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Abstract

Background

Melioidosis, caused by the Gram-negative bacterium Burkholderia pseudomallei, is an

emerging cause of pneumonia-derived sepsis in the tropics. The gut microbiota supports

local mucosal immunity and is increasingly recognized as a protective mediator in host

defenses against systemic infection. Here, we aimed to characterize the composition and

function of the intestinal microbiota during experimental melioidosis.

Methodology/Principal findings

C57BL/6 mice were infected intranasally with B. pseudomallei and sacrificed at different

time points to assess bacterial loads and inflammation. In selected experiments, the gut

microbiota was disrupted with broad-spectrum antibiotics prior to inoculation. Fecal bacterial

composition was analyzed by means of IS-pro, a 16S-23S interspacer region-based profil-

ing method. A marked shift in fecal bacterial composition was seen in all mice during sys-

temic B. pseudomallei infection with a strong increase in Proteobacteria and decrease in

Actinobacteria, with an increase in bacterial diversity. We found enhanced early dissemina-

tion of B. pseudomallei and systemic inflammation during experimental melioidosis in micro-

biota-disrupted mice compared with controls. Whole-genome transcriptional profiling of the

lung identified several genes that were differentially expressed between mice with a normal

or disrupted intestinal microbiota. Genes involved in acute phase signaling, including macro-

phage-related signaling pathways were significantly elevated in microbiota disrupted mice.

Compared with controls, alveolar macrophages derived from antibiotic pretreated mice

showed a diminished capacity to phagocytose B. pseudomallei. This might in part explain
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the observed protective effect of the gut microbiota in the host defense against pneumonia-

derived melioidosis.

Conclusions/Significance

Taken together, these data identify the gut microbiota as a potential modulator of innate

immunity during B. pseudomallei infection.

Author summary

Melioidosis is a common cause of community-acquired pneumonia and sepsis in Asia.

The causative agent, Burkholderia pseudomallei, is listed as a potential bioterror weapon.

The intestinal microbiota has been suggested to be a modulator of innate immune

defenses against bacterial infections. Here we investigated in mice whether the intestinal

microbiota affects the clinical course of melioidosis and vice versa. The composition of

the gut microbiota changed strongly during melioidosis. Mice with a disrupted gut micro-

biota showed increased bacterial dissemination when compared with controls following

intranasal infection with B. pseudomallei, indicating that the intestinal microbiota acts as

a protective factor in host defense against melioidosis. Macrophages in microbiota-dis-

rupted mice showed a diminished capacity to phagocytose B. pseudomallei. Further

research is needed to explore whether this knowledge could be used to the advantage of

patients.

Introduction

Melioidosis is a frequent cause of community-acquired sepsis in Southeast Asia and northern

Australia [1, 2]. Pneumonia is the presenting symptom in most adult patients [3] and results in

a rapidly progressive illness with a high mortality up to 40% [1, 3]. The disease is caused by

Burkholderia pseudomallei, a facultative intracellular Gram-negative bacterium that is com-

monly found in the soil from countries located between 20˚ north latitude and 20˚ south lati-

tude [1, 2, 4]. Due to its high lethality, poor sensitivity to antibiotics, wide availability and easy

dissemination, it has been classified as a Tier 1 biological threat agent. The global burden of

melioidosis is probably much larger than previously anticipated: it was recently estimated that

each year 165,000 (95% credible interval 68,000–412,000) people suffer from this debilitating

disease resulting in 89,000 (36,000–227,000) fatalities [5]. Melioidosis is probably underre-

ported in as many as 45 countries due to a lack of adequate diagnostic facilities [5]. In the near

future, the management of patients may be compromised by emergence of resistance due to

increased use of antibiotics in endemic regions [6]. Thus, there is an urgent need to better

understand the pathogenesis of melioidosis.

The intestinal microbiota not only provides direct colonization resistance against invading

pathogens, but is increasingly recognized as an important modulator of systemic immunity

[7–9]. It was first suggested by Clarke and colleagues that bacterial cell wall components such

as peptidoglycan are translocated into the bloodstream and at distant sites ‘prime’ immune

effector cells [10]. This way, the effectiveness of bone-marrow derived neutrophils in killing

pathogens such as Streptococcus pneumoniae and Staphylococcus aureus is increased [10]. Sub-

sequent studies could demonstrate a protective effect of a healthy microbiota in a variety of in

vivo murine models of infection: S. aureus, Pseudomonas aeruginosa or Klebsiella pneumoniae
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pneumonia [11–13] and Listeria monocytogenes or Escherichia coli induced sepsis [14, 15]. In

line, we recently demonstrated that the gut microbiota plays a protective role in pathogenesis

of pneumococcal pneumonia by enhancing primary alveolar macrophage function [16].

