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Abstract Burkholderia pseudomallei is the causative
agent of melioidosis, a disease in which treatment fail-
ures and relapses are common. This study reports on
slow growing B. pseudomallei ‘small colony variants’
(SCVs), isolated either in vitro after exposure to
ceftazidime, ciprofloxacin or gentamicin or from the
spleen and liver in a mouse model of melioidosis after
treatment with ceftazidime. Interestingly, SCVs isolated
by either method or antimicrobial agent showed a sig-
nificant increase in the minimal inhibitory concentra-
tions of various unrelated classes of antimicrobial
agents. B. pseudomallei SCVs did not differ from their
parental strains in standard biochemical profiles, nor by
pulsed field gel electrophoresis or electron microscopy.
Although the SCV phenotype was stable throughout
numerous passages on antibiotic-free solid media, re-
vertants with the parental colony morphology and, most
importantly, with the parental susceptibility pattern
occurred. These revertants led to rapid overgrowth of
SCVs in liquid media without added antibiotics. Future
studies will have to determine the clinical relevance of
B. pseudomallei SCVs especially in treatment failure and
relapse of infection.
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Introduction

The gram-negative bacterium Burkholderia pseudomallei
is the causative agent of melioidosis, a tropical disease of
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man and animals. Melioidosis is endemic primarily in
Southeast Asia and Northern Australia, where it is a
major cause of morbidity and mortality [5, 10]. Since the
definitive diagnosis of melioidosis requires microbiologi-
cal facilities, it seems evident that the disease is greatly
underdiagnosed in many areas of the tropics [10]. Infec-
tion occurs by contact with environmental organisms
ubiquitous in the soil and surface water in endemic areas
[8, 9, 17]. The clinical manifestations show extreme vari-
ations ranging from inapparent infections to localized
subacute or chronic infections and septicemias with ab-
scesses in multiple organs [§, 17, 36]. Severe septicemia is
the most common clinical presentation of melioidosis. In
parts of Northeastern Thailand it accounts for about 20%
of community acquired septicemia [5]. The introduction
of high-dose parenteral ceftazidime and amoxicillin/
clavulanate in the treatment of severe melioidosis has
significantly improved the clinical outcome but mortality
still remains at about 40% [32, 35]. Despite the in vitro
susceptibility of B. pseudomallei to a variety of antibiotics,
many melioidosis patients remain febrile and culture
positive even after treatment for prolonged periods [32].
Moreover, a characteristic feature of the disease are re-
lapses in up to 23% of patients [6], which might even occur
after extended disease-free intervals. It has been demon-
strated by molecular typing methods that recurrent in-
fections are indeed the result of reactivation of an
endogenous focus of B. pseudomallei in most melioidosis
patients [13]. The risk of relapse can be reduced if
20 weeks of maintenance antibiotic therapy are given [26].
The isolation of slow growing subpopulations —
termed ‘small colony variants’ (SCVs) —in different gram-
positive and gram-negative bacteria after exposure to
gentamicin has been known for many years [4, 20, 21].
However, recently attention has again been focused on
SCVs, following reports of an association between the
detection of Staphylococcus aureus SCVs and persistent
and relapsing infection after intensive antimicrobial
therapy [24, 25]. It has been demonstrated that these
SCVs are not only more resistant against aminoglycosides
but also persist inside cultured endothelial cells [14, 33].
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The main purpose of the present study was to in-
vestigate whether B. pseudomallei is capable of generat-
ing SCVs under exposure to antibiotics used for the
treatment of melioidosis. We report the in vitro and
in vivo isolation of slow growing B. pseudomallei SCVs,
exhibiting high-level cross-resistance to various classes
of antibiotics proposed for treatment of B. pseudomallei
infection. Revertants with the parental growth rate,
phenotype and susceptibility pattern occurred in the
SCV populations at high frequencies, and this might
impede the detection of B. pseudomallei SCVs in clinical
material.

Materials and methods
Bacteria and culture conditions

The B. pseudomallei isolates used in this study were obtained from
the National Collection of Type Cultures (NCTC). The strains
were stored until use in Luria broth (LB) supplemented with 20%
(vol/vol) glycerin at —70 °C. Agar cultures were grown on Co-
lumbia blood agar at 37 °C unless otherwise stated. Broth cultures
were grown in brain-heart-infusion broth (BHI) or LB at 37 °C
with shaking at 200 rpm.

