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Figure 9.  Functional classification of genes differentially expressed by 

intracellular B. cenocepacia 

Profiles of functional classes are shown as a percentage of all induced 

(green bar) or repressed (red bar) genes (-2 > log2 > 2, p < 0.05).  

 



 98

 

3.5 SCOTS-identified changes in gene expression validated 
by other means      

A previous study identified B. cenocepacia K56-2 signature-tagged transposon 

mutants (STM) attenuated for survival in a rat agar bead model of chronic lung 

infection (207); in total, the study mapped 84 unique insertions within genes 

essential for in vivo survival.  Four of these genes were identified directly by 

SCOTS competitive enrichment; another three SCOTS-identified genes were 

found in genes located within a putative transcriptional unit with an STM insertion 

(Table 7).  SCOTS microarray analysis identified 26 of the 84 STM genes as 

being expressed by intracellular bacteria (Table 7), a significant finding 

considering the lung environment exposes the bacteria to many factors other 

than macrophages.   

Quantitative RT-PCR was performed for a subset of genes to experimentally 

validate trends seen in the microarray data in the absence of any capture or 

enrichment.  Total RNA was extracted and DNase-treated as was done for 

SCOTS, and reverse transcribed to cDNA using random hexamers.  Microarray 

data indicates conserved hypothetical protein BCAM0314, ABC transporter ATP-

binding protein BCAM2141, putative universal stress protein BCAM0276, and 

putative acyl carrier protein phosphodiesterase BCAS0186 should be induced by 

intracellular bacteria, while putative transcription elongation factor BCAM1928 

should be repressed.  Sigma factor BCAM0918, or rpoD - also designated sigA 

(297) or sigE (297, 349) – was chosen as an internal control.  An internal 

reference gene allows comparison across samples; despite reverse transcribing 

equal amounts of RNA, expression of the reference gene averaged 60-fold less 

in intracellular samples as compared to NME samples due to eukaryotic content.  

Expression of the gene of interest was first related to the internal control; this 

ratio was compared between samples to give fold increase in expression in 

intracellular bacteria.  qRT-PCR confirmed the expected trends of higher  
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Table 7:  In vivo essential genes expressed by intracellular bacteria 

 
aTag assigned to mutant in STM in vivo study (207) 
bGene names in bold were strongly induced (>3.5-fold, p<0.05) 
cImmediately adjacent gene identified by SCOTS 
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expression of BCAM0314, BCAM2141, BCAM0276, and BCAS0186, and 

negligible expression of BCAM1928 in intracellular bacteria (Figure 10). 

 

3.6 SCOTS-identified genes are involved in bacterial entry 
and intracellular replication 

Because survival within macrophages may contribute to the pathogenesis of B. 

cenocepacia, the role of several SCOTS-identified genes in intracellular survival 

was examined.  Ten genes were deleted in the gentamicin-sensitive B. 

cenocepacia MH1K, allowing intracellular survival to be assessed via the 

gentamicin protection assay (185).  The ten deleted genes encoded the following 

proteins: a subunit of the flagellar regulon master regulator (BCAL0124), a 

putative acyl carrier protein phosphodiesterase (BCAS0186), a cation efflux 

system (BCAM0434-5), the response regulator component of a two-component 

regulatory system (BCAM2837), a putative oxidoreductase (BCAL1726), a 

putative universal stress protein (BCAM0276), an MgtC family protein 

(BCAM0411), a putative lipoprotein (BCAL0340), a putative 

lysylphosphatidylglycerol synthetase (BCAM1679), and a putative Gram-negative 

porin (BCAM2446).  These genes were chosen based on high intracellular 

expression by microarray data; the first three genes were also identified by 

competitive enrichment.  

The ability of mutant strains to enter and replicate within macrophages was 

assessed relative to the parental strain (Figure 11).  While six of the ten mutant 

strains showed a defect in macrophage entry, the defect was statistically 

significant only for BCAL0124 (p < 0.01) and BCAM0411 (p < 0.05).  In contrast, 

deletion of BCAL1726 resulted in a significant increase in macrophage entry (p < 

0.001).  While none of the deletions negatively affected intracellular survival, 

deletions in BCAL0340 and BCAM0411 increased the ability of the bacteria to 

replicate intracellularly.  Statistically significant differences could be 

complemented by introducing the deleted gene encoded in a plasmid under the 
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Figure 10. n-Fold changes in the intracellular expression of SCOTS-

identified B. cenocepacia genes as measured by qRT-PCR. 

