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Abstract  24 

Lectins, such as adhesins and toxins, are carbohydrate-binding proteins that recognise glycans of cells and their 25 

secretions. While mediation of microbe-microbe and microbe-host interactions by lectins has long been 26 

recognised in the lung and gut, little is known about those in the vagina, where such interactions are implicated 27 

in health and various disease states. These include sexually transmitted infections, cervical cancer and poor 28 

pregnancy outcomes such as preterm birth. In this study, the curated UniLectin3D database was used to establish 29 

a lectin classification based primarily on taxonomy and protein 3D structure. The resulting 109 lectin classes 30 

were characterised by specific Hidden Markov Model (HMM) profiles. Screening of microbial genomes in the 31 

UniProt and NCBI NR sequence databases resulted in identification of >100 000 predicted bacterial lectins 32 

available at unilectin.eu/bacteria. Screening of the complete genomes of 90 isolates from 21 vaginal bacterial 33 

species showed that the predicted lectomes (ensemble of predicted lectins) of Lactobacilli associated with 34 

vaginal health are substantially less diverse than those of pathogens and pathobionts. Both the number of 35 

predicted bacterial lectins, and their specificities for carbohydrates correlated with pathogenicity. This study 36 

provides new insights into potential mechanisms of commensal and pathogen colonisation of the reproductive 37 

tract that underpin health and disease states. 38 

 39 

 40 

Author Summary  41 

Microbes play an important role in human health and disease. Bacteria use protein receptors called lectins to 42 

anchor to specific sugars (i.e. glycans) decorating the surface of proteins and cells. While these have been 43 

extensively studied in the mouth and gut, much less is known about how bacteria attach and colonise the lower 44 

female reproductive tract. This limits our understanding of how they contribute to sexually transmitted 45 

infections, cervical cancer and preterm birth. To address this, we designed and implemented a bioinformatics 46 

workflow to identify and classify novel lectins in 21 vaginal bacterial species implicated in reproductive tract 47 

health and disease. Our results show that species associated with infection and inflammation produce a larger 48 

variety of lectins thus enabling them to potentially bind a wider array of glycans in the vagina. These findings 49 

provide new targets for the development of compounds designed to prevent pathogen colonisation or encourage 50 

growth of commensal species.  51 

  52 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 11, 2020. ; https://doi.org/10.1101/2020.09.10.291781doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.10.291781
http://creativecommons.org/licenses/by-nc-nd/4.0/


   Exploring the vaginal lectome 

 
3 

Introduction 53 

Microbiota-host interactions within different ecological niches of the human body are critical 54 

determinants of health and disease states [1]. At mucosal surface interfaces, microbial and host cells, 55 

as well as non-cellular components of the mucosa, present an exceptionally complex array of 56 

attachment and recognition sites for microbiota, many of which are carbohydrate sequences displayed 57 

on extensively glycosylated mucin-type glycoproteins rich in O-glycans. The diverse populations of 58 

glycans provide recognition sites for microbial adhesins that have the ability to distinguish the various 59 

motifs displayed. Bacteria also produce glycosylhydrolases and other enzymes that facilitate the use of 60 

secreted mucins as primary carbon sources for energy metabolism [2, 3]. The abilities of microbes to 61 

specifically recognise, attach and adhere to cellular and non-cellular surfaces are thus key aspects of 62 

commensal and pathogenic colonisation and are mediated by receptors, such as lectins and 63 

carbohydrate-binding modules (CBMs) [3-6]. 64 

Lectins are ubiquitous proteins of non-immune origin that bind to a variety of carbohydrates without 65 

modifying them [7]. Through their interactions with glycoproteins and glycolipids via the 66 

oligosaccharides, lectins play crucial roles in cell-cell communication, signalling pathways and 67 

immune responses [8]. Bacterial lectins may be incorporated into multiprotein organelles, such as 68 

fimbriae (pili) or flagellae and participate in the mediation of host recognition and adhesion [9]. In 69 

pathogenic species, lectins may also be toxin subunits targeting a toxic catalytic unit towards 70 

subcellular components that display specific glycoconjugates [10]. Soluble lectins are also expressed 71 

as virulence factors by opportunistic bacteria [11] and can alter dynamics of glycolipids to induce the 72 

internalization of whole bacteria into host cells [12]. Bacterial lectins have also been shown to directly 73 

impair immune signalling and repair pathways and are implicated in the formation of biofilms [13]. 74 