To the best of our knowledge, the role of the gut microbiota in the host defense against

melioidosis has never been investigated. The importance of this subject is underscored by the

notion that melioidosis has a notoriously protracted course for which cure can only be

achieved through long-term antibiotic therapy. The minimum of two weeks of intravenous

antibiotics followed by three months of oral antibiotics [1, 2] will have a profound effect on the

microbiota. We hypothesized that a healthy microbiota supports the host defense against B.

pseudomallei infection. In order to address this question, we made use of our well-established

murine model of pneumonia-derived melioidosis [17, 18] and in selected experiments dis-

rupted the gut microbiota with oral antibiotics before infection following a standard protocol

[10, 16]. We show that the intestinal microbiota changes significantly during melioidosis, inde-

pendent of antibiotic treatment. Secondly, we show that antibiotic disruption of the intestinal

microbiota is associated with a less effective innate immune defense against experimental B.

pseudomallei infection.

Results

Profound changes in gut microbiota composition during murine

pneumonia-derived melioidosis

To first obtain insight into the composition of the intestinal microbiota during melioidosis, we

inoculated mice intranasally with live B. pseudomallei to induce pneumonia-derived melioido-

sis and collected fecal pellets at baseline (t = 0) and after 72 hours, when all mice had symptoms

of systemic infection. The gut microbiota was analysed by IS-pro technique, using the number

of nucleotides between the genes for the 16S and 23S ribosomal subunits in bacterial DNA as a

unique classification characteristic [19, 20]. Infection with B. pseudomallei was associated with

profound changes in the composition of the intestinal microbiota (Fig 1). Clustering analysis,

by unweighted pair group method with arithmetic mean (UPGMA) on cosine distances of all

samples, resulted in separation of all pre- and post-infection samples (t = 0 vs t = 72), indicat-

ing that pre- and post-infection samples from each mouse were highly dissimilar. In all mice, a

strong increase in Proteobacteria was seen as well as a decrease in Actinobacteria. The compo-

sition of Bacteroides and Firmicutes also changed in strikingly similar patterns. Of note, B.

pseudomallei was not detected in any fecal sample. Total microbial diversity was significantly

increased (p = 0.006), mostly due to increased diversity of Bacteroides (p = 0.055) and Proteo-

bacteria (p = 0.007) (Fig 1).

Antibiotic gut microbiota disruption is associated with increased growth

and dissemination of B. pseudomallei

To investigate whether gut microbiota composition impacts on host defense during melioido-

sis, we pre-treated mice with broad-spectrum antibiotics in drinking water in order disrupt

the intestinal microbiota (Fig 2A) [10, 16]. We then inoculated mice intranasally with live B.

pseudomallei (150 colony forming units (CFU), LD50) [17, 18] and sacrificed them after 24 or

72 hours. The antibiotic treatment caused dramatic changes in the intestinal microbiota com-

pared to untreated control mice, with a marked reduction in the number of species (Fig 2B).

Relative to control mice, antibiotic pre-treated mice displayed significantly increased bacterial

loads in lung and liver 24 hours after infection (Fig 2C–2E). Bacterial loads in blood and bron-

cho-alveolar lavage fluid (BALF) were not affected (Fig 2D and S1 Fig). To determine whether
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the effect of gut microbiota disruption on bacterial growth was dependent on the infectious

dose, we next infected mice with 500 CFU B. pseudomallei (LD100). Using this higher infec-

tious dose, the observed increase in bacterial dissemination in antibiotic treated mice was also

present at the early time-point following infection (Fig 2F–2H). In addition, we tested whether

the observed effects were specific for this combination of antibiotics by performing the same

Fig 1. Profound changes in fecal microbiota composition during melioidosis. Fecal pellets were sampled from eight mice before (t = 0)

they were infected intranasally with 150 CFU of B. pseudomallei and 72 hours after (t = 72). Microbial composition was analysed by IS-pro,

using the number of nucleotides between the genes for ribosomal subunit 16 and 23 in the DNA (interspacer region) of the bacterium as a

unique classification characteristic. (A) Clustering analysis, by unweighted pair group method with arithmetic mean (UPGMA) on cosine

distances, shows the similarity of samples; individual mice are indicated by a number. Colors represent the most important bacterial phyla

(purple, Actinobacteria; red, Bacteroidetes; blue, Firmicutes, Actinobacteria, Fusobacteria, and Verrucomicrobia (FAFV); yellow,

Proteobacteria). Length of the interspacer regions in basepairs is indicated on the y-axis; lines indicate the presence of PCR products. Color

intensity increases with the presence of PCR product. (B) Diversity of microbial communities before and 72 hours after induction of

melioidosis, expressed as Shannon index (green: total bacteria; red: Bacteroidetes; Blue: Firmicutes, Actinobacteria, Fusobacteria, and

