection by stimulating larvae
with a forceps, judging nonresponding individuals as dead. Bacterial
growth in infected larvae was monitored after 9, 12, 18, 36, 48, and 60 h
postinfection by plating out serial dilutions of homogenized larvae on PC
agar.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.01172-15/-/DCSupplemental.
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