Antibiotic susceptibility testing

In vitro susceptibility testing was performed by a standard broth
microdilution procedure (according to DIN 58 940) using direct
colony suspension. Briefly, overnight grown colonies were sus-
pended in broth medium and adjusted to the turbidity of a
0.5 McFarland standard. Microtiter plates containing twofold di-
lutions of antibiotics in Mueller-Hinton broth (MHB) were inocu-
lated with the appropriate dilution of the bacterial suspension. The
trays with the inoculated parent strains were incubated at 37 °C for
18-24 h, while incubation of SCVs was carried out for 36-48 h as
described for minimal inhibitory concentration (MIC) determina-
tion of SCVs of S. aureus [14]. The MIC was defined as the lowest
concentration of antibiotics that prevented visible growth.

In vitro isolation of B. pseudomallei SCVs

The different B. pseudomallei strains were grown overnight in BHI
and 0.1 ml was used to inoculate 5 ml BHI supplemented with
either gentamicin (10, 30 and 150 pg/ml), ciprofloxacin (1 pg/ml) or
ceftazidime (2 pg/ml). When visible turbidity occurred after 24—
72 h, a 0.1-ml aliquot of the bacterial suspension was again inoc-
ulated in 5 ml BHI supplemented with the same antimicrobial
agents in the same concentration as before. In parallel an aliquot
(10 pl) was spread on a Columbia blood agar without added an-
tibiotics and examined for the appearance of SCVs after 48 h of
incubation. This process was repeated until microcolonies could be
detected. Small colonies which appeared were termed SCVs if they
maintained their phenotype in at least two subcultures.

In vivo isolation of B. pseudomallei SCVs

Two 8- to 10-week-old BALB/c mice were infected intravenously
with 10° colony-forming units (CFU) B. pseudomallei NCTC 7431
as described previously [15]. Immediately after infection mice were
subcutaneously treated with ceftazidime [18]. The animals received
60 mg ceftazidime/kg body weight in a volume of 200 pl of buffer
A (0.01 M potassium phosphate buffer made isotonic with saline;
pH 7.5) twice daily for 6 days. Antibiotic treatment was discon-
tinued until day 13 post infection (p.i.). One animal was killed and
one animal was treated again with ceftazidime (60 mg ceftazidime/

kg body weight once daily) until day 18 and killed on day 19 p.i.
Determination of CFU in organ homogenates of the spleen and
liver of sacrificed animals was performed as described previously
[15]. The frequency of SCVs among the B. pseudomallei CFU of
spleen and liver was determined on antibiotic-free agar using ho-
mogenates at dilutions in the range of 1:1000-1:1,000,000.

Growth characteristics

To determine the potential of revertants to overgrow SCVs in lig-
uid medium, 1 ml of an overnight culture of SCVs (grown in LB
supplemented with 150 pg/ml gentamicin) was added to 100 ml of
antibiotic-free LB. At given time intervals 1-ml aliquots were re-
moved and serial dilutions were plated on antibiotic-free agar
plates to determine the CFU of SCVs and revertants. To determine
growth of SCVs and revertants under different culture conditions,
bacteria were grown on an amino acid-free modified Vogel-Bonner
agar (3.3 mM MgSO,, 10 mM citric acid, 28 mM NaNH4HPO,,
37 mM K,HPO,, 214 mM d-gluconic acid, 1% agar, medium
pH 7.4), on modified Vogel-Bonner agar supplemented with 5 g/l
acid-hydrolyzed casein (casamino acids; Difco, Detroit), 0.53 mM
diamino-pimelic acid (Sigma, St. Louis), 0.1 mM tryptophan
(Sigma, St. Louis), on Mueller-Hinton agar, on chocolate agar, on
Ashdown agar [12] and on Columbia blood agar with 5% CO, or
at 42 °C. Auxotrophy for hemin and menadione was tested as
described [2] using Mueller-Hinton agar supplemented with 2 pg/
ml and 20 pg/ml hemin (Sigma, St. Louis) or menadione (Fluka,
Buchs, Switzerland), respectively. A site-directed hemB mutant of
S. aureus [14] and an S. aureus mutant auxotrophic for menadione
were kindly provided by Christof v. Eiff (Medical Microbiology,
University of Muenster, Germany) and served as positive controls.

