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Results and Discussion 

Bacterial Strain Selection and Verification of Biofilm Production.  

The MSSA strains 8325-4 and Mn8m were selected as Gram-positive organisms that produce 
PNAG-predominant biofilm (Table 1 and Table S1) [1,2]. In S. aureus, PNAG is produced by proteins 
encoded in the ica operon and thus the Δica mutants of the S. aureus strains [3,4] were included in this 
study. The MRSA clinical isolate strain BH1CC has an ica operon but does not produce PNAG. Instead 
eDNA is the main biofilm component [5]. S. aureus BH1CC wild type (WT) and the Δica mutant were 
included for comparison with the MSSA strains. In some species of Gram-negative bacteria, PNAG is 
synthesised by proteins produced by the pga operon, so the PNAG-producing clinical isolate A. 
baumannii strain S1 WT and its Δpga mutant [6] were also included. Anti-PNAG monoclonal antibody 
(mAb) was used in a dot blot assay to confirm that the PNAG-producing strains S. aureus 8325-4, S. 
aureus Mn8m and A. baumannii S1 cultured under biofilm-promoting conditions retained PNAG in situ 
on the cell surface under experimental conditions, while the Δica and Δpga mutants did not present any 
PNAG as expected (Figure 1b). 

It is critical to initially verify that the selected strains and corresponding PNAG-deficient ∆ica or 
∆pga mutants behaved as previously reported, so crystal violet biofilm assays were performed on these 
strains (Table 1 and Figure S1). All bacterial strains were grown in the presence of 1% glucose 
supplemented into the growth media (Figure S1) as glucose promotes PNAG-mediated biofilm 
formation in the MSSA strains but in MRSA clinical isolates, glucose promotes biofilm formation via an 
ica-independent mechanism that involves extracellular surface proteins, such as FnBPAB, and eDNA 
[4,7,8]. Four percent NaCl was also added to the growth media of MRSA BH1CC as it promotes icaA 
transcription but does not promote biofilm formation [7]. As a comparison, the MSSA strain 8325-4 was 
also grown in the presence of NaCl which increases PNAG-mediated biofilm formation in this strain 
[9]. 

Addition of glucose to brain heart infusion (BHI) media increased biofilm formation by S. aureus 
8325-4 WT by approximately 165% in comparison to S. aureus 8325-4 grown in BHI media (Figure S1A) 
and by 311% with the addition of NaCl to BHI. S. aureus 8325-4 Δica decreased biofilm formation by 
approximately 73%, 66% and 96% compared to the WT grown in the same media, respectively, which 
confirmed PNAG-mediated biofilm formation (Figure S1A). S. aureus Mn8m WT biofilm was increased 
slightly (approximately 5%) by the addition of glucose compared to BHI alone, while S. aureus Mn8 ∆ica 
biofilm formation decreased by approximately 92% in BHI and 86% in BHI glucose compared to the 
WT strain under the same conditions (Figure S1B), which indicated that PNAG was the major 
contributor to biofilm formation of this MSSA strain. S. aureus BH1CC had increased biofilm formation 
(approximately 62%) when cultured in BHI glucose compared to BHI alone but the addition of NaCl 
decreased biofilm formation by 90% (Figure S1C). S. aureus BH1CC Δica decreased biofilm formation 
slightly, by approximately 16%, 13% and 2% of the WT biofilm formed when grown in BHI alone, BHI 
glucose and BHI NaCl, respectively, but these differences were not significant. This indicated that S. 
aureus BH1CC biofilm formation was not PNAG-dependent. As A. baumannii preferentially forms 
biofilm on glass [6], A. baumannii S1 WT and ∆pga were grown in the presence of BHI supplemented 
with 1% Glc in a borosilicate glass culture tube with vigorous shaking (Figure S1D). Crystal violet 
staining was more intense on the A. baumannii S1 WT glass culture tube compared to the ∆pga mutant 
which indicated that while the majority component of A. baumannii biofilm was PNAG, other 
macromolecules (e.g. protein or eDNA) are also components of its biofilm.  