The role of lectins and their ligands in shaping microbial niches within the human body is increasingly 75 

recognised, particularly at mucosal interfaces including the gut [3, 14, 15] and oral cavity [16]. 76 

However, much less is known about the role of lectins in shaping microbial niches in the lower female 77 

reproductive tract, which play a key role in shaping health and disease throughout a woman’s life span 78 

[17]. Colonisation in the vagina by Lactobacillus species has been consistently considered a hallmark 79 

of health [18, 19], whereas Lactobacillus deplete, high diversity vaginal microbiomes enriched for 80 

potential pathogens are characteristic of bacterial vaginosis and are associated with increased risk of 81 

sexually transmitted infections (STIs) acquisition [20, 21], progression of cervical cancer [22] and 82 

adverse pregnancy outcomes such as miscarriage and preterm birth [23-26]. A key component of the 83 

vaginal mucosa are highly glycosylated mucins that are derived from the mucin-secreting glands of the 84 
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cervix [27]. Alteration of terminal glycan residues by microbially secreted sialidases and sulphatases 85 

modulate the physical and immunological properties of the vaginal mucosa [28]. Vaginal pathogens 86 

such as Gardnerella vaginalis, Trichomonas vaginalis, Prevotella and Ureaplasma species are capable 87 

of degrading secretory IgA [29-32]. Moreover, specific strains of Streptococcus agalactiae (group B 88 

streptococcus) secrete hyaluronidases that degrade cervical hyaluronic acid into disaccharide 89 

fragments dampening host immune activation through inhibition of Toll-like receptors, which may 90 

contribute to preterm birth via ascending infection [33]. Streptococcus agalactiae can also implement 91 

a negative signalling mechanism known as sialoglycan mimicry to evade detection and phagocytosis 92 

by neutrophils; this is through recognition of terminal α2-3-linked sialic acids on the bacteria as ‘self’ 93 

glycans by the neutrophil lectin Siglec-9 [34]. 94 

Despite their important role in infection and pathogenicity, the contribution of bacterial lectins to health 95 

and disease states is yet to be fully appreciated. This is partly due to the limited annotation and 96 

characterisation of the lectins in protein and proteome databases, that precludes predictions of the 97 

diversity, structure and function of the lectins. In recent years, this has begun to be addressed through 98 

the development of databases for structural and functional glycobiology [35, 36]. Among these, 99 

UniLectin3D provides 3D structures of more than 2500 lectins and their complexes with carbohydrates 100 

[37] and sites within UniLectin, a platform dedicated to the curation and collection of lectin knowledge. 101 

In this study we describe how manual selection of lectin domains in 3D structures permits the 102 

identification of lectin classes characterised by fold similarity and minimum thresholds of sequence 103 

identity. We show that defined amino acid sequence motifs and profiles characterising each lectin class 104 

can be used to screen proteomes and translated genomes to identify unannotated lectins. Comparison 105 

of these lectins across different vaginal microbiota strains provides new insights into the potential 106 

mechanisms by which commensal and pathogen colonisation associate with physiological and 107 

pathological conditions in the lower reproductive tract.  108 
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Results  109 

Structural classification of bacterial lectins in Unilectin3D 110 

Structural classification of known lectins curated in the Unilectin3D database 111 

(www.unilectin.eu/unilectin3D/) was first performed on the basis of differences in fold, i.e. structure 112 

of the protein backbone and then on amino acid sequences at 20% of sequence similarity for lectin 113 

classes and at 70% of sequence similarity for lectin families. This led to the identification of 35 114 

different folds and 109 lectin classes (S1 Table) derived from a total of 2483 structural lectin entries 115 

that primarily originated from plant and animal sources. However, bacterial lectins from 46 different 116 

species accounted for approximately 20% of database entries (495/2483), which were distributed 117 

among 19 different folds (Figure 1) and 37 classes (S1 Table). 118 

 119 

Figure 1: Structural classification of bacterial lectins. (A) Distribution of bacterial lectin folds 120 

derived from the UniLectin3D database. From the analysis of fold distribution of bacterial lectin crystal 121 
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structures, the six most frequent fold are represented: (B) Pili and adhesins: 1J8R PapG Escherichia 122 

coli, (C) OB fold: 1BOS SLT-1 / STX-1 E. coli, (D) 𝛽-trefoil: 1FV2 TeNT Clostridium tetani, (E) 2 123 

calcium lectin: 1W8F LecB / PA-IIL, RSIIL Pseudomonas aeruginosa, (F) 𝛽-propeller: 2BS6 RSL, 124 