Verrucomicrobia (FAFV); yellow: Proteobacteria). Data are presented as box- and whisker plots showing the smallest observation, lower

quartile, median, upper quartile and largest observation. ** p<0.01 pre- versus post-infection.

https://doi.org/10.1371/journal.pntd.0005548.g001
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Fig 2. Antibiotic pre-treated mice show increased growth and dissemination of B. pseudomallei during experimental melioidosis. (A)

Study design. (B) Before infection, the fecal microbiota of control- and antibiotic treated mice was analysed by IS-pro. Colors represent the most

important bacterial phyla (purple, Actinobacteria; red, Bacteroidetes; blue, Firmicutes, Actinobacteria, Fusobacteria, and Verrucomicrobia (FAFV);

yellow, Proteobacteria). Length of the interspacer regions in basepairs is indicated on the x-axis; height of the peaks indicates the presence of

PCR products. Samples are pooled from eight mice per group; representative of two experiments. Control and antibiotic pre-treated mice were
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experiment, using only metronidazole and ampicillin in drinking water (S2 Fig). Similar to the

previous experiments, we again observed increased bacterial loads after 24 hours in lungs of

antibiotic pre-treated mice compared to controls—indicating that the intestinal bacteria tar-

geted by these two antibiotics are involved in the observed effects.

Gut microbiota disruption is associated with increased proinflammatory

cytokine release during experimental melioidosis

Having found an inoculum-dependent effect of antibiotic pre-treatment on bacterial growth

both at the primary site of infection and at distant sites, we next studied the impact of antibi-

otic pre-treatment on local and systemic cytokine release in mice infected with 500 CFU B.

pseudomallei. In lung homogenate, cytokine levels were similar between groups at all time-

points (Table 1). Plasma levels of tumor necrosis factor (TNF)-α and interferon (IFN)-γ how-

ever were significantly increased in mice with a disrupted gut microbiota, 72 hours after infec-

tion (Table 1).

Limited impact of antibiotic induced gut microbiota disruption on survival

and organ injury

To evaluate whether the above findings would lead to impaired survival in the experimental

group, we followed groups of 20 mice for 14 days after intranasal inoculation with 150 CFU B.

pseudomallei. The lower dose was chosen since this LD50 [17, 18] would allow to demonstrate

a potential detrimental effect of gut microbiota depletion. Mice in the antibiotic pre-treated

group showed a trend toward increased mortality but this did not reach statistical significance

(Fig 3A). Likewise, a clinical observation score reflected a trend towards increased morbidity

inoculated intranasally with 150 CFU (C-E) or 500 CFU (F-H) B. pseudomallei and sacrificed at the indicated time points. Bacterial loads in lung

homogenate (C, F), blood (D, G) and liver homogenate (E, H) are depicted as scatter dot plots with a line at the median. Numbers in the boxes

below (D) and (G) indicate the number of positive blood cultures for the total number of mice. White dots represent control mice, grey dots

antibiotic treated mice. N = 6–8 mice per group. * p<0.05, ** p<0.01, *** p<0.001 control versus antibiotic treated.

https://doi.org/10.1371/journal.pntd.0005548.g002

Table 1. Cytokine- and chemokine levels in lung homogenate and plasma.

(pg/mL) 24h 72h

Control (n = 6) AB (n = 7) Control (n = 7) AB (n = 7)

Lung homogenate

TNFα 5591 [4645–5757] 5486 [5174–7869] 20045 [15888–21589] 14716 [13987–18619]

IL-1β 558 [292–795] 455 [359–690] 6428 [3530–8950] 6938 [4744–7526]

IL-6 22238 [8984–13448] 11482 [10748–13201] 36048 [31819–38015] 44096 [36123–56812]

IFNγ 484 [272–614] 466 [419–506] 399 [297–507] 455 [321–607]

CXCL1 19128 [14129–24154] 17066 [12866–21757] 79927 [72121–90611] 97584 [65108–112425]

Plasma

TNFα 10 [3–26] 27 [3–31] 225 [27–1183] 3566 [564–5000] *

IFNγ 16 [8–27] 27 [23–31] 64 [12–199] 1030 [171–2566] *

IL-6 135 [44–234] 285 [243–472] * 14091 [2055–21061] 25376 [11879–71534]

CCL2 220 [92–284] 213 [168–290] 569 [31–3820] 3238 [1848–4409]

Cytokine and chemokine levels in lung homogenate and plasma from mice inoculated with 500 CFU B. pseudomallei, sacrificed 24 or 72 hours post

infection. Values are in pg/mL and presented as median [interquartile range].