Overall, these data confirmed that S. aureus strains 8325-4 and Mn8m WT had increased biofilm 
formation in the presence of glucose and/or NaCl and that this biofilm was primarily composed of 
PNAG, S. aureus BH1CC WT had increased biofilm formation in the presence of glucose and decreased 
or abolished biofilm in NaCl but PNAG was not involved in biofilm formation as expected and that 
PNAG contributed to A. baumannii S1 biofilm formation. 



2 
 

Surface PNAG Retention under Experimental Conditions.  

For glycomic microarray analysis it is necessary to fluorescently label bacteria internally by 
optimising the dye concentrations for each strain under biofilm-promoting conditions (Figures S5–S8). 
To minimise signal quenching and potential interference of the free highly charged fluorescent 
molecules in bacterial interactions, the bacteria must be thoroughly washed after staining to remove 
excess dye [10]. Accordingly several wash conditions after SYTO®82 staining were assessed to 
determine the retention of PNAG on the bacterial surface (Figure S5). The positive reference of maximal 
PNAG retention (100%) was for S. aureus 8325-4 WT not washed after staining with SYTO® 82 with 
release of bound PNAG and detection of the released PNAG by anti-PNAG mAb. Washing three times 
and resuspension of the labelled cells in Tris buffered saline with Ca2+ and Mg2+ ions (TBS) 
supplemented with no or varying concentrations of detergent were compared (Figure S5). Although 
wash buffer with no detergent retained more cell-surface PNAG compared to wash buffer including 
detergent (approximately 60% retention), not including detergent in microarray incubations resulted 
in bacterial clumping. Hence washing the stained bacteria three times and resuspension in TBS 
supplemented with 0.025% Tween-20 (TBS-T) was selected for all microarray experiments. 

 
Figure S1. Biofilm assays for (A) S. aureus 8325-4 wild type (WT) and Δica, (B) S. aureus Mn8m WT and 
Δica, (C) S. aureus BH1CC WT and Δica, and (D) A. baumannii S1 WT and Δpga. For (A), (B) and (C), 
bacteria were grown BHI, BHI supplemented with 1% glucose or 4% NaCl in a hydrophilic 96-well 
tissue culture-treated plate for 18 h. Biofilm was quantified by adding crystal violet and measuring the 
absorbance at 490 nm. Experiments were carried out in technical triplicates and data is presented as the 
mean of the three technical replicates of three experiments with error bars of +/-1 standard deviation 
(SD) of the mean. (D) Bacteria were grown for 18 h in borosilicate glass tubes. Tubes were washed and 
stained with crystal violet, washed with water, dried and imaged using a camera. 
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Figure S2. 600 MHz 1H NMR spectra of S. aureus Mn8m PNAG in D2O. Assignments as previously 
published [11]. 

 
Figure S3. Dot blot assay for the detection of lipoteichoic acid (LTA) and peptidoglycan. (A) Dot blot 
assay of a standard curve of S. aureus LTA (SA-LTA) at 25, 6.25 and 1.56 µg/mL and partially purified 
PNAG (1 mg/mL). Black colour intensity represents anti-LTA antibody (Ab) binding. Spotting was 
carried out in duplicates. (B) Densitometry analysis of image (A) using ImageJ software. (C) Dot blot 
assay for peptidoglycan detection using an anti-peptidoglycan monoclonal Ab. L1 represents the PNAG 
preparation and L2 represents 8 x 108 cells/mL of heat killed S. aureus. 
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Figure S5. Detection of PNAG released from S. aureus 8325-4 WT surface with no washes and after three 
washes with no and varying Tween-20 concentrations. Anti-PNAG mAb binding was quantified by 
densitometry and the presence of PNAG was plotted as a relative percentage of no washing after staining 
(100%). 
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Figure S6. SYTO®82 concentration titration for bacterial fluorescence of (A) S. aureus 8325-4 WT and Δica, 
(B) S. aureus Mn8m WT and Δica, (C) S. aureus BH1CC WT and Δica and (D) A. baumannii S1 WT and Δpga. 
For (B), (C) and (D), bacteria were grown overnight in BHI glucose, while (A) S. aureus 8325-4 was grown in 
BHI NaCl, and all strains were incubated with 5-50 µM SYTO®82. Fluorescence of the stained bacteria was 
measured at λex 541 nm and λem 560 nm and plotted as a percentage of maximum fluorescence obtained for 
each strain. 