Biochemical characterization

The API NE system (bioMerieux) was used for comparative testing
of biochemical reactions [12] of the parental strains and their SCVs.
For the biochemical characterization of SCVs the API tubes were
inoculated with SCVs diluted in NaCl supplemented with gent-
amicin at a final concentration of 150 pg/ml to prevent overgrowth
of revertants. After 48 h of incubation reactions were read and a
subculture was performed to confirm the growth of SCVs in the
API NE system. The presence of catalase was tested by emulsifying
a small portion of a colony in one drop of 30% (vol/vol) hydrogen
peroxide on a glass slide. The production of the B. pseudomallei
exopolysaccharide was tested using the immunoglobulin G1
monoclonal antibody 3015 specific for the exopolysaccharide in a
latex agglutination test as described previously [31]. Testing of
cytochrome oxidase was performed with Bacident oxidase test
strips (Merck, Darmstadt, Germany).

Pulsed field gel electrophoresis

Pulsed field gel electrophoresis (PFGE) was performed as described
previously [27]. Briefly, chromosomal DNA of the parental strain
and the SCVs were isolated from overnight-grown colonies and
Spel restriction fragments were resolved in 1% agarose gel by
PFGE in 0.5 x TRIS-borate-EDTA buffer. A CHEF RP II ap-
paratus was used at 200 V and 14 °C for 28 h with pulse times of 5—
30 s. The gels were photographed over ultraviolet light after being
stained with ethidium bromide.

Ruthenium-red treatment and embedding
for transmission electron microscopy

Bacteria were fixed in glutaraldehyde-ruthenium red-osmium ac-
cording to Luft [19]. Samples were dehydrated with acetone and
embedded in epoxy resin following a described protocol [30].
Samples were examined in a Zeiss TEM 910.



Scanning electron microscopy

Bacteria were fixed in 0.2 M cacodylate buffer containing 3%
glutaraldehyde and 5% formaldehyde pH 7.0 for 1 h on ice. After
washing in cacodylate buffer samples were dehydrated with a
graded series of acetone, dried at the critical point in liquid CO,,
sputter-coated with an approximately 10-nm-thick gold film, and
examined in a Zeiss DSM 982 Gemini.

Results

Isolation of B. pseudomallei SCVs exposed
to various antibiotics in vitro

The general ability of B. pseudomallei to generate SCVs in
liquid media when exposed to different antimicrobial
agents was tested with four strains (NCTC 7431, 10276,
10274 and 11642). Although gentamicin is not used in the
treatment of B. pseudomallei infections due to natural
resistance, we first examined the potential of this agent to
select B. pseudomallei SCVs, because gentamicin is known
to generate SCVs of a variety of gram-negative bacteria
[21, 29]. Serial passages of the B. pseudomallei strains in
broth culture supplemented with gentamicin in the range

Fig. 1 Colony morphology of Burkholderia pseudomallei NCTC 7431
SCVs («) and their revertants (]) on antibiotic-free LB-agar (SCV
small colony variant, LB Luria broth)
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of the MICs (30 pg/ml) repeatedly led to the isolation of
SCVs in subcultures on solid agar (Fig. 1). In most ex-
periments isolation was achieved within 4-5 days (two to
three passages). When gentamicin was used in higher
concentrations (150 pg/ml), SCVs could be isolated after
a single passage after 4 days of incubation. In broth with
gentamicin concentrations below the MIC (10 pg/ml) no
SCVs were isolated even after 25 days of incubation and
daily passages. We then examined the potential of anti-
microbial agents used for the treatment of melioidosis to
select SCVs. Serial passages of B. pseudomallei in broth
supplemented with either ciprofloxacin or ceftazidime in
the range of the MICs (1 ug and 2 pg/ml, respectively)
also repeatedly led to the isolation of SCVs within the
same time as the gentamicin-selected SCVs. The pheno-
type of these SCVs was identical to the gentamicin-se-
lected SCVs shown in Fig. 1.