* p<0.05 control versus antibiotic treated.

https://doi.org/10.1371/journal.pntd.0005548.t001
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in the experimental group (Fig 3B). The marked organ injury in this model of melioidosis is

reflected by elevated plasma markers of hepatocellular damage (aspartate aminotranspherase,

AST and alanine aminotranspherase, ALT), renal failure (urea) and general cellular damage

(lactate dehydrogenase, LDH), especially shortly before mortality occurs [17, 18] (Fig 3C–3F).

However, in line with survival, no significant differences in these parameters were observed,

indicating a limited influence of gut microbiota disruption on the extent of organ damage.

Intestinal microbiota does not influence neutrophils during melioidosis

As the microbiota has been reported to be an important regulator of neutrophil homeostasis

[10, 14, 15, 21] and neutrophils play an essential role in the host defense against melioidosis

[22, 23], we hypothesized that these might play a role in the observed differences. 72 hours

after infection, all mice showed extensive lung infiltrates characterized by neutrophil influx,

necrosis, bronchitis, endothelialitis and oedema (Fig 4A and 4B). However, when we analysed

HE-stained lung tissue sections using a semi-quantitative pathology scoring system, no

Fig 3. Limited effect of antibiotic induced gut microbiota disruption on survival and organ damage. Survival (A) and clinical observation

score (B) of control (white dots) and antibiotic treated mice (grey dots) after intranasal inoculation with 150 CFU B. pseudomallei (n = 20 mice per

group, depicted is the mean). No statistically significant differences were detected. Aspartate aminotranspherase (AST, C), alanine

aminotranspherase (ALT, D), urea (E) and lactate dehydrogenase (LDH, F) were measured in plasma after inoculation with 500 CFU B.

pseudomallei as markers for liver-, renal- and general damage. Data are presented as box- and whisker plots showing the smallest observation,

lower quartile, median, upper quartile and largest observation. White bars represent control mice, grey bars antibiotic treated mice. N = 5–6 samples

per group. ND = not detectable.

https://doi.org/10.1371/journal.pntd.0005548.g003
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Fig 4. Antibiotic microbiota disruption does not affect neutrophil influx. Lungs were obtained at the indicated time points after intranasal

inoculation with 500 CFU B. pseudomallei. Paraffin-embedded lung tissue sections were stained with haematoxylin/eosin to score different

parameters for pathology (A-B, 2x magnification, representative images). The combined score, given by a blinded pathologist, was not different

between the two groups (C). Sections from the same samples were stained for Ly-6GC as a neutrophil marker (representative microphotographs, 2x

magnification) (D-E). The percentage Ly-6GC-positive surface of the total lung surface was calculated using ImageJ (F). The number of cells per mL
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differences were found between control and antibiotic pre-treated mice (Fig 4C). Quantifica-

tion of a Ly-6GC staining demonstrated a similar pulmonary influx of neutrophils in both

groups (Fig 4D–4F). In line, a similar pulmonary influx of cells was observed in BALF during

melioidosis (Fig 4G). Equal neutrophil degranulation was confirmed by lung myeloperoxidase

levels in control and antibiotic treated mice after infection with B. pseudomallei (Fig 4H). Simi-

lar results were obtained for mice inoculated with 150 or 500 CFU; only the latter are shown.

Lastly, since a healthy microbiota is proposed to stimulate granulopoiesis [10, 14, 15, 21], we

studied neutrophil numbers in bone marrow and blood of naïve control and antibiotic treated

mice; however, we did not find any differences (Fig 4I).

Altered lung transcriptome and impaired phagocytosis of B.

pseudomallei by alveolar macrophages in gut microbiota disrupted mice

To obtain insight into the mechanism by which the gut microbiota exerts its effects during

pneumonia-induced melioidosis, we investigated the effect of antibiotic microbiota disruption

on lung transcriptomes. Comparing lung transcriptomes of uninfected intestinal microbiota

disrupted mice to control mice revealed 40 significantly altered genes (Fig 5A, 21 genes under-

expressed and 19 genes over-expressed in antibiotic pre-treated mice). Ingenuity pathway

analysis revealed that genes with elevated expression in antibiotic treated mice significantly

enriched several cellular biological pathways, including acute phase response signaling, coagu-

lation system and, notably, IL-12 signaling and production in macrophages as well as produc-

tion of nitric oxide (NO) and reactive oxygen species (ROS) in macrophages (Fig 5B). Of note,

these gene expression differences were not biased by altered neutrophil infiltration (S3 Fig).

However, since the analysis was performed on whole lung tissue, it is possible that the genes in

these pathways were upregulated in other cell types than macrophages. Altogether, these data

suggest that disruption of the intestinal microbiota by antibiotic treatment may impact on

lung homeostasis, with macrophages more likely influenced.