 
Figure S7. Lectin microarray background fluorescence of S. aureus BH1CC WT stained with 15 and 40 µM 
SYTO® 82. S. aureus BH1CC WT stained with 15 and 40 µM SYTO® 82 incubated on the lectin microarray 
and the local average background around each lectin represented as a bar chart. As 15 µM SYTO® 82 
resulted in similar signal intensity with lower background compared to 40 µM, 15 µM was selected as the 
optimal concentration for staining S. aureus BH1CC WT and Δica. 
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Figure S9. Flow chart summarising optimisation steps and outcomes from Figures S5 to S8. 
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Figure S13. Example of lectin microarray subarrays incubated with fluorescently stained bacteria. (A) 
S. aureus Mn8m WT. (B) S. aureus Mn8m Δica mutant. 

Table S1. The origins of bacterial strains used in this study. 

Bacteria 
Strains Details Reference 

S. aureus 8325-
4 WT 8325 derivative cured of prophages. 11-bp deletion in rsbU [1] 

S. aureus 8325-
4 ∆ica icaADBC::Trr isogenic mutant of 8325-4 [4] 

S. aureus 
Mn8m WT 

Chemostat derived mutant of Mn8 (toxic shock syndrome isolate). 
Biofilm positive. [2] 

S. aureus Mn8 
∆ica icaADBC::Trr isogenic mutant of Mn8 [3] 

S. aureus 
BH1CC WT 

MRSA clinical isolate. Biofilm positive. SCCmec type, MLST type 8, 
clonal complex 8. Isolate from Beaumont Hospital, Dublin, Ireland. [7] 

S. aureus 
BH1CC ∆ica icaADBC::Trr isogenic mutant of BH1CC [4] 

A. baumannii 
S1 WT Clinical isolate. Mucoid phenotype. Biofilm positive. [6] 

A. baumannii 
S1 ∆pga 

S1 derivative with in-frame deletion of pgaABC [6] 
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Materials and Methods  

Assay for Retained PNAG after Washing. 

Cultures were grown overnight in BHI NaCl, washed three times in TBS and cells were adjusted 
to an absorbance of approximately 1.0 at 595 nm. Bacteria cultures were placed in to tubes in 1 mL 
aliquots to act as a positive control and were set aside. Separate 1 mL cultures were washed one to 
five times by resuspending in TBS, centrifuging the bacteria in to a pellet at 5,000 x g and removing 
the supernatant each time. After the final wash, bacterial pellets were resuspended in 1 mL TBS or 
TBS with 0.05%, 0.02% or 0.01% (v/v) Tween® 20. Washed and unwashed 1 mL bacterial suspensions 
were collected by centrifugation (5,000 × g for 5 min), resuspended in 250 µL of 0.5 M 
ethylenediaminetetraacetic acid (EDTA) and boiled for 5 min. Samples were centrifuged and 40 µL 
aliquots of the supernatant were treated with proteinase K (10 µL of 20 µg/mL) at 65 oC for 1 h and 
then boiled again for 5 min. The proteinase K-treated samples (2 µL) were pipetted on to a PVDF 
membrane in triplicate and the membrane was blocked and probed for PNAG using anti-PNAG IgG1 
mAb as described above. After imaging HRP activity on the membrane, digital images (.jpg) were 
saved and used to relatively quantify the amounts of PNAG present on the membrane compared to 
the control (PNAG without three washes) using ImageJ software (National Institutes of Health, 
Bethesda, MD, U.S.A.). Measurements using the same size frame were taken for each spot, the frames 
were analysed and the resulting data was exported into Excel v.2010 (Microsoft). The mean of 
technical triplicates was taken for each condition and expressed as a percentage of intensity of 
unwashed cells. 
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