BambL Ralstonia solanacearum, and (G) Galactose binding domain-like: 2VXJ LecA / PA-IL 125 

Pseudomonas aeruginosa. 3D structures were generated using LiteMol [38] with monosaccharides in 126 

binding sites represented using Symbol Nomenclature for Glycans (SNFG) [39]. 127 

 128 

The analysis of fold distribution in bacterial lectin crystal structures showed an over-representation of 129 

β-sheet containing folds, which were common to adhesins and toxins including previously described 130 

pili adhesins, such as FimH in uro-pathogenic Escherichia coli, the oligomer-binding (OB) fold of 131 

the cholera toxin binding domain, the β-sandwich of LecA and LecB in Pseudomonas aerigunosa 132 

and the β-trefoil of the recognition domain in clostridial neurotoxins. While the majority of lectin 133 

folds were shared between sources of origin, classes of pili adhesins and AB5 toxins were found to be 134 

specific to bacteria. 135 

 136 

Prediction of lectin sequences from bacterial proteomes 137 

Alignment of amino acid sequences in each of the 109 identified lectin classes led to the identification 138 

of 109 characteristic motifs of conserved residues. Profiles characterising each lectin class were 139 

generated with Hidden Markov Models (HMM), which were subsequently used to screen 130 million 140 

bacterial protein sequences from the UniProt database and over 168 million bacterial protein sequences 141 

from the NCBI RefSeq database derived from over 100 000 bacterial species. The TIM fold (named 142 

after triosephosphate isomerase) and Variable Lymphocyte Receptor folds are highly frequent in the 143 

resulting predictions. The TIM lectin class may arise from its high occurrence in hydrolases. 144 

Consequently, both of these lectin classes were excluded from whole proteome predictions. This 145 

resulted in the selection of 100 671 sequences as putative lectins in 10126 distinct bacterial species 146 

(reduced to 46 322 sequences in 6 425 distinct bacterial species when applying a score of 0.25). A web 147 

interface dedicated to the exploration of these bacterial lectin candidates is available at 148 

www.unilectin.eu/bacteria/. 149 

 150 

 151 
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 152 

Figure 2: Distribution of structural fold-types within predicted lectin classes derived from 21 153 

different bacterial genomes. Distributions of the predicted lectin classes are presented as horizontal 154 

box and whisker plots coloured on the basis of genome origin. The whisker plot represents the 155 

minimum, maximum, median, first quartile and third quartile in each class. Values approaching 1 are 156 

indicative of high sequence similarity to the reference motif. The predicted lectins in [0.25-0.5] and 157 

[0.5-1] score intervals are presented as bar graphs. The total number of predicted lectins in each class 158 

is listed in S1 Table. 159 
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 160 

Although 481 3D-structures of bacterial lectins were categorized into 37 classes, the screening results 161 

indicated that the putative lectins are predicted to occur in 97 out of the 107 identified classes (with a 162 

cutoff of 25% of sequence similarity with the reference) (S1 Table). Putative lectin sequences identified 163 

in each class, together with the distribution of the prediction scores to the original HMM motif, are 164 

presented in Figure 2. The fold distribution of predicted lectins differed from that obtained when using 165 

3D structures generated from the UniLectin3D database with several classes comparatively over-166 

represented, including the Ricin-like (𝛽 trefoil), the LysM domains (LysM fold), and the F-type lectins 167 