As alveolar macrophages are crucial in the first line of defense during pneumonia and are

important in the innate immune response in melioidosis [24], we further studied the influence

of gut microbiota disruption on the function of alveolar macrophages. Responsiveness of alve-

olar macrophages derived from gut microbiota-disrupted mice towards PAM3CSK4, LPS or

heat-killed B. pseudomallei was not different from controls in terms of proinflammatory cyto-

kine production (Fig 5C and 5D). In line, no differences in metabolic profiles of alveolar mac-

rophages derived from naïve control and antibiotic pre-treated mice were observed; for this

we used extracellular flux technology, which enables assessment of mitochondrial function in

live cells, simultaneously measuring oxygen consumption and glycolysis (S4 Fig). In a last set

of experiments, we investigated the influence of gut microbiota disruption on the capacity of

alveolar macrophages to phagocytose B. pseudomallei, since an effect of the gut microbiota

hereon has been described previously in a setting of S. pneumoniae, S. aureus and K. pneumo-
niae infection [10, 12, 16]. Cells from BALF were plated and adhering cells were incubated

with heat-killed, FITC-labeled B. pseudomallei, after which the phagocytosis index was deter-

mined by flow cytometry (Fig 5E). To confirm this finding, we inoculated mice with heat-

killed, FITC-labeled B. pseudomallei and performed broncho-alveolar lavage three hours later,

BALF was counted using a Coulter counter (G). Myeloperoxidase was quantified in lung homogenates as a measure for neutrophil degranulation

(H). Bone marrow and blood was obtained from naïve control and antibiotic pre-treated mice and using FACS analysis the percentage of Ly6GC+,

CD11b+ cells within the viable CD45+ population was determined (I). Data are presented as box- and whisker plots showing the smallest

observation, lower quartile, median, upper quartile and largest observation. White bars represent control mice, grey bars antibiotic treated mice. No

statistically significant differences were found.

https://doi.org/10.1371/journal.pntd.0005548.g004
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Fig 5. Impaired phagocytosis of B. pseudomallei by alveolar macrophages derived from gut microbiota disrupted mice. Naïve antibiotic

treated- and control mice were sacrificed after the two-day antibiotic washout period and lungs or alveolar macrophages were harvested. (A)

Volcano plot depicting significant (multiple comparison adjusted p<0.05) differentially expressed genes in lungs from naïve control and antibiotic

pre-treated mice (microbiota disrupted). Red indicates increased expression; blue indicates decreased expression. (B) Significantly enriched

canonical signalling pathways in antibiotic treated mice, represented as a bar plot (Ingenuity pathway analysis). (C-D) Alveolar macrophages from

The gut microbiota in melioidosis
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followed by flowcytometry. Again, we found that alveolar macrophages derived from antibiotic

pre-treated mice had a diminished capacity to phagocytose B. pseudomallei when compared

with controls (Fig 5F and 5G). These data suggest that an unperturbed gut microbiota

enhances the capacity of alveolar macrophages to phagocytose B. pseudomallei in vivo. The

observed effect was compartment specific; in contrast to alveolar macrophages, ex vivo phago-

cytosis capacity of blood neutrophils, peritoneal macrophages and bone-marrow derived mac-

rophages derived from gut microbiota-disrupted mice was equal compared with controls, as

well as cytokine production (S5 Fig). Of note, we did not observe any differences in pulmonary

microbiota composition between control- and antibiotic treated mice (S6 Fig).

Discussion

To the best of our knowledge, this study is the first to investigate the role of the intestinal

microbiota during melioidosis. Our data suggest a bidirectional interplay between intestinal

microbiota and innate host defenses against B. pseudomallei. Firstly, we observed significant

changes in fecal microbiota composition during melioidosis, independent of antibiotic treat-

ment. A strikingly similar pattern of increased Proteobacteria, decreased Actinobacteria and

increased diversity was observed in all mice. Secondly, a well-balanced gut microbiota appears

to have a protective effect during melioidosis, especially when B. pseudomallei has its first

encounter with alveolar macrophages in the lung. Antibiotic disruption of the intestinal micro-

biota affects the capacity of these cells to internalize the pathogen, which was associated with

increased bacterial proliferation and dissemination after 24 hours. In this model, the subse-

quent effects of a disturbed gut microbiota on distant organ injury and survival were limited.