A striking feature of the B. pseudomallei SCVs was
the appearance of revertants with the parental colony
morphology in the inoculum streak when single micro-
colonies were subcultured in media without added an-
tibiotics. The frequency of these revertants was
estimated to be in the range of 107°~1072. No differences
were observed in the frequency of revertants selected by
either of the antimicrobial agents. However, SCVs could
easily be maintained by subculturing on solid antibiotic-
free agar for several months. Generally, continuous
subculturing of SCVs on antibiotic free agar led to a
decreased frequency of revertants, e.g. in a frequency of
revertants of less than 10™* with the SCV isolated after
exposure to ciprofloxacin.

Isolation of B. pseudomallei SCVs
after treatment of infected mice with ceftazidime

Two BALB/c mice were challenged with 10° CFU
B. pseudomallei NCTC 7431. This infection dose corre-
sponds to 100 times the LDsy of non-mouse-passaged
B. pseudomallei NCTC 7431 in this mouse strain [15],
leading to death of animals within 48 h without antibiotic
treatment. After treatment with ceftazidime for 6 days
and further 6 days without treatment one animal showed
no clinical signs of illness, whereas the other mouse was
clinically compromised. No bacteria were detectable in
the spleen and liver of the apparently clinically well ani-
mal on day 13 p.i. The clinically compromised animal
was further treated for 5 days before sacrifice. In this
animal SCVs were detected in the liver, and accounted for
approximately 30% of the 5 x 10° CFU in this organ at
this time point. In the spleen about 5% of 6 x 10° CFU
exhibited the SCV phenotype. In a previous study [15] no
SCVs could be detected among comparable CFU counts
in the spleen and liver of B. pseudomallei-infected mice
without antibiotic treatment. During the first subcultures
of SCVs on antibiotic-free agar reversion occurred at
very high frequencies, but as observed with the SCV
isolated in vitro several passages led to stable SCVs with
reversion frequencies of less than 1074,



94

Growth characteristics of SCVs

When B. pseudomallei SCVs were grown in liquid me-
dium without added antibiotics revertants with the pa-
rental phenotype exceeded the number of SCVs within
several hours of incubation (Fig. 2). We further inves-
tigated if different culture conditions influence the phe-
notype of B. pseudomallei SCVs. Growth on various
media, such as Chocolate agar, Mueller-Hinton agar
and modified Ashdown agar, the latter being used for
the isolation of B. pseudomallei from clinical material,
did not alter the small phenotype of SCVs, while the
revertants exhibited their larger phenotype on these
media. Furthermore, neither an atmosphere containing
5% CO, nor growth at a temperature of 42 °C led to any
change in the small phenotype of SCVs in comparison to
the large phenotype of the revertants. SCVs retained
their phenotype on Mueller-Hinton agar supplemented
with hemin or menadione. Moreover, SCVs and their
corresponding revertants could be grown on amino acid-
free modified Vogel-Bonner agar and did not change
their phenotype when grown on the same agar supple-
mented with amino acids.

Biochemical reactions, DNA restriction profiles
and ultrastructure of SCVs

Comparison of biochemical reactions in the API 20 NE
system of strains NCTC 7431 and NCTC 10274 and
their respective SCVs isolated either in vivo or in vitro
revealed no differences. SCVs and parental strains ex-
hibited catalase activity and were positive for cyto-
chrome oxidase. Genotypic analysis by PFGE exhibited
indistinguishable Spel restriction profiles of the chro-
mosomal DNA from SCVs and parental strains (data
not shown), indicating clonal identity. Scanning and
transmission electron microscopy revealed no significant
difference in cell size or morphology of SCVs compared
to parental cells. Furthermore, using a latex agglutina-
tion test the mAb 3015, specific for a B. pseudomallei
exopolysaccharide [31] consisting of galactose and 3-
deoxy-p-manno-2-octulosonic acid (Kdo) [23], also
showed reactivity with SCVs.

