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Abstract 

 

Gram-negative Campylobacter jejuni is the leading cause of bacterial gastroenteritis in 

humans worldwide and the most frequent infectious trigger in patients developing Guillain-

Barré syndrome (GBS). While C. jejuni is pathogenic in humans, it is a commensal in avian 

hosts. Bacterial cell surface carbohydrates are important virulence factors and play roles in 

adherence, colonization and infection. The mechanisms leading to infection or persistent 

colonisation of C. jejuni are not well understood but host temperature may provide an 

important stimulus for specific adaptation. Thus, examination of the modulation of the total 

surface glycome of C. jejuni in response to temperature may help shed light on commensal 

and pathogenic mechanisms for this species. C. jejuni strains 81116 and 81-176 were cultured 

at 37 and 42 °C to simulate human and avian host conditions, respectively, and whole cells 

were profiled on lectin microarrays constructed to include a wide range of binding 

specificities. C. jejuni 81116 profiles indicated that the previously characterised 

lipopolysaccharide (LPS)-like molecule and N-linked glycans were the dominant cell surface 

structures while capsular polysaccharide (CPS), lipooligosaccharides (LOS) and N- and O-

linked glycosylation were best recognised for strain 81-176 at 37 °C. The profiles of both 

strains varied and were distinguishable at both temperatures. At the higher temperature, 

reduced dominance of the LPS-like structure was associated with strain 81116 and a change 

in the relative distribution of CPS and LOS structures was indicated for strain 81-176. This 

change in LOS molecular mass species distribution between temperatures was confirmed by 

SDS-PAGE analysis. Additionally, opposite behaviour of certain lectins was noted between 

the plate agglutination assay and the microarray platform. Insights into the important 

glycosylation involved in C. jejuni host cell tropism at different growth temperatures were 

gained using the lectin microarray platform. 
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1. Introduction 

 

Gram-negative Campylobacter jejuni is the leading cause of bacterial gastroenteritis in 

humans worldwide and is the primary antecedent infection associated with Guillain-Barré 

syndrome (GBS), the debilitating autoimmune neuropathy characterised by progressive 

paralysis.1, 2 Consequently, C. jejuni infection represents a significant health and economic 

burden worldwide.2 While C. jejuni is pathogenic in humans, it is a commensal in many avian 

hosts and colonises in high numbers asymptomatically.3 Consumption of contaminated food 

products, particularly poultry, is the main route of infection.3 The mechanisms which lead to 

infection or persistent colonisation of C. jejuni in humans or chickens, respectively, are 

poorly understood. C. jejuni displays an extensive array of cell-surface glycoconjugates, 

having distinct biosynthetic loci for the expression of lipooligosaccharide (LOS)/ 

lipopolysaccharide (LPS), and capsular polysaccharide (CPS), as well as protein O- and N-

linked glycosylation.4-6 As virulence factors, C. jejuni LOS and CPS play a role in adhesion 

and invasion of host cells and protection from host immune defences.7-10 Flagellar O-

glycosylation9, 10 and N-linked surface protein glycosylation4 have also been identified as 

important virulence factors.3 Antigenic variability of the cell surface glycoconjugates,7-9 as 

well as structural mimicry of host glycans in the LOS of certain C. jejuni strains,2 constitute 

immune evasion strategies. In particular, molecular mimicry of gangliosides in C. jejuni LOS 

is thought to elicit the production of cross-reactive anti-ganglioside antibodies which are 

involved in GBS pathogenesis.1  

 Considerable intra-species variation can exist within C. jejuni.3 The extensively 

studied, genome-sequenced strains C. jejuni 81-176 and 81116, originally isolated from 

human hosts, are genetically and phenotypically distinct.11, 12 The highly virulent 81-176 

strain, which belongs to serogroup HS:23/36 and was originally isolated from a raw milk-

borne case of colitis, is hyper-invasive to intestinal cells in vitro.11 It produces two 

independent CPSs, one of which is phase variable8, 13 (Fig. 1), and phase variable gene 

expression enables the potential production of LOS structures which mimic the gangliosides 

GM2, GM3, GD1b and GD2.
7 C. jejuni 81116 types as both HS:6 and HS:7, was first isolated 

in a waterborne case of gastroenteritis and has comparitively low invasiveness.14, 15 This 

strain was found to express two independant polysaccharides, one LPS-related and the other 

CPS-derived16, 17 (Fig. 1), and may also express an LOS-like molecule.6  

 Among the many physiological differences between the human and chicken host 

environment, core body temperature (37 and 42 C in humans and chickens respectively) is 
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known to affect C. jejuni genetically and phenotypically.3 Differential transcription of 

numerous C. jejuni genes, including genes involved in modulation of the cell surface 

glycosylation, have been observed due to temperature shift from 37 to 42 °C.18 Temperature-

related variation of C. jejuni LOS and polysaccharide expression has been described 

previously19, 20 and C. jejuni chemotaxis and binding to host-related strutures was shown to 

be influenced by growth at host physiological temperatures.21, 22 Therefore, temperature may 

provide an important trigger for specific host and environmental adaptation in C. jejuni, with 

commensalism or pathogenesis as potential outcomes.3 Thus examination of the total surface 

glycome of C. jejuni in response to temperature modulation may help shed light on 

commensal and pathogenic mechanisms for this species. 

Lectins, non-enzymatic proteins of non-immune origin which bind specifically to 

carbohydrates, are frequently used as an analytical tool to detect and identify specific 

carbohydrate moieties associated with certain cell types or stages of differentiation.23, 24 

While not fully characterized for their specific affinities for bacterial-type glycosylation, 

plant lectins have been used as a profiling tool for microbes for identification or 

differentiation between strains, usually in the context of simple and inexpensive agglutination 

assays.25, 26 The stability of plant lectins during storage and their ready commercial 

availability makes them a good reagent choice.27 However, in the context of agglutination 

assays, drawbacks include the lack of quantitative output and lengthy experimentation time 

which make this assay format not a practical or informative choice for monitoring possibly 

subtle glycosylation alterations. When adapted to a microarray format,28 lectins can provide a 

useful platform for profiling differences between bacterial species and strains in a higher-

throughput manner than traditional plate assays, quantitative readouts can facilitate more 

straightforward comparison between strains and help identify the classes of glycoconjugates 

responsible for any alterations Lectin microarrays have been recently employed to 

discriminate populations of glycoprotein glycoforms,29 distinguish the differentiation stages 

of human embryonic and induced pluripotent stem cells,30 and profile different bacterial 

species.31 

In this work, the two pathogenic C. jejuni strains 81116 and 81-176 were cultured at 

the temperatures of 37 and 42 °C and profiled on a lectin microarray to investigate 

temperature-related glycosylation alterations at the cell surface microenvironment. The 

strains were differentiated from one another by total lectin microarray profile and culture 

temperatures were successfully discriminated for both strains using careful selection of 

subsets of lectin data demonstrating significant and stable differences between strains and 



5 

conditions. Different classes of glycoconjugates were implicated as the major accessible 

carbohydrate determinants in the two strains. The lectin interaction profiles of the strains 

were compared between the microarray and traditional agglutination assay platforms and 

contrary behaviour of the lectins was noted in several cases. The lectin microarray platform 

was shown to be a useful tool for in profiling global glycomic changes of bacteria in response 

to host and environmental changes.  

 

2. Experimental 

 

2.1 Materials 

 

Nexterion® Slide H microarray slides were from Schott AG (Mainz, Germany). Nucleic acid 

stain SYTO® 82 was from Life Technologies (Carlsbad, CA). Pure, unlabelled lectins were 

purchased from EY Laboratories, Inc. (San Mateo, CA, USA), Vector Laboratories, Ltd. 

(Orton Southgate, UK) or Sigma-Aldrich Co. (Dublin, Ireland) (Table S1). The 96-well 

round-bottomed microtitre plates for agglutination assays were from Nunc (Thermo Fisher 

Scientific, Dublin, Ireland). All other reagents were from Sigma-Aldrich Co. (Dublin, 

Ireland) unless otherwise noted and were of the highest grade available. 