 Fold change represents the induction of expression by intracellular 

bacteria over NME bacteria, each relative to a reference gene presumed 

to have stable transcriptional levels.   
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Figure 11. Comparative macrophage entry and intracellular replication of 

parental B. cenocepacia and scs mutants in murine macrophages. 

Entry (A) was calculated relative to initial inoculum, and replication (B) was 

calculated relative to entry; both were normalized relative to the parental 

control, set at 100% entry and 100% replication.  Standard error bars are 

indicated.  Significance was determined using one-way ANOVA and 

Dunnett’s Multiple Comparison Test.  Mutants demonstrating significant 

difference from the wild-type are indicated (*p<0.05, **p<0.01, ***p<0.001).   
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 control of a constitutive promoter (Figure 12).  Among the deletion strains, the 

only gene with an obvious phenotype is JST19, or ∆BCAL0124, which is 

defective in both swimming and swarming motility; complementation restored 

motility to the deletion strain (Figure 13).  JST75, or ∆BCAM2837, is impaired in 

swarming motility, but not in swimming motility (Figure 14). 

 

3.7 SCOTS-identified genes are involved in bacterial 
spread and macrophage cytotoxicity 

The gentamicin protection assay allows the enumeration of intracellular bacteria.  

However, the results may be misleading if the survival of the host cell is not 

considered, as bacterial toxicity associated with membrane damage of the host 

cell will allow entry of the antibiotic, which will in turn result in the killing of 

intracellular bacteria.  Analysis of toxicity of the host cell can be performed via 

flow cytometry.  The membrane impermeant fluorescent dye 7-AAD binds DNA 

only in macrophages with permeabilized membranes.  Macrophages were 

infected with GFP-expressing bacteria and assessed on three different 

parameters:  entry, cytotoxicity, and spread.  Parental B. cenocepacia was found 

in 3% of all macrophages, and was cytotoxic to macrophages at a 1:1 ratio, killing 

approximately 3% of all cells (Figure 15A).  Despite infecting nine-fold better than 

parental, ∆BCAM2837 was also cytotoxic at a 1:1 ratio, killing 27% of all 

macrophages.  Though ∆BCAL0340 infected two-fold better than the parental 

isolate, it was only half as cytotoxic, whereas ∆BCAL0124 demonstrated the 

opposite trend with two-fold less infection, but seven-fold greater cytotoxicity.  

Other mutants, including ∆BCAM0276 and ∆BCAM2446, appear to prevent 

permeabilization of the macrophage membrane, decreasing cytotoxicity below 

the level seen in uninfected macrophages (Figure 15).  In total, of the ten 

mutants, only four were cytotoxic, defined as permeabilization of the host cellular 

membrane greater than seen in uninfected cells.  However, a permeable 

membrane would permit gentamicin to enter the cell, thereby killing intracellular 
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Figure 12.  Comparative macrophage entry and intracellular replication of 

parental B. cenocepacia and complemented scs mutants in murine 

macrophages. 

Plasmid pDA12 is a vector control; pJTx is a constitutively active 

complementation plasmid (Table 2).  Entry (A) was calculated relative to 

initial inoculum, and replication (B) was calculated relative to entry; both 

were normalized relative to the parental control, set at 100% entry and 

100% replication.  Standard error bars are indicated.  Significance was 

determined using one-way ANOVA and Dunnett’s Multiple Comparison 

Test.  Mutants demonstrating significant difference from the wild-type are 

indicated (*p<0.05, **p<0.01, ***p<0.001).  
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Figure 13.  A mutation in the flagellar regulon master regulator results in a 

strain (JST19) defective in both swimming and swarming motility. 