Antibiotic resistance profiles of SCVs

The susceptibility of SCVs from strains NCTC 7431
(Table 1) and NCTC 10274 (Table 2) isolated by expo-
sure to either gentamicin, ciprofloxacin or ceftazidime
in vitro, and of the SCV (NCTC 7431, Table 1) isolated
from the liver of an infected mouse after treatment with
ceftazidime to a variety of antimicrobial agents, was
tested. Interestingly, SCVs selected from either strain
exhibited similar patterns of increased MICs to various
antibiotics, independently of the agent and method used
for their selection. The most prominent increase in MIC
was observed for the quinolones ciprofloxacin and of-
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Fig. 2A, B. Growth curves of gentamicin-selected B. pseudomallei
SCVs (@) and the corresponding revertants (M) in antibiotic-free
broth. B. pseudomallei NCTC 7431 (A) and NCTC 10274 (B). Of an
overnight culture of SCVs (grown in LB supplemented with 150 pg/ml
gentamicin) 1 ml was added to 100 ml of antibiotic-free LB. CFU of
SCVs and revertants were determined at different time points (CFU
colony-forming units)

loxacin and for doxicyclin (up to 32-fold for all three
substances). Moreover, SCVs exhibited an increase (2-
to 8-fold) in the MIC of meropenem, ceftazidime, pip-
eracillin, chloramphenicol and amoxicillin/clavulanate.
Although B. pseudomallei shows natural aminoglycoside
resistance, the MICs of SCVs for gentamicin and



Table 1 Susceptibility testing of the parental strain Burkholderia
pseudomallei NCTC 7431, the corresponding SCVs isolated in vi-
tro or from the liver of an infected mouse after antibiotic treatment
and the revertants derived from each SCV. Minimal inhibitory
concentrations (ng/ml) of different antimicrobial agents are shown
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(SCV small colony variant, SCV GM in vitro exposure to genta-
micin, SCV CI in vitro exposure to ciprofloxacin, SCV TZ in vitro
exposure to ceftazidime, SCV TZ in vivo isolated after treatment
with ceftazidime, REV revertants)

Parental SCVGM REVGM SCVCI REVCI SCVTZ REVTZ SCVTZ REVTZ
strain in vivo
B. pseudomallei NCTC 7431
Gentamicin 64 >256 64 >256 64 >256 64 >256 64
Kanamycin 32 >256 32 128 64 128 32 >256 32
Ciprofloxacin 1 16 1 32 1 32 1 >32 4
Ofloxacin 2 16 4 >32 4 >32 2 >32 4
Doxicyclin 0 2 1 16 1 16 0,5 >16 4
Ceftazidime 4 8 4 16 8 16 4 8 4
Piperacillin 4 16 4 16 8 16 4 16 8
Meropenem 1 2 1 4 2 4 1 4 1
Chloramphenicol 8 16 8 16 8 >16 8 >16 16
Amoxicillin/clavulanate 2/2 8/2 4/2 8/2 8/2 16/2 4/2 8/2 4/2

Table 2 Susceptibility testing of the parental strain B. pseudo-
mallei NCTC 10274, the corresponding SCVs isolated in vitro and
the revertants derived from each SCV. Minimal inhibitory con-
centrations (pg/ml) of different antimicrobial agents are shown

(SCV GM in vitro exposure to gentamicin, SCV CI in vitro ex-
posure to ciprofloxacin, SCV TZ in vitro exposure to ceftazidime,
REYV revertants)

Parental strain SCV GM REV GM SCV CI REV CI SCV TZ REV TZ
B. pseudomallei NCTC 10274
Gentamicin 32 256 64 256 64 128 32
Kanamycin 32 128 32 64 32 64 32
Ciprofloxacin 0,5 32 1 32 1 32 1
Ofloxacin 2 >32 1 >32 4 32 2
Doxicyclin 0,25 16 1 16 0,5 16 0,5
Ceftazidime 2 16 16 16 4 8 2
Piperacillin 4 8 8 8 4 8 4
Meropenem 0,5 4 2 4 1 4 0,5
Chloramphenicol 8 32 8 32 8 64 8
Amoxicillin/clavulanate 22 8/2 8/2 8/2 4/2 8/2 2/2

kanamycin were also significantly increased (2- to > 8-
fold) compared to the parental strains. We then per-
formed susceptibility testing of revertants of SCVs.
Generally, the revertants lost their high level cross-re-
sistance (Tables 1, 2) and exhibited susceptibility profiles
almost identical to the parental strains.