 

2.2 Bacterial culture and internalised nucleic acid staining 

 

C. jejuni strains NCTC 81116 and 81-176 were grown on 5% Columbia blood agar at 37 and 

42 °C for 24 h in a microaerobic atmosphere. Bacteria were harvested, pelleted by 

centrifugation (5,000 x g, 5 min) and washed twice in Tris-buffered saline supplemented with 

Ca2+ and Mg2+ ions (TBS; 20 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, pH 

7.2). Bacteria were diluted to an OD600 of 1.0 (5  1010 cfu/ mL) in TBS, and 1 mL of the 

bacterial suspension was pelleted by centrifugation and then resuspended in 0.5 mL of TBS. 

Bacteria were incubated with 20 M SYTO® 82 orange fluorescent cell-permeable nucleic 

acid dye (ex 541 nm, em 560 nm) at 37 °C for 1 h with rotation.28, 32 After incubation, the 

fluorescently-labelled cell suspension was washed seven times in TBS to remove excess dye, 

and finally resuspended in 0.5 mL of TBS with 0.05% Tween-20 (TBS-T) for immediate use 

on the lectin microarrays. 

To determine the optimum SYTO® 82 concentration for each strain, different 

concentrations of dye were added to the washed bacterial suspensions to give a final range of 
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5 - 100 M.28 After incubation, 100 L of the bacterial samples, both with and without post-

staining wash steps, was loaded into 96 well black microtitre plate and fluorescence was 

measured on a SpectraMax M5e microplate reader (Molecular Devices, Inc., Berkshire, UK). 

The optimal concentration was determined based on maximum fluorescence (Fig. 2). Similar 

fluorescence intensities were noted when bacteria were incubated in TBS or PBS (data not 

shown). 

 

2.3 Lectin microarray construction and bacterial incubation 

 

A panel of lectins (Table S1) was printed on Nexterion® Slide H microarray slides in a 62% 

(+/-2%) humidity environment using a using a SciFLEXARRAYER S3 (Scienion AG, 

Germany) equipped with a 90 m uncoated glass dispenser capillary. Lectins were diluted to 

their print concentration of 0.5 mg/mL in phosphate buffered saline (PBS; 10 mM sodium 

phosphate, 137 mM NaCl, 2 mM KCl, 2 mM KH2PO4, pH 7.4) supplemented with 1 mM of 

their respective haptenic simple sugars to protect their carbohydrate recognition domains 

during conjugation to the slide surface (Table S1). Each microarray slide was printed with 

eight replicate subarrays, with each lectin (probe) spotted in replicates of six. Slides were 

incubated in a humidity chamber overnight after printing to facilitate complete conjugation 

and were then blocked with 100 mM ethanolamine in 50 mM sodium borate, pH 8.0, washed 

four times in PBS-T for 2 min each, once with PBS and centrifuged dry (1,500 rpm, 5 min).33, 

34 Printing and performance of the conjugated lectins was verified by incubation with 

fluorescently-labelled glycoproteins. Microarray slides were stored dry with desiccant at 4 °C 

until use.  

 Fluorescently-labelled glycoproteins or bacteria diluted in TBS-T were incubated on 

the lectin microarray using an 8 well gasket (Agilent Technologies, Cork, Ireland) at room 

temperature for 1 h with gentle rotation (4 rpm) in the dark.33 For bacterial incubations, 30 

L of the bacteria at OD600 of 2.0 was diluted to a final volume of 70 L per well with TBS-

T. Three biological replicate experiments were performed, with each experiment for 

uninhibited binding done in duplicate. To verify carbohydrate-mediated binding,23, 33, 34 

samples were co-incubated with appropriate haptenic carbohydrates in parallel to give a final 

concentration of approximately 57 mM monosaccharide. Inhibited intensity values were then 

compared to an uninhibited subarray incubated on the same slide. The slides were washed 

four times with TBS-T, once with TBS, centrifuged dry and scanned immediately with the 
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543 nm laser (90% laser power, 70% PMT, TRITC emission filter, 5 m resolution) of a 

ScanArray Express HT microarray scanner (Perkin-Elmer, Waltham, MA). The entire 

procedure from bacterial harvest after culture to microarray scan took approximately 2.5 h. 

 

2.4 Data extraction and statistical analysis 

 

Raw intensity values were extracted from the image files using GenePix Pro v6.1.0.4 

(Molecular Devices, Berkshire, U.K.) software. Circular features were extracted using a 

proprietary *.gal file (containing identification and location data for all printed features) 

applied to the image and an adaptive diameter (70-130%) feature fitting approach based on 

230 m feature diameter. Numerical intensity data was exported as text to Excel (version 

2007, Microsoft) where all calculations were performed. Local background was subtracted 

and background-corrected median feature intensity (F543median-B543) was used for each 

feature intensity value. The median of six replicate spots per subarray was handled as a single 

data point for graphical and statistical analysis (n = 3). Data intensities were normalised to 

the per-subarray total intensity mean of six replicate microarray slides and binding data was 

presented in histogram form of mean intensity with average deviation of six replicates from 

three biological experimental replicates.33, 34 The significance of inhibition data was 

evaluated using a standard Student’s t-test (paired, two-tailed) (Table S2).  

Unsupervised clustering of lectin microarray data was performed using Hierarchical 

Clustering Explorer v3.0 (HCE 3.0, University of Maryland, 

http://www.cs.umd.edu/hcil/hce/hce3.html). Normalized data was imported into HCE 3.0 for 

hierarchical clustering by Euclidean distance with complete linkage. Principle component 

analysis (PrCA) was performed on normalized lectin microarray data with Minitab 16 

software (Minitab, Inc., State College, PA, USA) similar to the method of Tateno, et al.,35. 

Two-dimensional score plots for two principal components were generated from total lectin 

microarray data and subsets of lectin microarray data selected by significance as assessed by 

standard Student’s t-test (paired, two-tailed, p values ≤ 0.05 selected from Table S2). 

 

2.5 Phenol-water extraction and SDS-PAGE analysis 

 

A rapid mini-phenol-water extraction (MPW) procedure36 was employed to obtain small 

amounts of cell surface glycolipids and polysaccharides for SDS-PAGE analysis. Initially, 

biomass from two agar plates of confluent growth (as above) was harvested and washed three 

http://www.cs.umd.edu/hcil/hce/hce3.html
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times using sterile PBS (5,000 x g, 5 min each). The washed biomass was resuspended in 

0.75 mL of 18.2 M water and an equal amount of 90% phenol (pre-heated to 65 C) was 

added. The sample was vortexed for 1 min and then incubated at 65 C for 10 min, with 

vortexing for 30 s at 2 min intervals. The sample was cooled on ice and centrifuged at 15,000 

x g for 3 min. The upper aqueous phase was then removed and the residual phenol was 

removed from this layer by extraction with 0.5 mL diethyl ether three times. The diethyl ether 

phase was discarded and the aqueous phase was placed in the fume hood overnight to allow 

evaporation of any remaining diethyl ether. The sample was then lyophilised, weighed and 

dissolved at a concentration of 2 mg/mL in endotoxin-free water for subsequent SDS-PAGE 

analysis.  

MPW preparations were electrophoresed on 12% Tricine SDS-PAGE gels with 6 M urea.37 

Gels were then stained with either silver to visualise glycolipids, with only 1 h fixation to 

minimise elution of glycolipids, or Alcian blue to visualise CPS, with the staining step at 50 

C for 30 min with shaking.19 Densitometry analysis was carried out using ImageJ 

(http://imagej.nih.gov/ij/). 