This defect can be restored by complementation on a constitutively active 

plasmid pJT57.  pDA12 is a vector control.  Bacterial cultures were 

adjusted to an OD600 of 0.1; 2 L was stab-inoculated into LB 0.3% agar to 

observe swimming motility, and 2 L was drop-inoculated onto NB 0.2% 

glucose, 0.5% agar to observe swarming motility.   
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Figure 14. Deletion of a putative response regulator results in a strain 

(JST75) defective in swarming, but not in swimming motility. 

Bacterial cultures were adjusted to an OD600 of 1.0; 2 L was stab-

inoculated into LB 0.3% agar to observe swimming motility, and 2 L was 

drop-inoculated onto NB 0.2% glucose, 0.5% agar to observe swarming 

motility. 
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Figure 15. B. cenocepacia entry and host cytotoxicity in murine 

macrophages. 

Bacterial entry and cytotoxicity are shown as a percentage of total cells.  

Cytotoxicity was normalized against cell death in uninfected cells. 50 000 

cells were counted in each of three independent experiments.  Standard 

error bars are indicated.  Significance was determined using one-way 

ANOVA and Dunnett’s Multiple Comparison Test.  Mutants demonstrating 

significant difference from the wild-type are indicated (*p<0.05, **p<0.01, 

***p<0.001). 
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 bacteria and preventing quantification in the gentamicin protection assay.  Thus, 

intracellular replication was normalized for cytotoxicity (Figure 16), revealing 

significant intracellular replication by ∆BCAL0124.  In contrast, normalization 

revealed that ∆BCAL0340 replicates at a rate similar to the parental isolate, but is 

protected from gentamicin because it is less cytotoxic.  Mutants displaying a 

cytotoxic ratio (Figure 16A) less than zero were not normalized, as in the 

absence of membrane permeability, intracellular bacteria would not be affected 

by gentamicin.       

Flow cytometry also permits investigation of the spread of B. cenocepacia in an 

unchecked infection.  Following killing of extracellular bacteria, infected 

macrophages were maintained in antibiotic-free media; any bacteria able to 

escape the macrophage, whether through lysis or otherwise, were able to infect 

neighbouring macrophages.  Under such conditions, the number of macrophages 

infected with the parental strain increased six-fold (Figure 17), indicating that B. 

cenocepacia was able to escape the macrophage by some means.  With the 

exception of ∆BCAM2837, which spread with half the efficiency of parental, the 

scs mutants spread as well or better than parental.  ∆BCAL1726 and 

∆BCAM1679 spread efficiently, increasing macrophage infection by 15-fold in an 

uncontrolled environment. The ratio of dead:infected cells remained 

approximately 1:1 in an unchecked infection, suggesting that viable B. 

cenocepacia escaped from dead macrophages.  The two exceptions to this ratio 

were seen in ∆BCAL0124, which killed 2.5 cells for every cell infected at the time 

of analysis, and ∆BCAM2837, which killed only 30% of infected cells. 

 

3.8 B. cenocepacia remains in an acidic vacuole associated 
with the endocytic pathway 

Despite using 24 h as an endpoint in gentamicin protection assays, the BcCV has 

not been extensively characterized beyond 6 h p.i., where greater than 80%  
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Figure 16. Intracellular replication normalized for host cytotoxicity of B. 

cenocepacia parental strain and scs mutants. 

(A)  Cell death was normalized against infection, determined by flow 

cytometry.  (B)  Intracellular replication, determined by the gentamicin 

protection assay, was then multiplied by this ratio to give the total 

expected ratio of intracellular bacteria in the absence of cell death.  

Mutants with a ratio in (A) less than zero were unchanged in (B). 
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Figure 17.  B. cenocepacia spread of infection and host cytotoxicity in an 

unchecked infection of murine macrophages. 

Capacity to spread (A) is calculated as the fold increase in infected 

macrophages when maintained in antibiotic-free media rather than 10 

µg/mL gentamicin in the same experiment.  Host cytotoxicity (B) is 

calculated as the ratio of total dead cells to infected cells.  50 000 cells 

were counted in each of three independent experiments.  Standard error 

bars are indicated.  Significance was determined using one-way ANOVA 

and Dunnett’s Multiple Comparison Test.  Mutants demonstrating 

significant difference from the wild-type are indicated (*p<0.05, **p<0.01, 

***p<0.001). 

 