Discussion

The cause for frequent relapses in melioidosis and pro-
longed clinical courses despite appropriate use of anti-
biotics is not well understood. Although intensive
antimicrobial chemotherapy has greatly improved the
prognosis of severe melioidosis, mortality is still high
and blood cultures, wound swabs and sputa often re-
main culture positive even after 2 weeks of parenteral
treatment [32]. For the past few years, new interest has
been paid to SCVs of bacterial pathogens because of an
association found between the presence of S. aureus
SCVs in human clinical material and persistent and re-
lapsing infections after antibiotic therapy [25]. Due to a
reduced production of exotoxins, S. aureus SCVs are

thought to be able to persist intracellulary in non-pro-
fessional phagocytes and thus evade host defense
mechanisms [2, 14, 33]. The occurrence of SCVs in
various gram-negative bacteria has been described pre-
viously; however, those SCVs had been exclusively se-
lected under exposure to aminoglycosides in vitro [21]
and in vivo [1, 29].

In this study highly resistant B. pseudomallei SCVs
were isolated in vitro under exposure not only to gent-
amicin but to ciprofloxacin or ceftazidime. Moreover,
SCVs could be isolated from the spleen and liver of an
infected BALB/c mouse after antibiotic treatment with
ceftazidime. Further studies will have to systematically
elucidate the role of different treatment regimes in ex-
perimental models in generating B. pseudomallei SCVs.
A distinctive feature of the B. pseudomallei SCVs de-
scribed in this study is their decreased susceptibility to
various antimicrobial agents. SCVs selected with either
gentamicin, ciprofloxacin or ceftazidime in vitro and in
vivo exhibited a similarly increased resistance profile
against a variety of antimicrobial agents, including the
two parenteral antimicrobial agents amoxicillin/clavu-
lanic acid and ceftazidime currently recommended for



96

the treatment of severe melioidosis [32, 34, 35]. Most
striking is the 32-fold MIC increase of the quinolones
ciprofloxacin and ofloxacin, and of doxyciclin: two
classes of antimicrobial agents also used for the che-
motherapy of melioidosis [7, 11, 26]. Interestingly, the
revertants regain antibiotic susceptibility and their re-
sistance profile resembles the profile of the parental
strains. The simultaneous acquisition of resistance of
SCVs selected with either gentamicin, ciprofloxacin or
ceftazidime to structurally unrelated antimicrobial
agents suggests an altered drug permeation and/or efflux
mechanism [22]. Altered drug permeation as a cause for
Pseudomonas aeruginosa variants that are resistant to
aminoglycosides has been postulated previously [3, 16].
The fact that B. pseudomallei SCVs and their parental
strains exhibit the same standard biochemical profile is
in accordance with previously described SCVs of various
enterobacteriaceae [21].

In contrast to S. aureus SCVs [24] and an Escherichia
coli SCV [28], both associated with chronic infections,
supplementation of the B. pseudomallei SCVs by either
hemin or menadione did not result in a wild-type colony
morphology. In addition, SCVs and their revertants
grew on amino acid-free agar and did not change their
phenotype on agar supplemented with amino acids.
Therefore, auxotrophy for hemin, menadione or amino
acids seems to be unlikely.

Further studies are needed to determine the fre-
quency of B. pseudomallei SCVs in human clinical ma-
terial and to investigate if more resistant B. pseudomallei
SCVs are selected under currently used antimicrobial
therapies. Because of the slow growth rate of the SCVs
and their frequent reversions to the parental phenotype
in antibiotic-free medium, it seems likely that an in vivo
selection of B. pseudomallei SCVs under antibiotic
treatment is difficult to detect in clinical specimens, es-
pecially when enrichment cultures are used. It remains to
be determined whether fast-growing revertants, origi-
nating from SCVs when antimicrobial pressure is dis-
continued, contribute to the frequently observed
relapses in melioidosis.
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