2.6 Lectin agglutination assays 

 

A selection of lectins (Table 1) were dissolved to final concentrations of 0.5 and 0.8 mg/mL 

in TBS supplemented with 0.02% CaCl2 and 0.02% MgCl2. Bacteria for lectin typing were 

prepared as described previously.38 In brief, C. jejuni was harvested and biomass was washed 

three times in sterile PBS as above (whole cell (WC) samples). For proteolytic treatment, WC 

samples were incubated in PBS (adjusted to pH 4.0 with 1 M HCl) for 30 min at 20 C to 

allow autolysis. Cellular debris was then washed twice in PBS, resuspended in PBS 

containing proteinase K at 0.5 mg/mL, incubated at 60 C for 1 h followed by 10 min at 100 

C and then centrifuged (PK samples). For lectin agglutination assays, both WC and PK 

samples were adjusted to an OD550 of 0.9 by addition of TBS. 40 L of adjusted samples 

were added to 10 L of lectin, or 10 L TBS as a negative control, in 96-well round-

bottomed microtitre plates, mixed by gentle rocking for 5 s and then left undisturbed 

overnight at 4 C. Results were determined by visual inspection - a positive agglutination of 

bacterial samples with lectins was indicated by a carpet of debris on the well-bottom and a 

negative result was indicated by a dot of material located centrally on the well bottom. These 

results were confirmed by tilting the microtitre plate at >45 and with movement of the 

material observed. As a positive control, 40 L of a 0.75% solution of human red blood cells 
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(RBCs, type O), was mixed with 10 L of each lectin solution, and was inspected for 

agglutination after 2 h. Incubations were carried out in duplicate. 

 

3. Results 

 

3.1 Bacterial staining optimisation 

 

Dye uptake titration curves were constructed for C. jejuni strains 81116 and 81-176, using 

maximum fluorescence intensity achieved to determine the optimal dye concentration. Aside 

from the possibility of the highly charged dye molecule interfering in or altering binding 

events, the excess unbound dye lead to fluorescence quenching when not removed from the 

solution and resulted in a lower optimum dye concentration compared to that determined 

after washing (Fig. 2). Thus, the stained bacteria were thoroughly washed after staining and 

resuspended in TBS-T for incubation on the lectin microarray.  

 

3.2 Lectin microarray analysis of two strains at human and avian temperatures 

 

The lectin microarrays were constructed to include lectins previously reported to differentiate 

between strains of Campylobacter spp., namely WGA, Con A, MAA, Lch-B, BPA, ECA, 

PNA, STA and WFA,26, 27, 39, 40 in addition to thirty-two others for a total of forty-one lectins 

(Table S1). Incubation of C. jejuni strains 81116 and 81-176 grown at 37 and 42 °C showed 

good feature coverage and different lectin microarray profiles for the strains at each 

temperature (Fig. S1 and 3A), which implied that different carbohydrate structures were 

interacting with the lectins. The profiles of strain 81116 varied greatly between temperatures 

but the differences between temperatures of strain 81-176 were more subtle. In addition, there 

was considerable variability in the responses of the lectins PA-I, BPA, WFA and CAA 

between biological replicates of strain 81116 at 37 °C in contrast to the greater consistency of 

all other lectin responses and the generally very high consistency between all other biological 

replicates (Fig. 3A). 

Lectins bind specifically to distinct carbohydrate moieties but may also contain one or 

more non-carbohydrate ligand binding sites41 and thus, carbohydrate-mediated binding must 

be confirmed by inhibition of binding in the presence of haptenic sugars.23, 33, 34 Co-

incubation with galactose (Gal) inhibited binding to SNA-II, LEL and RCA-I, and N-
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acetylglucosamine (GlcNAc) inhibited binding to LEL for strain 81116 at both temperatures 

and to SNA-II and RCA-I at 42 °C (Fig. S2A and B). In addition, binding to CAA at 42 °C 

was inhibited by both Gal and GlcNAc (Fig. S2B). The binding of strain 81-176 at both 

growth temperatures to WGA and LEL was inhibited with GlcNAc, AAL and RCA-I with 

fucose (Fuc) and RCA-I with Gal (Fig. S3A and B). Gal also reduced bacterial binding to 

SNA-I and AAL at 37 °C for strain 81-176 (Fig. S3A). The ‘cross-inhibitability’ of typically 

Fuc-binding AAL with Gal and Gal-binding RCA-I with Fuc is perhaps not surprising 

considering that Fuc is in the galacto configuration.42 Except for the cases mentioned, lectin 

microarray profiles of the C. jejuni strains remained similar to uninhibited profiles (Figs. S2 

and S3). Co-incubation with mannose (Man) did not inhibit binding of either strain at either 

temperature (data not shown). In particular, it was interesting to note that the interaction of 

both bacterial strains with the lectin ACA was non-carbohydrate-mediated at both 

temperatures (Fig. S2 and S3).  

In terms of carbohydrate-mediated binding, C. jejuni strain 81116 at 37 °C bound to 

lectins characterised to have affinity for mammalian glycosylation motifs containing Gal 

and/or GalNAc (PA-I, EEA, SNA-II, BPA, WFA), GlcNAc (LEL) and lactose (RCA-I and 

CAA) (Table S1 and Fig. 3A) which are residues present in the LPS-like polysaccharide 

structure (Fig. 1). The structure previously elucidated for the CPS of strain 81116 at 37 ºC 

contains Man and glucose (Glc) residues,16, 17 but typical Man or Glc recognising lectins such 

as GNA bound with low intensity, which suggested that the CPS of this strain did not take 

part in binding to the microarray (Fig. 1). However, the presence of CPS in MPW extracts of 

both strains at both temperatures, even after nine wash steps, was confirmed by Alcian Blue 

staining of SDS-PAGE electrophoresed samples (Fig. S4). Hence, the CPS of both strains 

should have been available for interaction during bacterial profiling.  

In addition to interacting with lectins with affinity for GlcNAc and Gal/GalNAc-

containing motifs (LEL, WGA, RCA-I, SNA-II and PCA), strain 81-176 also bound to lectins 

which typically indicate the presence of sialic acid (WGA and SNA-I) (Table S1 and Fig. 

3A). This agrees with known CPS structures for strain 81-176 at 37 °C, which contain 

GlcNAc residues, and both CPS and LOS, which contain Gal residues. However, sialic acid 

residues have only been described as components of the LOS produced by strain 81-176. 

Although SNA-I typically binds to -(2,6)-linked sialic acid in mammalian glycosylation, the 

known Neu5Ac linkage in C. jejuni 81-176 LOS is -(2,3). It should be noted that the 

characterised mammalian glycan specificity of a particular lectin may not be the same for 



11 

bacterial glycans as the relevant residues are present in different linkages and orientations e.g. 

as polysaccharide components compared to mammalian N-linked oligosaccharides, and for 

some bacterial-specific residues, e.g. talosamine and shewanellose,43 no lectins with 

corresponding affinity are known. However, the flagella of C. jejuni are modified with the 

nine-carbon sugar pseudaminic acid (Pse) and its derivatives, which are structurally related to 

sialic acid44 and these molecules were previously found to interact with Limux flavus 

agglutinin (LFA), a sialic acid-specific lectin.45 Thus, flagellar O-linked glycosylation was 

also likely to have been recognised by the typically sialic acid-binding lectins, SNA-I and 

WGA. In addition, AAL typically interacts with -(1,6)- and -(1,3)-linked Fuc for 

mammalian-type glycosylation46 (Table S1), but Fuc has not been previously described as a 

component of either LOS or CPS of strain 81-176 (Fig. 1). However, it is possible that this 

lectin interacted with an alternative residue from the CPS in the -galacto configuration.42 

Clustering analysis of the two strains at the two temperatures showed that the lectin 

microarray platform distinguished the strains from each other at 37 °C but not at 42 °C (Fig. 

3B), as was readily visible from difference in profiles (Fig. 3A). When the profiles for only 

strain 81116 were clustered, there was a clear distinction between the profiles at the two 

culture temperatures with 21% minimum similarity (not shown). However, the 81-176 strain 

cultured at either temperature could not be distinguished between temperatures nor from 

81116 grown at 42 °C by unsupervised clustering analysis despite slight differences in 

profiles observed. 