(𝛽 sandwich galactose binding domain like) (S1 Table). Each lectin domain is predicted by selecting 168 

the best fitted HMM. A score reflecting the sequence similarity is computed as the difference between 169 

the predicted lectin domain and the reference conserved motif. Lectins with the highest prediction 170 

scores per class were, as expected, of bacterial origin and included adhesins, AB5 toxins and calcium-171 

dependent soluble lectins. However, the β-prism III fungal lectin was also found to have a high 172 

prediction score indicative of genetic exchange between bacteria and fungi. The majority of low 173 

scoring predictions (<0.25) reflective of low sequence similarity, were identified in viruses with the 174 

exception of the Influenza hemagglutinin, which contains a high abundance of sequences for the 175 

characteristic domain although not all are carbohydrate-binding. Lectins with mid-range (0.25-0.5) 176 

prediction scores were evenly distributed across multiple genome sources. 177 

 178 

Identification and characterisation of vaginal microbiota lectins  179 

We next obtained publicly available genome data for 90 vaginal bacterial strains classified on the basis 180 

of potential pathogenicity within the vaginal niche and having a known association with states of health 181 

or disease (S2 Table). Comparison of the lectomes, i.e. the predicted ensemble of lectins, highlighted 182 

major differences across species with pathobionts generally harbouring a higher diversity of lectin 183 

classes compared to commensals (Figure 3). Considering the low number of identified lectins, the TIM 184 

lectin and the Variable lymphocyte receptor classes were kept, despite a low probability of lectin 185 

activity. For example, the only predicted lectin consistently identified across L. crispatus isolates was 186 

LysM, a common domain involved in cell wall attachment in many different bacteria. Consistent with 187 

this, the LysM domain was predicted from the majority of examined vaginal microbial genomes but 188 

interestingly, was absent from L. iners and most Provotella strains.  189 

 190 
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Figure 3. Heatmap of predicted lectomes from different vaginal commensal and pathobiont 192 

bacterial species classified by fold and class. Green species label represent commensal species and 193 

red species labels represent pathobiont species. Colours within each class of lectin reflects its main 194 

glycan specificity characterised by binding monosaccharides using standardised Symbol Nomenclature 195 

for Glycans (SNFG) (https://www.ncbi.nlm.nih.gov/glycans/snfg.html). The lectin class circled in red 196 

are further discussed in the results due to their particular presence in L.iners. 197 

 198 

Predicted lectins of L. iners could be mapped to five different classes: E.coli bacteriophage β-helix, 199 

laminin G-like, adhesin domain of two type 1 pili PapG and PsaA (chaperon-usher-assembled, CUP) 200 

and the adhesin domain of serine rich repeat protein (SRRP), which was also prominently observed in 201 

G. vaginalis species and in a Streptococcus sanguinis strain. Up to 10 different lectin classes were 202 

predicted from other Streptococcus species although S. agalactiae (also known as Group B 203 

Streptococcus), which is a pathogen known to cause sepsis, pneumonia and meningitis in newborn 204 

babies, was the only vaginal species predicted to produce Outer Membrane Protein (OMP) adhesins. 205 

 206 

Identification and characterisation of vaginal microbiota carbohydrate binding modules 207 

The screening strategy was extended to the prediction of carbohydrate binding modules (CBMs), small 208 

domains that are generally associated with carbohydrate modifying enzymes, often involved in 209 

microbial digestion of mucin glycans. A few of particular interest including CBM34, CBM41 and 210 

CBM48, which are specific for glucose containing polysaccharides (e.g. amylose, glycogen) and 211 

generally act as binding modules for amylases and related enzymes, were predicted consistently across 212 

almost all vaginal species (Figure 4). 213 

While the majority of CBMs have been characterised as enzyme-associated domains in plant 214 

polysaccharides, two human-specific CBMs were observed in the dataset (S3 Table). The first is 215 

CBM40 considered as sialic acid-specific since it has been identified in association with a bacterial 216 

sialidase [40]. In the dataset analysed here, it is predicted to occur only in L. iners pathobiont species, 217 