As far as we know, significant changes in the intestinal microbiota within 72 hours of sys-

temic bacterial infection have never been demonstrated before in any model of sepsis. Human

studies describing microbiota perturbation during sepsis are confounded by the universal use

of antibiotics [25, 26]. We here demonstrate that the systemic inflammatory response itself can

lead to marked alterations in the gut microbiota. Our findings are in line with a recent report

on intestinal dysbiosis, caused by influenza infection [27]. Another study associated pulmo-

nary Mycobacterium tuberculosis infection in mice with loss of intestinal microbiota diversity

after six days, with a subsequent recovery during the following weeks [28]. As virtually no M.

tuberculosis was detected in feces, it was suggested that these changes in intestinal microbiota

were due to alterations in the adaptive immune system, which in the tuberculosis model

becomes effective at controlling the infection around the same time [28]. We therefore

expected to find lower microbial diversity three days after infection with B. pseudomallei, but

observed the opposite. A possible explanation could be the elimination of several “big players”

of the gut microbiota by the host immune system during severe systemic bacterial infection,

giving way to other bacteria to proliferate.

The amount of data that demonstrates a beneficial effect of the intestinal microbiota on the

systemic innate immune system in infection is rapidly expanding. Previous studies described a

naïve control- and antibiotic treated mice were stimulated for 20 hours with medium, LPS 10 ng/mL, PAM3CSK4 1 ug/mL or heat-killed B.

pseudomallei 4x106 CFU/mL and TNFα and IL-6 were measured in supernatant. (E) Alveolar macrophages from naïve control- and antibiotic

treated mice (each well pooled from two mice) were incubated with 2,5x107 CFU/mL FITC-labeled heat killed B. pseudomallei and their phagocytic

index determined via flowcytometry as described in the Methods. (F) Control and antibiotic microbiota disrupted mice were given 5x106 heat killed

FITC-labeled B. pseudomallei intranasally and sacrificed after three hours. Cytospins of BALF were stained with PerCP Cy5.5-CD45 and DAPI to

assess whether bacteria were located intracellularly (F, representative image). Alveolar macrophages in BALF were analysed by flowcytometry

and phagocytic indexes were calculated (G). Data are presented as box- and whisker plots showing the smallest observation, lower quartile,

median, upper quartile and largest observation. White bars represent control mice, grey bars antibiotic treated mice. N = 8 mice per group.

** p<0.01 control versus antibiotic treated.

https://doi.org/10.1371/journal.pntd.0005548.g005
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protective effect of the intestinal microbiota during E. coli and L. monocytogenes sepsis via

stimulation of granulopoiesis in the bone marrow [14, 15]. Crosstalk between microbiota and

bone marrow has been suggested to happen via interleukin-17, -22 and granulocyte colony-

stimulating factor (G-CSF) [14, 15]. In addition, neutrophil function is affected in both germ

free and antibiotic pre-treated mice, resulting in decreased killing of S. pneumoniae and S.

aureus [10]. In contrast, we did not find any indications for a central role for neutrophils in

the antibacterial effect of the microbiota that we observed during melioidosis. The so-called

microbiota-bone marrow axis could be more important in younger mice, as were used in

above mentioned studies. Also, many studies use germ free mice, which could display more

pronounced phenotypes than antibiotic treated mice. Our findings are in line with earlier

reports that suggest a positive effect of healthy intestinal microbiota on alveolar macrophages

[11, 12, 16, 29]. As alveolar macrophages constantly adapt to their environment, one can imag-

ine them being affected by the level of circulating compounds derived from the intestinal

microbiota (e.g. cell wall components or metabolites). Microbial disturbances may induce an

altered phenotype of these cells, leading to decreased phagocytosis of B. pseudomallei, which in

turn may lead to decreased intracellular killing. This is in line with our previous findings in a

mouse model of pneumococcal pneumonia, in which we found that phagocytic capacities of

alveolar macrophages are affected by antibiotic gut microbiota disruption [16]. We found

changes in a cholesterol synthesis pathway in the transcriptome of these alveolar macrophages,

which could be important as cholesterol-rich membrane rafts are involved in phagocytosis

[30].

This study has a number of limitations. The antibiotics were chosen based on similar exper-

iments in the literature [10, 12, 16]; however, other antibiotic regimens may have different

effects. Also, mice from different suppliers could have a different intestinal microbiota and as a

result elicit different immune responses, as was recently demonstrated in a mouse model for

malaria [31]. In addition, we cannot exclude a direct effect of antibiotics on the host response;

however, our data are in line with previous reports on the effect of the gut microbiota on the

innate immune response during infection [10, 12, 16]. Alterations in the respiratory tract

microbiota could be another contributing factor to the observed phenotype [32]. We did how-

ever not find any differences in pulmonary microbiota between control- and antibiotic treated

mice, making it less likely that this is of influence. Lastly, the situation in actual melioidosis

patients is very different from this experimental murine setting; comorbidities, medications

and interindividual differences all may influence a possible interplay between microbiota and

innate immune system.