 

3.3 Multivariate analysis of lectin microarray data 

 

The ability of PrCA of the lectin microarray data to distinguish strains 81116 and 81-176 at 

the two temperatures was also evaluated. For strain 81-176, inclusion of all lectin data (41 

lectins in total) produced considerable overlaps in the two-dimensional score plots of 

replicates grown at 37 and 42 °C (Fig. 4A). However, for strain 81116, very well-defined 

groups emerged when all lectin data was included in the principal component calculations 

(Fig. 4C). PrCA performed for 37 and 42 °C cultures of 81-176 using only a subset of lectins 

which showed significantly different binding intensities (p < 0.05) between the two 

temperatures (13 lectins, Table S-2 and Fig. S5) decreased the overlap of replicate groups 

considerably (Fig. 4B) and also decreased the overall plot area of the groups, which 

suggested that these lectin responses contributed substantially to the uniqueness of each 
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glycosylation profile. Similarly, a p value-based pre-selection of lectin data for the 37 and 42 

°C cultures of strain 81116 (22 lectins, Table S-2 and Fig. S5) also reduced the plot area for 

the replicate groups at each temperature and enhanced the spatial separation of the two 

groups (Fig. 4D). It is important to note that some of the lectin responses which differed with 

high significance levels had only low intensity binding, e.g. SBA binding intensity for strain 

81116 was only 1502.72 and 568.06 RFU at 37 and 42 °C, respectively, although the p value 

was 0.0068 (Table S2 and Fig. S5). All lectins demonstrating significantly different binding 

for strain 81116 showed lower intensity at 42 °C compared to 37 °C.  For strain 81-176 

changes in intensities of significant lectins were more subtle. (Fig. S5). 

 In contrast to distinguishing growth temperature within a strain, distinguishing strains 

from each other was more straightforward at a single temperature when all lectin data was 

used to generate two-dimensional score plots (Fig. 5A and C). Comparison of strains 81116 

and 81-176 grown at 37 °C using PrCA generated from only lectins with significant 

differences between strains (p < 0.05, 13 lectins, Table S-2) minimized the replicate group 

spread and further enhanced the separation of the two strains’ glycosylation profiles (Fig. 

5B). Similarly, comparison of strains 81116 and 81-176 grown at 42 °C using PrCA 

generated from most significant lectin responses (p < 0.05, 16 lectins, Table S2) greatly 

reduced the spread of the individual replicate group plots (Fig. 5D).  

 

3.4 Lectin agglutination assay 

 

A microtitre plate lectin agglutination assay was employed to test the microarray lectin 

binding results in a different format. A representative group of lectins, both binding and non-

binding to C. jejuni on the lectin microarray, was selected. Lectin agglutination of human 

RBCs (type O) was used as a positive control. RBCs agglutinated with expected lectins and 

did not autoagglutinate,47, 48 as demonstrated by a lack of agglutination in TBS alone (Table 

1, Fig. S6). 

The lectin agglutination patterns of WC and PK preparations of C. jejuni strains 

81116 and 81-176, cultured at both 37 and 42 C, were compared. WC samples of strain 

81116 at both 37 and 42 C could not be typed due to auto-agglutination in the control well 

and are not shown. However, PK preparations of strain 81116 did not autoagglutinate along 

with WC and PK preparations of strain 81-176 at both temperatures.  
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PK preparations of strain 81116 grown at 42 C agglutinated with 5 out of 18 lectins 

tested, WFA, PNA, STA, LEL and WGA, and at 37 C, agglutination with the same lectins 

was observed but with an additional two lectins, SBA and BPA (Table 1). Thus, in common 

with the lectin microarray incubation, culture temperature differentiation was possible with 

the agglutination assay but information on only cell surface glycosylation was not possible to 

discern from this due to the ruptured cell. WC samples of 81-176 grown at 37 C agglutinated 

with 6 out of 18 lectins, BPA, WFA, STA, LEL, WGA and ECA, which were the same 

lectins as the PK samples of strain 81-176. However, WC preparations of strain 81-176 at 42 

C agglutinated with only 4 of these, BPA, WFA, LEL and ECA, and PK samples 

agglutinated with an additional two lectins, STA and WGA, to result in an identical 

agglutination profile to strain 81-176 WC and PK at 37 °C (Table 1). The extra lectins bound 

after disruption of the cell with proteinase treatment indicated that additional epitopes were 

available, most likely intracellular carbohydrates. Although it may be possible to distinguish 

growth temperature of strain 81-176 by agglutination assay of WC preparations, it was 

apparent from these results that proteolytic pre-treatment was required for accurate lectin 

typing of all strains in agglutination assays and this was in agreement with previous studies.38  

 While differences in the degree of agglutination of the bacterial samples at both 

temperatures were observed (Table 1), the benefit of significantly increase dynamic range 

and quantitation of the lectin microarray were apparent where similar lectins interacted across 

platforms for WC samples e.g. LEL. It was possible to distinguish between strains on the 

basis of agglutination or no agglutination with two lectins, PNA and ECA. PNA strongly 

agglutinated PK preparations of strain 81116 at both temperatures but not with WC or PK 

preparations of 81-176 at either temperature. On the other hand, ECA agglutinated both WC 

and PK preparations of strain 81-176 at both 37 and 42 ºC but not 81116 at either temperature 

(Table 1). These lectins also exemplified the contrasting behaviour of several lectins across 

the two microarray and assay platforms. Interestingly, PNA showed highest lectin microarray 

intensity values with the 81-176 strain grown at either temperature (Fig. 3) and this inverse 

relationship compared to the agglutination assay platform was also seen with ECA. ECA 

bound most intensely with strain 81116 in the lectin array format (Fig. 3) which was opposite 

to the agglutination assay results. 

 

3.5 SDS-PAGE analysis of cell surface glycolipids 
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Cell surface glycolipids were extracted from strains 81116 and 81-176 cultured at both 37 

and 42 C and were analysed by SDS-PAGE. Silver staining of the MPW extracts revealed a 

pattern of low-Mr bands in both strains at both temperatures (which were not co-incident with 

Alcian blue-stained CPS, Fig. S4), which indicated the presence of LOS. A doublet of low-Mr 

species was detected for C. jejuni 81116, which corresponded to the approximately 3.8 and 

3.6 kDa bands previously reported.7 A greater quantity of the ‘3.8 kDa’ Mr band was present 

at both temperatures and the distribution of LOS species did not change between 

temperatures (Table 2, Fig. S7, lanes 2 and 3). This heterogeneity was also present in MPW 

extracts of strain 81-176, which also migrated as a doublet of low-Mr bands at both 

temperatures. However, only 18% of the total LOS was present as the lower Mr band at 37 C 

compared to 42% in the 42 C extract of this strain (Table 2, Fig. S7, lanes 4 and 5).  

4. Discussion 

 

A diverse range of cell surface glycans are expressed by C. jejuni, including LOS, CPS, 

glycoproteins and other PS-related molecules, and these glycans are important in bacterial-

host interaction and may be important factors in both virulence and commensalism.8, 49, 50 The 

inhibitable lectin responses for C. jejuni 81116 suggested interaction with the LPS-like 

structure previously characterised for this strain at 37 °C.16, 17 The lectins BPA and WFA 

typically bind to GalNAc-containing structures and binding in strain 81116 indicated 

interaction with bacterial N-linked glycans, which have a terminal -linked GalNAc residue.5 

The lectin SBA is often used to indicate the presence of bacterial N-linked glycans,51 but very 

little binding of either C. jejuni strain was observed with this lectin in the microarray format. 