S. mitis and some Prevotella species. Considering the earlier observation regarding the predicted SRR 218 

adhesin domain, the sialic acid binding ability appears to correlate mainly with lectins and CBMs 219 

present in the lectomes of pathobiont bacteria. The second domain of interest is CBM47, shown to be 220 

fucose-specific in the lectin regulatory domain of a cholesterol-dependent cytolysin present in some S. 221 

mitis strains (Feil, Lawrence et al. 2012). It shares structure and sequence similarity with the F-lectins 222 
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from fishes [41]. In our study, this fucose-binding module is identified in S. mitis as well as in some 223 

pathobionts, i.e. Provotella and L. iners. Furthermore, the L. iners lectome contained two predicted 224 

adhesins, PapG and PsaA, as well as CBM60, which bind to galactose epitope occurring on human 225 

Gb3 gangliosides [42]. 226 

 227 

 228 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 11, 2020. ; https://doi.org/10.1101/2020.09.10.291781doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.10.291781
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Exploring the vaginal lectome 

 
12 

 

Figure 4. Heatmap of predicted lectin and CBM domains from different vaginal commensal and 229 

pathobiont bacterial species arranged by domain composition similarity. Colours within each class 230 

of lectin reflect its main glycan specificity (SNFG nomenclature). The domains highlighted are further 231 

discussed in the results due to their particular presence in L. iners. The addition of the CBM domains 232 

strengthens the distinction between commensal and pathobiont bacteria. 233 

 234 

Further comparison of the predicted lectin and CBM profiles of vaginal commensals and pathobionts 235 

were obtained by performing unsupervised hierarchical clustering on a Euclidean distance matrix of 236 

the number of proteins per species for each lectin and CBM domain (Figure 5). The resulting 237 

hierarchical radial plot using predicted lectins only, showed a clear clustering of the majority of 238 

Lactobacillus species, with further sub-clustering at species level observable, with the exception of 239 

L.iners strains, which clustered more closely with other pathobiont species including Prevotella and 240 

Streptococcus species. G.vaginalis also did not cluster in a single group. The inclusion of predicted 241 

CBMs in the clustering led to improved discrimination between commensal and pathobiont species 242 

and led to species-specific clustering of the majority of isolates.  243 

 244 

Figure 5. Hierarchical radial tree of (A) predicted lectin classes only or (B) lectin classes and 245 

predicted CBMs in vaginal commensal (green) and pathobiont (red) bacteria. LysM and CBM50 246 

are excluded from the dataset to generate the hierarchical radial tree. While the majority of 247 
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Lactobacillus species clustered closely to each other, indicating similar putative lectomes, the lectome 248 

of L.iners isolates more closely resembled that of pathobionts 249 

 250 

 251 

Discussion 252 

The contribution of bacterial lectins to health and disease remains poorly understood. This is in part 253 

because their structural and functional complexity and the limited annotation of bacterial lectins in 254 

protein and proteome databases has prevented the development of predictive models of structure, 255 

diversity and function. Here, we begin to address this through manual selection of lectin domains in 256 

3D structures obtained from the recently curated Unilectin3D database, followed by the prediction of 257 

lectin classes based upon fold similarity and minimum thresholds of sequence identity. This strategy 258 

led to the identification of more than 35 different structural folds and 109 predicted lectin classes, of 259 

which 19 folds and 37 classes were of bacterial origin. These were particularly rich in β-sheet 260 

containing folds, which have previously been recognised as key structural characteristics of lectins 261 

from non-bacterial origin [43]. Moreover, predicted classes of pili adhesins and AB5 toxins were found 262 

to be exclusive to bacteria. While other lectin classes also appeared to be exclusively predicted in 263 

bacteria, these results are likely to be influenced by the fact that to date, many structurally characterised 264 

and curated lectins represent those of highest abundance in readily culturable bacteria. 265 

Subsequent prediction of lectin sequences from the bacterial proteomes identified could be used as a 266 

basis for future identification of therapeutic molecules to specifically target pathogenic bacteria. They 267 

could also have possible interesting specificity to other glycans, but glycan array screenings are 268 

required to have further information. 3D structure crystallisation of new possible lectins is also required 269 

for a better understanding of their variation in the glycan recognition site. 270 

Given the increased awareness of the importance of the vaginal microbiome in shaping reproductive 271 

tract health outcomes, we next undertook comparative analyses of predicted lectins derived from 272 

vaginal commensal and pathogenic bacterial isolates. Our analysis, based on 109 structurally 273 

characterised lectin classes, suggests that the common commensal species, L. crispatus and L. gasseri 274 

only produces LysM, a ubiquitous domain present in almost all bacteria and involved in binding 275 

peptidoglycan with an N-acetylglucosamine specificity [44]. CBM50 is the other denomination of 276 