In summary, we observed increased bacterial dissemination in mice with a disrupted gut

microbiota during pneumonia-derived B. pseudomallei sepsis, indicating that the intestinal

microbiota improves host defense against melioidosis. Alveolar macrophages from micro-

biota-disrupted mice showed a diminished capacity to phagocytose B. pseudomallei. It will be

very interesting to study if disruption of the microbiota by antibiotics affects susceptibility to

melioidosis. There is evidence for the incidence of severe sepsis being higher after events

known to be associated with disturbance of the intestinal microbiota, such as hospitalization

for Clostridium difficile infection [33]. Hopefully, further research into the interplay between

intestinal microbiota and melioidosis will tell us whether and how this knowledge could be

used to the advantage of patients.

Methods

A detailed description of methods is available in the online supplement.
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Mice

Specific pathogen-free C57BL/6 mice were purchased from Charles River (Maastricht, The

Netherlands). In selected experiments, antibiotic treatment was started at six weeks of age (see

below); infection was induced in all experiments at nine weeks of age. The animals were

housed in IVC cages in rooms with a controlled temperature and light cyclus. They were accli-

matized for one week prior to usage, and received standard rodent chow and water ad libitum.

Ethics statement

The Institutional Animal Care and Use Committee of the Academic Medical Center approved

all experiments (permit number DIX21, sub-protocols 21BB, 21CJ and 21DJ) and ethical

approval was obtained to use B. pseudomallei strain 1026b for animal experiments (08–150; see

Supplemental Methods). B. pseudomallei strain 1026b strain was received by our lab in 2004 as

a kind gift from the Donald E. Woods lab, University of Calgary, Alberta, Canada. Samples

were anonymized if applicable. Experiments were carried out in accordance with the Dutch

Experiments on Animals Act.

Induction of melioidosis

Experimental melioidosis was induced by intranasal inoculation with 150 or 500 colony form-

ing units (CFU) of B. pseudomallei strain 1026b as described [17, 18]. At 24 or 72 hours post-

infection, mice were euthanized and sacrificed by bleeding from the heart, after which organs

were harvested. For survival studies, mice were observed for 14 days.

Microbiota analysis

Fresh stool pellets were obtained and stored at -80˚C. DNA isolation followed by IS-pro bacte-

rial profiling was performed as described before (IS-diagnostics, Amsterdam, The Nether-

lands) [19, 20]. In short, the length of the 16S-23S rDNA interspace (IS) region is used to

classify bacteria by PCR, combined with phylum-specific fluorescent labelling of PCR primers.

IS fragment analysis was performed on an ABI Prism 3500 Genetic Analyzer (Applied Biosys-

tems). Data were analysed with IS-pro proprietary software (IS-diagnostics, Amsterdam, The

Netherlands).

Antibiotic treatment

Mice received broad-spectrum antibiotics (ampicillin 1 g/L; neomycin 1 g/L, both from Sigma,

Zwijndrecht, The Netherlands; metronidazole 1 g/L, Sanofi-Aventis, Gouda, The Netherlands

and vancomycin 0.5 g/L, Xellia pharmaceuticals, Copenhagen, Denmark) in drinking water

for 19 days [10, 16]. This cocktail disrupts the intestinal microbiota and significantly lowers

microbial diversity [16]. In selected experiments, only ampicillin and metronidazole were

used. After a washout period of two days with normal drinking water, mice were inoculated

with B. pseudomallei or sacrificed naïve. Weights of control- and antibiotic treated mice were

equal at the moment of inoculation.

(In vivo) Phagocytosis and stimulation experiments

Alveolar macrophages, peritoneal macrophages, blood and bone marrow derived macrophages

were obtained and incubated as described previously [16, 17, 34, 35]. Briefly, cells were seeded,

washed and stimulated overnight with LPS or heat-killed B. pseudomallei. For in vivo phagocy-

tosis, mice were inoculated intranasally with 5x106 CFU heat-killed, FITC (fluoresceine iso-

thiocyanate)-labeled B. pseudomallei. After three hours, mice were anesthetized and broncho-
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alveolar lavage (BAL) was performed. FITC-positivity of alveolar macrophages was deter-

mined by FACS analysis. Details are provided in the online supplement.

Whole lung RNA profiling

RNA was isolated from lung homogenates using the RNeasy mini kit (Qiagen, Venlo, The

Netherlands). Biotinylated cRNA was hybridized onto the Illumina MouseRef-8v2 Expression

BeadChip and an Illumina iScan array scanner (Eindhoven, The Netherlands) was used to

scan samples [16, 36]. Detailed methods are available in the supplemental material.

Statistical analysis

Differences between groups were analyzed by Mann-Whitney U test. Differences in micro-

biota diversity over time were analysed by paired t-test. For survival, Kaplan-Meier analysis

followed by log-rank test was performed and the clinical scores by matched two-way ANOVA.