The observed AAL binding could be the result of interaction with the -linked Gal in the 

LPS-like structure and/or the terminal -linked GalNAc of bacterial N-linked glycans. These 

motifs may also be recognised by the lectins EEA, VRA and MPA, which typically bind to 

terminal -linked Gal. The binding of strain 81116 to the GalNAc-specific macrophage 

galactose-like C-type lectin (MGL) was previously reported to be N-glycan-mediated and 

mutation in the critical N-glycan biosynthesis pgl gene decreased Caco-2 cell adherence and 

chick colonisation.4, 52 In this work, no lectin interaction indicative of the presence of Glc or 

Man residues was observed for strain 81116, which implied that CPS was not recognised by 

the lectins despite its availability for interaction as shown by SDS-PAGE analysis after 

extensive washing. Thus, the LPS-like polysaccharide and N-linked glycans were most likely 

the dominant cell surface structures of this strain. Interestingly, the CPS of this strain was 
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reported to be involved in human epithelial cell binding but not to have a significant role in 

colonisation of the chicken gut.50  

C. jejuni is capable of adaptation and survival in a range of hosts and environments 

and can express specific factors to survive in diverse ecological niches. Environmental and 

host physiological temperature is an important regulatory signal prompting C. jejuni to 

modify expression of certain virulence or colonization factors, which include cell-surface 

carbohydrates.19, 20 Importantly, it was possible to clearly distinguish between the two strains 

when cultured at 37 °C with the lectin microarray. The greater variability of response of 

many lectins with C. jejuni 81116 cultured at 37 °C compared to 42 °C may indicate more 

variability of chain length of the outer polysaccharide at the lower temperature, and thus 

greater diversity of conformation of presented epitopes for interaction combined with a 

greater accessibility of the bacterial N-linked glycans. This is reflected in the relative increase 

in area for this group in the PrCA score plots (Fig. 4C and D). Differential expression of 336 

genes in C. jejuni NCTC 11168 has been reported in response to temperature change from 37 

to 42 °C including genes involved in cell surface and flagellar glycosylation18 and LOS 

structural modifications were detected with change in temperature.20 In this work, strain 

81116 cultured at 37 °C was significantly differentiated from the same strain cultured at 42 

°C by 22 lectins (Fig. S5). Many of these decreased intensity lectins indicated a change in the 

LPS-like structure which may imply that this structure became less dominant and that the N-

linked glycans were more accessible to the microenvironment at the higher temperature. 

Interestingly, a gene involved in LPS biosynthesis in strain 81116, galE,53 was reported to be 

upregulated with increased temperature18 supporting the hypothesis of temperature-related 

alteration to the LPS-like structure in C. jejuni 81116. Furthermore, the temperature-

dependent expression of a high-Mr polysaccharide with a ladder like electrophoretic banding 

pattern characteristic of LPS has been described for C. jejuni NCTC 11168 in liquid culture 

which was expressed at 37 but not at 42 °C19 and a similar phenomenon may have occurred 

here.  

 In contrast to strain 81116, C. jejuni 81-176 interacted with typically Gal/GalNAc and 

GlcNAc recognition lectins which implied binding to the known CPS structure. Binding to 

AAL probably indicated interaction with the -linked Gal residues in the CPS and/or 

bacterial N-linked glycans although other typically GalNAc recognising lectins such as BPA 

and WFA had low intensity binding. However, the interaction with VRA and MPA may have 

indicated terminal -GalNAc recognition. Binding of PHA-E, which is known to bind to 
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complex biantennary N-linked mammalian glycans typically with Gal residue termini, may 

reflect interaction with terminal Gal residues in LOS that are spaced correspondingly. The 

binding of WGA and SNA-I lectins indicated that sialic acid was an accessible residue for 

interaction and Neu5Ac has been characterised on the LOS of strain 81-176.7, 54 Expression 

of CPS and LOS by C. jejuni 81-176 has numerous roles in virulence including adhesion and 

invasion of epithelial cells as well as evasion of the immune system.8, 55 Further, the LOS is 

structurally similar to human nerve gangliosides and this ganglioside mimicry in involved in 

the development of GBS.1 Here, the binding of typically Gal and sialic acid recognising 

lectins and the low to negligible binding of typical GalNAc-specific lectins suggested that 

mimics of GM3 and GD1b gangliosides which lack a terminal GalNAc were mainly 

recognised. Bacterial expression of certain host ganglioside mimics may have particular 

biological roles since GM3-mimicking strain 81-176 has been reported to be more invasive to 

epithelial cells in vitro7 and anti-ganglioside antibodies were induced in vivo.2 Sialic acid and 

linkage-dependent C. jejuni binding to siglecs was reported as leading to dendritic cell 

activation and the production of the cross-reactive anti-sera that are central to GBS 

pathogenesis.56 In summary, the main cell surface structures recognised for strain 81-176 

were CPS, LOS and possibly N- and O-linked glycosylation. 

Distinguishing between culture temperatures using lectin microarray profiling was 

less clear with strain 81-176 compared to 81116, which implied an overall relative 

consistency of accessible surface structures at both temperatures. The 13 lectins which 

showed relatively small, though significant, intensity changes between temperatures did not 

include sialic acid specific lectins, which indicated that flagellar glycosylation was not altered 

nor was the overall level of expressed LOS (Fig. S5). The slight increases in intensity of the 

two lectins which have specificity for -linked Glc or Man, HHA and GNA, suggested that 

the -glucan13 was more accessible or present in greater relative proportion among the CPSs 

produced by strain 81-176. This change in distribution of CPS structures at 42 °C was 

supported by changes in binding intensities to lectins which indicated the presence of the 

other known CPS structures, i.e. lectins with affinities for GlcNAc and -linked Fuc and Gal 

residues (Fig. 1). Changes in the relative expression and distribution of known LOS 

structures were also demonstrated by slight changes in lectins which indicated the presence of 

-linked Gal and GalNAc residues and complex structures.  

It was previously reported that LOS from strain 81-176 produced two bands of 

approximately Mr 3.8 and 3.6 kDa,7 and this double band was also observed in this work. 
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Guerry, et al. had also shown that the 3.8 kDa band consisted of primarily GM2 and minor 

amounts of GD2 and GD1a-mimicking LOS. The 3.6 kDa LOS band consisted of a GM3-

mimicking structure, which is a truncated form of the major GM2-mimicking structure 

formed by phase variable expression of cgtA, an N-acetylgalactosaminyltransferase that when 

turned off, prevents terminal GalNAc transfer to the LOS core.7 Instances of an increase in 

the relative quantity of the lower-Mr LOS species produced at 42 compared to 37 °C have 

been reported in certain C. jejuni human and chicken-derived strains.20 The change in relative 

expression and distribution of LOS structures in C. jejuni 81-176 between temperatures 

indicated by the lectin microarray profiles indicated a similar increase in relative expression 

of the lower Mr LOS and this was subsequently confirmed by SDS-PAGE analysis (Table 2). 

In contrast, strain 81116 produced both higher and lower-Mr LOS at both human and avian 

host temperatures and the relative proportion of both LOS bands were the same at both 

temperatures, in agreement with a previous study.20 In certain strains of C. jejuni, it appears 

that the higher-Mr LOS species, or a subset of this molecular population, interacts with lectins 

of the host immune system.52 Cholera toxin binds to the GM1 motif and binding to LOS 

indicates ganglioside mimicry. Of the LOS of C. jejuni strains reported to bind to cholera 

toxin, only the higher-Mr LOS species interacted with the toxin and not the lower-Mr LOS.20 

The greater expression of the lower-Mr LOS species at the avian host temperature of 42 °C 

may have a major role in the differences in the pathogenesis of C. jejuni between human and 

chicken hosts. Expression of the ‘3.6 kDa’ Mr GM3-mimicking LOS was reported to result in 

greater invasiveness in human intestinal epithelial cells in vitro7 but invasion of chicken cells 

by C. jejuni occurs at a lower rate compared to human cells in vivo.57 Why more of this lower 

Mr LOS is produced at 42 °C is unclear but it may have alternative functions in C. jejuni 

adaptation to the avian host. Antibody recognition of oligosaccharides was previously shown 

to be modulated by structurally heterogeneous neighbouring oligosaccharides and varying 

densities on a microarray platform. Interestingly, when the target oligosaccharide was 

presented in a mixed population with shorter oligosaccharides at the same density, antibody 

recognition was decreased.58 Thus, examination of the neighbouring effects of the lower-Mr 

LOS species on the modulation of biological response from the higher-Mr LOS may yield 

valuable insights for immune system interaction and commensalism studies.  

Although the characterised mammalian glycan specificity of a particular lectin may 

not be the same for bacterial glycans, structurally related residues appear to interact with 

lectins previously characterised to have a similar binding specificity e.g. the interaction of 

Pse with LFA.45 However, the effect of non-carbohydrate substitutions on lectin binding, 
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such as 2-aminoethyl phosphate on the LOS or the O-methyl phosphoramidate side chain on 

CPS of strain 81-176, has not been investigated.7, 59 The employment of recent pioneering 

developments such as the construction of a microarray of bacterial oligosaccharide antigens60 

and the present work can help to build a picture of defined lectin interactions with known 

bacterial glycosylation. In this work, the known cell surface glycosylation of strains 81-176 

and 81116 cultured at 37 °C had been previously structurally elucidated by our groups and 

others7, 13, 16, 17, 54, 59, 61 and could be well correlated with the lectin profiles for the same 

temperature. 

Previously, lectin typing of Campylobacter spp. by agglutination assay has been 

carried out on untreated bacterial cells as well as cells subjected to prior enzymatic or heat 

treatment27, 39, 40 while bacteria have been used directly after washing for a quartz crystal 

microbalance technique.26 Cell pre-treatment with proteases is often required to inhibit auto-

agglutination of bacteria for agglutination assays but it also enables intracellular glycans as 

well as those from the cell-surface to interact with the lectins. In contrast, on the lectin 

microarray only surface-accessible carbohydrates are available for lectin binding as intact 

cells are analyzed. This method provides more biologically relevant information since the 

cell-surface glycans of the living bacterial cell are those involved in bacteria-host cell 

interactions. Furthermore, profiling of bacterial cell surface glycosylation using the lectin 

microarray method in this study took 2.5 h, from harvesting bacteria after culture to data 

acquisition, compared to typical microtitre plate agglutination assays requiring proteolytic 

and/or heat treatment followed by overnight incubation. Bacterial auto-agglutination also did 

not occur during the microarray method which was possibly due to the significantly shorter 

time for the experiment. Additionally, the major drawback of non-quantitative data output 

from the agglutination assay meant that more complex data analysis such as PrCA was not 

possible for this format in contrast to the microarray format. 

The contrasting performance of certain lectins in the two assay formats, e.g. PNA 

strongly agglutinated strain 81116 but not 81-176 in the plate assay while it bound more 

intensely to 81-176 compared to 81116 in the lectin microarray platform, may be explained 

by the effect of attachment of the lectin to the microarray surface. Conjugation of the lectin to 

a surface, or indeed to an enzyme or fluorescent label, can potentially alter the presentation 

and conformation of the carbohydrate recognition domain (CRD) of the lectin and hence 

affect its binding behaviour. While printing the microarray, the CRDs of the lectins were 

protected by including a suitable carbohydrate in the print buffer to maintain the CRD 

conformation during conjugation and the performance of the surface-immobilised lectins 
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were subsequently verified by incubation with fluorescently-labelled glycoproteins with well 

characterised glycosylation (data not shown). However, lectin behaviour in response to 

multivalent presentation of carbohydrate epitopes, i.e. avidity, may not be the same when the 

lectin is immobilised on a surface compared to in solution, as arrangement of the lectin 

subunits or accessibility of the CRDs may differ. Platform-dependent performance for 

antibody-carbohydrate interactions has been recently demonstrated by Pochechueva, et al., 

across three array platforms; microarray, suspension array and enzyme-linked 

immunosorbent assay (ELISA).62 Thus, when lectins are under consideration for various 

applications, such as strain discrimination in this case, their behaviour must be assessed in the 

relevant application platform as lectin performance and behaviour may not directly translate 

from one platform or orientation to another. 

In addition to specific lectin-glycan interactions, non-specific or non-carbohydrate-

mediated interactions with lectins may occur.23 Genuine carbohydrate-lectin interactions were 

confirmed in this study by haptenic sugar inhibitions. However, non-carbohydrate-mediated 

binding to ACA for both strains at both culture temperatures was noted. This binding may 

have been mediated by a protein or hydrophobic constituent on the bacterial cell surface. The 

possibility of adhesins on the surface of C. jejuni interacting with glycosylation on the lectins 

themselves must also be considered when inferring motif expression changes from lectin 

data. Haptenic inhibition controls can usually confirm that expected binding has occurred, i.e. 

that the expected motif of the lectin CRD was recognised as opposed to the glycosylation of 

the lectin itself. Use of recombinant, non-glycosylated lectins has also been proposed as a 

solution for this potential problem.63 However, low yields, formation of insoluble aggregates 

and reduced carbohydrate affinity mean that this is not an option for many lectins.64, 65 For 

increased confidence in the interpretation of lectin binding data, there is value in including 

multiple lectins that have similar specificities along with any available recombinant lectins. 

However, this is only practical using the efficient lectin microarray format. Profiling bacterial 

strains against an expanded feature diversity not only provides greater opportunities for motif 

identification, but also increases the probability for discrimination between strains and 

conditions and can monitor even subtle changes in glycome expression rather than isolated 

constituents which reflects a dynamic bacterial adaptation.  

 

5. Conclusion 

CPS, LOS and N- and O-linked glycosylation were implicated as the dominant structures of 

the cell surface glycome of C. jejuni 81-176 while the LPS-like and N-linked glycan 
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structures were the best recognised for strain 81116 at 37 °C. It was possible to distinguish 

the strains grown at either 37 or 42 °C from one another on the lectin microarray, although 

the profiles were closer across the two temperatures for strain 81-176. For C. jejuni 81116, 

the higher temperature was associated with the reduced dominance of the LPS-like structure 

and greater recognition of N-linked glycans at the cell surface microenvironment while a 

change in the relative distribution of CPS and LOS structures was indicated at the higher 

temperature for strain 81-176. This change in LOS Mr species distribution between 

temperatures was confirmed by SDS-PAGE analysis. For the first time, a comparison of 

lectin microarray data with the agglutination assay demonstrated that superior differentiation 

was possible with lectin microarrays, along with significantly faster experimentation time and 

the availability of quantitative data. Opposite behaviour of certain lectins was also noted 

between the plate agglutination assay compared to the microarray platform. Ease of use and 

high throughput possibility makes this platform a valuable tool for profiling global glycome 

changes in the cell surface microenvironment in response to host and environmental changes 

and for screening novel diagnostic agents. 
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Table 1. Lectin typing of C. jejuni 81116 and 81-176 agglutination. Results presented were carried out in duplicate and were identical for lectins 

concentrations at both 0.5 and 8 mg/mL. WC, whole cell suspensions, PK, proteinase K treated, RBC, red blood cells (type O). WC of strain 

81116 at both 37 and 42 C were untypeable due to auto-agglutination in the control well and results are not presented.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a +++, strong agglutination; ++, moderate agglutination; +, weak agglutination; -, no agglutination.  

 

 C. jejuni strain, culture temperature (C)  

Lectin or TBS 81116, 37 81116, 42 81-176, 37 81-176, 42 RBCs 

PK PK WC PK WC PK 

AIA -a - - - - - +++ 

SNA-II - - - - - - +++ 

SBA ++ - - - - - +++ 

BPA +++ - +++ +++ +++ ++ +++ 

WFA +++ +++ +++ +++ +++ +++ +++ 

PNA +++ + - - - - - 

sWGA - - - - - - +++ 

STA +++ + ++ + - +++ +++ 

LEL ++ +++ ++ ++ + + +++ 

NPA - - - - - - - 

ConA - - - - - - +++ 

Lch-B - - - - - - +++ 

WGA +++ +++ ++ + - + +++ 

SNA-I - - - - - - +++ 

ECA - - +++ + +++ + +++ 

GS-I-B4 - - - - - - - 

MPA - - - - - - - 

VRA - - - - - - - 

TBS - - - - - - - 
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Table 2 Densitometry analysis of LOS species apparent molecular mass (in kDa) distribution 

for C. jejuni strain 81116 and 81-176 at 37 and 42 ºC. 