Analyses were performed using GraphPad Prism 5. Values of P<0.05 were considered statisti-

cally significant.

Supporting information

S1 Fig. Antibiotic pre-treatment does not affect B. pseudomallei loads in broncho-alveolar

lavage fluid during experimental melioidosis. Control and antibiotic pre-treated mice were

inoculated intranasally with 150 CFU (A) or 500 CFU (B) B. pseudomallei and sacrificed at the

indicated time points. Bacterial loads in broncho-alveolar lavage fluid (BALF) are depicted as

scatter dot plots with a line at the median. White dots represent control mice, grey dots antibi-

otic treated mice. N = 6–8 mice per group.

(TIF)

S2 Fig. Ampicillin and metronidazole pre-treatment is associated with decreased pulmo-

nary clearance of B. pseudomalleiduring experimental melioidosis. Mice were pre-treated

with metronidazole and ampicillin in drinking water, in exactly the same experimental setup

as described in the Methods section. Control and antibiotic pre-treated mice were inoculated

intranasally with 500 CFU B. pseudomallei and sacrificed 24 hours after infection. Bacterial

loads in blood, liver and spleen homogenate (A) and lung homogenate (B) are depicted as scat-

ter dot plots with a line at the median. White dots represent control mice, grey dots antibiotic

treated mice. N = 8 mice per group. �p<0.05 control versus antibiotic treated.

(TIF)

S3 Fig. Cellular composition of broncho-alveolar lavage fluid from naïve control and anti-

biotic pre-treated mice. Bar chart depicting the median percentage of alveolar macrophages

(AMs) and neutrophils in broncho-alveolar lavage fluid from naïve control and antibiotic pre-

treated mice.

(TIF)

S4 Fig. Cellular metabolism of alveolar macrophages from control and antibiotic pre-

treated mice. (A) Extracellular acidification rate (ECAR) and (B) oxygen consumption rate

(OCR) of alveolar macrophages from control and antibiotic treated mice, as a measure for gly-

colytic function and mitochondrial respiration function, respectively. Arrows indicate the

sequential adding of oligomycin (O, 1,5 μM), FCCP (F, 1,5 μM) and antimycin A + rotenone

(A/R, 2,5 μM/ 1,25 μM). Data are normalized to DNA content. White dots represent control

mice, grey antibiotic treated mice. Data are presented as median ± interquartile range (n = 6–7
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per group).

(TIF)

S5 Fig. Bone marrow derived macrophages, peritoneal macrophages and blood from con-

trol and antibiotic pre-treated mice do not differ in terms of cellular responsiveness or

phagocytosis capacity. Naïve antibiotic treated- and control mice were sacrificed after the

two-day antibiotic washout period and bone marrow, blood and peritoneal macrophages were

harvested. Bone marrow derived macrophages (BMDM), peritoneal macrophages and blood

were stimulated with LPS 100 ng/mL or 3x107 CFU/mL heat-killed B. pseudomallei for 14

hours (A-B, D-E, G-H). Alternatively, whole blood or macrophages were incubated with

2,5x107 CFU/mL FITC-labeled heat killed B. pseudomallei to investigate their phagocytic

capacities (C, F, I). Internalization of bacteria was assessed by flowcytometry as described in

the Methods section. TNF-α and IL-6 production by BMDMs (A-B), peritoneal macrophages

(D-E) and whole blood (G-H) upon stimulation with LPS or heat-killed B. pseudomallei did

not differ between groups. The phagocytic capacity of BMDMs (C), peritoneal macrophages

(F) and whole blood derived neutrophils was also similar (I). Data are presented as box- and

whisker plots showing the smallest observation, lower quartile, median, upper quartile and

largest observation. White bars represent control mice, grey bars antibiotic treated mice.

N = 4–8 mice per group. All are representative of two experiments.

(TIF)

S6 Fig. Composition of pulmonary microbiota in naïve control and antibiotic pre-treated

mice. To investigate the pulmonary microbiota, whole lungs were harvested from naïve con-

trol and antibiotic (ampicillin, vancomycin, metronidazole and neomycin) pre-treated mice

on day 19. Total bacterial 16S rDNA was isolated and sequenced. (A) Lung microbiota compo-

sition at the Class level (second highest bacterial taxonomic rank). (B) Lung microbiota com-

position at the Genus level (lowest detectable bacterial taxonomic rank). Data are presented as

box-and-whisker plots depicting median, interquartile range and range of the percentage of

total 16S rDNA reads in each sample (n = 6 mice/group). White, control mice; grey, antibiotic

pre-treated mice. Only Classes and Genera that had a median prevalence of 5% or more

amongst all samples are depicted. No statistically significant differences were detected.

(TIF)

S1 Methods. Supplemental methods.

(DOCX)
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