C. jejuni strain LOS species 

(kDa) 

         37 ºC                  42 ºC 

% distribution 

81116 3.8 55 55 

 3.6 45 45 

81-176 3.8 82 58 

 3.6 18 42 
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Legends to figures 

 

Fig. 1. Polysaccharide structures from capsular (CPS) and lipopolysaccharide (LPS) from C. 

jejuni 81116 16, 17, and CPS13, 61 and predominant 3.6 and 3.8 kDa lipooligosaccharide (LOS) 

core structures from C. jejuni 81-176.7, 54 The Gal residue of C. jejuni 81-176 can be 

substituted by non-stoichiometric amounts of O-methyl phosphoramidate (MeOPN) at C-2.59 

A. GM2-like predominant component of 3.8 kDa LOS core and minor component of 3.6 kDa 

LOS core. B. GM3-like predominant component of the 3.6 kDa LOS core.  
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Fig. 2. Typical dye uptake concentration curve normalised to 100% of each condition 

(maximum signal intensity), comparing the effect of post-staining washing steps on signal 

intensity in the strain 81116 at 37 °C. Similar results were observed with C. jejuni strain 

81116 grown at 42 °C and strain 81-176 at 37 and 42 °C (not shown) and hence, the same 

optimal concentration was used for all strains at all temperatures. 
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Fig. 3. (A) Histograms representing the differences in recognition of printed lectins by C. 

jejuni strains 81116 (blue and red) and 81-176 (yellow and green) grown at 37 and 42 °C 

(respectively). Histograms represent the mean of three biological replicate experiments, each 

experiment done in duplicate, and error bars are one average deviation of the mean of the 

three experiments. Data from each microarray is the median of six data points. (B) 

Comparison of lectin microarray data for strains 81116 (designated 116) and 81-176 

(designated 176) grown at 37 and 42 °C. Clustering was done with total intensity mean 

normalisation, complete linkage, Euclidean distance and all 42 probes printed (41 lectins and 

PBS) were included. Individual replicates (data points) were labelled in the format 

‘strain_temperature_experiment number’. 
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Fig. 4. PrCA score plots representing the lectin profile pattern differences for C. jejuni strains 

81116 and 81-176 grown at 37 and 42 °C. (A) Strain 81-176 grown at 42 °C (yellow) versus 

37 °C (red) as resolved by all lectins. (B) Strain 81-176 at 42 °C and 37 °C resolved only by 

lectins with significant differences between conditions (p < 0.05, AIA, VVA, GSL-II, DSA, 

GNA, HHA, PCA, PHA-E, CPA, AAL, GSL-I-B4, MPA, VRA). (C) Strain 81116 grown at 

42 °C (blue) versus 37 °C (green) as resolved by all lectins. (D) Strain 81116 at 42 °C and 37 

°C resolved only by lectins with significant differences between conditions (p < 0.05, RPbAI, 

SNA-II, DBA, APP, SBA, ACA, PNA, DSA, STA, LEL, PSA, WGA, SNA-I, PHA-L, PCA, 

PHA-E, RCA-I, ECA, AAL, LTA, EEA, VRA). Individual replicates (data points) are 

labelled in the format ‘strain_temperature_experiment number’. 
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Fig. 5. PrCA score plots representing the lectin microarray profile pattern differences 

between C. jejuni strains 81116 and 81-176. (A) Strain 81116 (green) versus 81-176 (red) 

grown at 37 °C as resolved by all 41 lectins. (B) Strain 81116 (green) versus 81-176 (red) 

grown at 37 °C as resolved by only lectins with significant differences between strains (p < 

0.05, SNA-II, DBA, PNA, LEL, MAA, SNA-I, PCA, PHA-E, RCA-I, ECA, LTA, UEA-I, 

EEA). (C) Strain 81116 (blue) versus 81-176 (yellow) grown at 42 °C as resolved by all 41 

lectins. (D) Strain 81116 (blue) versus 81-176 (yellow) grown at 42 °C as resolved by only 

lectins with significant differences between strains (p < 0.05, PA-I, SNA-II, DBA, SBA, 

WFA, PNA, NPA, Con A, PSA, WGA, MAA, SNA-I, PCA, PHA-E, EEA, MPA). Individual 

replicates (data points) are labelled in the format ‘strain_temperature_experiment number’. 
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Table legends 

 

Table S1. Lectins printed, their binding specificities and the simple print sugars (1 mM). 

 

Table S2. C. jejuni strain and culture temperature differences on lectin microarray assessed 

for significance using Student’s t-test. 

 

Figure legends 

 

Fig. S1. Representative scan of the same segment of lectin microarray subarrays incubated 

with fluorescently labelled C. jejuni strains 81116 and 81-176 cultured at 37 and 42 °C. 

 

Fig. S2. Histograms representing the inhibition of binding to printed lectins by C. jejuni 

strain 81116 grown at 37 and 42 °C in the presence of haptenic monosaccharides. (A) Strain 

81116 grown at 37 ºC co-incubated with Gal or GlcNAc. (B) Strain 81116 grown at 42 ºC co-

incubated with Gal or GlcNAc. Histograms represent the mean of three biological replicate 

experiments and error bars are one average deviation of the mean of the three experiments. 

Each experiment is the median of six data points. 

 

Fig. S3. Histograms representing the inhibition of binding to printed lectins by C. jejuni 

strain 81-176 grown at 37 and 42 °C in the presence of haptenic monosaccharides. (A) Strain 

81-176 grown at 37 ºC co-incubated with Gal, GlcNAc or Fuc. (B) Strain 81-176 grown at 42 

ºC co-incubated with Gal, GlcNAc or Fuc. Histograms represent the mean of three biological 



replicate experiments and error bars are one average deviation of the mean of the three 

experiments. Each experiment is the median of six data points.  

 

Fig. S4. Alcian blue stained SDS-PAGE gel demonstrating the presence of capsular 

polysaccharide (CPS) in the mid-high Mr region after multiple wash steps from mini phenol 

water extracts of C. jejuni strains 81116 and 81-176, at both 37 and 42 C. Lanes: 1, Strain 

81116, 37 C, 1 wash; 2, 37 C, 9 wash; 3, 42 C, 1 wash; 4, 42 C, 9 washes; 5, Strain 81-

176, 37 C, 1 wash; 6, 37 C, 9 washes; 7, 42 C, 1 wash, and 8, 42 C, 9 washes.  

 

Fig. S5. Histograms representing the binding of C. jejuni strains 81116 and 81-176 grown at 

37 and 42 °C to only printed lectins selected for significantly different binding intensities at 

the two culture temperatures (*, p < 0.05; **, p < 0.01). (A) Strain 81116 grown at 37 and 42 

ºC. (B) Strain 81-176 grown at 37 and 42 ºC. Histograms represent the mean of three 

biological replicate experiments and error bars are one standard deviation of the mean of the 

three experiments. Each experiment is the median of six data points.  

 

Fig. S6. Representative results of microwell plate lectin agglutination. (1) C. jejuni positive 

(+++) and (2) negative (-), and (3) RBC control positive (+++) and (4) negative (-). 

 

Fig. S7. Silver stained SDS-PAGE gel of C. jejuni lipooligosaccharides isolated using the 

mini-phenol-water extraction procedure. Lanes: 1, E. coli AM1 clinical strain LPS; 2, C. 

jejuni 81116 37 C; 3, C. jejuni 81116 42 C; 4, C. jejuni 81-176 37 C; 5, C. jejuni 81-176 

42 C. 

 

 



Table S1 Lectins printed, their binding specificities, their simple print sugars (1 mM) and supply company.  

Abbreviation Source Species Common name General binding specificity* Print sugar Supplier 

AIA, Jacalin Plant Artocarpus integrifolia  Jack fruit lectin  Gal, Gal-β-(1,3)-GalNAc (sialylation 

independent) 

Gal EY Labs 

RPbAI Plant Robinia pseudoacacia Black locust lectin Gal Gal EY Labs 

PA-I Bacteria Pseudomonas 

aeruginosa 

Pseudomonas lectin 

Gal, Gal derivatives 

Gal Sigma Aldrich 

SNA-II Plant Sambucus nigra  Sambucus lectin-II Gal/GalNAc Gal EY Labs 

SJA Plant Sophora japonica Pagoda tree lectin β-GalNAc Gal EY Labs 

DBA Plant Dolichos biflorus  Horse gram lectin GalNAc Gal EY Labs 

APP Plant Aegopodium podagraria Ground elder lectin GalNAc Gal EY Labs 

SBA Plant Glycine max  Soy bean lectin GalNAc Gal EY Labs 

VVA-B4 Plant Vicia villosa Hairy vetch lectin GalNAc Gal EY Labs 

BPA Plant Bauhinia purpurea  Camels foot tree lectin GalNAc/Gal Gal EY Labs 

WFA Plant Wisteria floribunda Japanese wisteria lectin GalNAc/sulfated GalNAc Gal EY Labs 

ACA Plant Amaranthus caudatus Amaranthin Sialylated/Gal-β-(1,3)-GalNAc Lac Vector Labs 

PNA Plant Arachis hypogaea  Peanut lectin Gal-β-(1,3)-GalNAc Lac EY Labs 

GSL-II Plant Griffonia simplicifolia 

(Bandeiraea 

simplicifolia) 

Griffonia/Bandeiraea 

lectin-II  

GlcNAc 

GlcNAc EY Labs 

sWGA Plant Triticum vulgaris Succinyl WGA GlcNAc GlcNAc EY Labs 

DSA Plant Datura stramonium  Jimson weed lectin GlcNAc GlcNAc EY Labs 

STA Plant Solanum tuberosum  Potato lectin GlcNAc oligomers GlcNAc EY Labs 

LEL Plant Lycopersicum eculentum Tomato lectin GlcNAc-β-(1,4)-GlcNAc GlcNAc EY Labs 

NPA Plant Narcissus 

pseudonarcissus  

Daffodil lectin 

α-(1,6)-Man 

Man EY Labs 

GNA Plant Galanthus nivalis  Snowdrop lectin  Man-α-(1,3)- Man EY Labs 

HHA Plant Hippeastrum hybrid  Amaryllis agglutinin Man-α-(1,3)-Man-α-(1,6)- Man EY Labs 

ConA Plant Canavalia ensiformis  Jack bean lectin Man, Glc, GlcNAc Man EY Labs 

Lch-B Plant Lens culinaris  Lentil isolectin B Man, core fucosylated, agalactosylated 

biantennary N-glycans 78 

Man EY Labs 

PSA Plant Pisum sativum  Pea lectin  Man, core fucosylated trimannosyl N-glycans Man EY Labs 

WGA Plant Triticum vulgaris Wheat germ agglutinin NeuAc/GlcNAc GlcNAc EY Labs 

MAA Plant Maackia amurensis Maackia agglutinin Sialic acid-α-(2,3)-linked Lac EY Labs 

SNA-I Plant Sambucus nigra  Sambucus lectin-I  Sialic acid-α-(2,6)-linked Lac EY Labs 



PHA-L Plant Phaseolus vulgaris Kidney bean 

leukoagglutinin Tri- and tetraantennary β-Gal/Gal-β-(1,4)-GlcNAc 

Lac EY Labs 

PCA Plant Phaseolus coccineus Scarlet runner bean lectin GlcNAc in complex oligosaccharides Lac Sigma Aldrich 

PHA-E Plant Phaseolus vulgaris Kidney bean 

erythroagglutinin 
Biantennary with bisecting GlcNAc,β-Gal/Gal-β-

(1,4)-GlcNAc 

Lac EY Labs 

RCA-I/120 Plant Ricinus communis Castor bean lectin I 

Gal-β-(1,4)-GlcNAc 

Gal Vector Labs 

 

CPA Plant Cicer arietinum Chickpea lectin Complex oligosaccharides Lac EY Labs 

CAA Plant Caragana arborescens Pea tree lectin Gal-β-(1,4)-GlcNAc Lac EY Labs 

ECA Plant Erythrina cristagalli  Cocks comb/coral tree 

lectin  Gal-β-(1,4)-GlcNAc oligomers 

Lac EY Labs 

AAL Fungi Aleuria aurantia Orange peel fungus lectin Fuc-α-(1,6), -α-(1,3) 57 Fuc Vector Labs 

LTA Plant Lotus tetragonolobus Lotus lectin Fuc-α-(1,3) Fuc EY Labs 

UEA-I Plant Ulex europaeus  Gorse lectin-I Fuc-α-(1,2) Fuc  

EEA Plant Euonymous europaeus Spindle tree lectin α-Gal Gal EY Labs 

GSL-I-B4 Plant Griffonia simplicifolia 

(a.k.a. Bandeiraea 

simplicifolia) 

Griffonia/Bandeiraea 

lectin-I  

α-Gal 

Gal EY Labs 

MPA Plant Maclura pomifera Osage orange lectin α-Gal Gal EY Labs 

VRA Plant Vigna radiata Mung bean lectin α-Gal Gal EY Labs 

* Reported recognition based on literature consensus or experimental evidence generated within our laboratory. 

 

 

 



 

Fig. S1. Representative scan of the same segment of lectin microarray subarrays incubated 

with fluorescently labelled C. jejuni strains 81116 and 81-176 cultured at 37 and 42 °C. 



 
Fig. S2. Histograms representing the inhibition of binding to printed lectins by C. jejuni 

strain 81116 grown at 37 and 42 °C in the presence of haptenic monosaccharides. (A) Strain 

81116 grown at 37 ºC co-incubated with Gal or GlcNAc. (B) Strain 81116 grown at 42 ºC co-

incubated with Gal or GlcNAc. Histograms represent the mean of three biological replicate 

experiments and error bars are one average deviation of the mean of the three experiments. 

Each experiment is the median of six data points.  



 

Fig. S3. Histograms representing the inhibition of binding to printed lectins by C. jejuni 

strain 81-176 grown at 37 and 42 °C in the presence of haptenic monosaccharides. (A) Strain 

81116 grown at 37 ºC co-incubated with Gal, GlcNAc or Fuc. (B) Strain 81-176 grown at 42 

ºC co-incubated with Gal, GlcNAc or Fuc. Histograms represent the mean of three biological 

replicate experiments and error bars are one average deviation of the mean of the three 

experiments. Each experiment is the median of six data points.  

 



 

Fig. S4. Alcian blue stained SDS-PAGE gel demonstrating the presence of capsular 

polysaccharide (CPS) in the mid-high Mr region after multiple wash steps from mini phenol 

water extracts of C. jejuni strains 81116 and 81-176, at both 37 and 42 C. Lanes: 1, Strain 

81116, 37 C, 1 wash; 2, 37 C, 9 wash; 3, 42 C, 1 wash; 4, 42 C, 9 washes; 5, Strain 81-

176, 37 C, 1 wash; 6, 37 C, 9 washes; 7, 42 C, 1 wash, and 8, 42 C, 9 washes.  

 

 



 
 
Fig. S5. Histograms representing the binding of C. jejuni strains 81116 and 81-176 grown at 

37 and 42 °C to only printed lectins selected for significantly different binding intensities at 

the two culture temperatures (*, p < 0.05; **, p < 0.01). (A) Strain 81116 grown at 37 and 42 

ºC. (B) Strain 81-176 grown at 37 and 42 ºC. Histograms represent the mean of three 

biological replicate experiments and each experiment is the median of six data points.  

 



 

 
Fig. S6. Representative results of microwell plate lectin agglutination. (1) C. jejuni positive 

(+++) and (2) negative (-), and (3) RBC control positive (+++) and (4) negative (-). 

 



 

 

Fig. S7. Silver stained SDS-PAGE gel of C. jejuni glycolipids isolated using the mini-

phenol-water extraction procedure. Lanes: 1, E. coli AM1 clinical strain LPS; 2, C. jejuni 

81116 37 C; 3, C. jejuni 81116 42 C; 4, C. jejuni 81-176 37 C; 5, C. jejuni 81-176 42 C. 
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