LysM and is therefore also widespread. CAZy annotations confirm it is involved in binding N-277 
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acetylglucosamine residues in bacterial peptidoglycans and in chitin. The number of CBMs identified 278 

in these species was also very low and corresponded mainly to domains associated with nutrient-279 

degrading glycosylhydrolases. These results suggest that Lactobacillus species associated with optimal 280 

vaginal microbiome compositions appear to be comparatively ill-equipped for binding mucins. It is 281 

important to note that this observation may be biased because the analysis only involved structurally 282 

characterised lectins. Further, a limited number of other “mucin adhesion factors'' have been described 283 

in Lactobacilli [45, 46], but except for the fimbriae domain in L. rhamnosus (Nishiyama, Ueno et al. 284 

2016), these are in general described as moonlighting proteins, i.e. with adhesion properties being only 285 

a side activity in addition to their main function. A shift from Lactobacillus species dominance of the 286 

vaginal niche towards increased bacterial diversity and enrichment of pathobionts is a signature of 287 

vaginal dysbiosis, which has been associated with a range of pathology states including increased risk 288 

of sexually transmitted infections [21] and various poor pregnancy outcomes including miscarriage 289 

[23], prelabour premature rupture of the fetal membranes [24, 47] and preterm birth [25, 26, 48, 49]. 290 

We demonstrated here that the strategy for binding mucins appears to be more evolved in vaginal 291 

pathobionts than in commensals, with the former producing a much larger variety of lectins and CBMs. 292 

Consistent with our findings, different species of Streptococci have been previously shown to produce 293 

a large number of lectin domains that form integral parts of toxins, adhesins and pilins [50].  294 

While Lactobacillus species are considered hallmarks of optimal vaginal health, L. iners is considered 295 

a marker of a “transitional microbiome” at the crossroads of vaginal health and disease [51, 52]. The 296 

predicted lectomes of the various L. iners strains screened were found to contain a significantly larger 297 

number of lectin domains than those in other Lactobacilli, and the same observation stands when 298 

analysing CBMs. This is somewhat surprising considering that L. iners has a much smaller genome 299 

than other Lactobacilli [51]. Several of these identified domains are glycan-specific for glycans present 300 

on human mucins such as sialic-binding domain from SRPPs, galactose-specific pilin domain, as well 301 

as fucose-binding CBMs usually associated with Streptococci. This similarity between L. iners and 302 

pathogens is in agreement with the previous identification of inerolysin, a pore-forming toxin from L. 303 

iners also found in Gardnerella [53]. Moreover, sequences with similarity to fimbrial proteins PapG 304 

from E. coli, and Psa/Myf from Yersinia pestis were identified in almost all strains of L. iners. 305 

Interestingly, these two adhesins have similar specificity towards α-galactosylated epitopes [54]. 306 

The lectome expansion that appears to correlate with the transition towards species involved in vaginal 307 

dysbiosis, raises the question of associated changes in vaginal glycans, and particularly in glyco-308 

epitopes present on mucins. Mucin glycans have been more characterized in gut and lung, and it has 309 
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been demonstrated that glycosylation is altered in case of inflammation. For example, in cystic fibrosis 310 

patients, inflammation results in an increase in fucosylation and sialylation, favouring the attachment 311 

of opportunistic pathogens such as Pseudomonas aeruginosa, which in turn stimulates the 312 

inflammatory process [55]. Such glycan-based processes may occur in the vagina and a deeper 313 

characterisation of mucin glycosylation in this context is needed. 314 

While the mechanisms underpinning dynamic shifts in vaginal microbial structure and composition 315 

remain to be fully elucidated, our study provides important new insights into lectin profiles of 316 

commensal and pathogen colonisation of the reproductive tract that are associated with health and 317 

disease states. 318 

The screening tools described and used in the present study can be run on any sequence data and reveal 319 

currently concealed information on the content and the role of the lectome. Results show clearly the 320 

emergence of characteristic patterns indicative of pathological states. This may guide the development 321 

of new strategies for novel therapeutics designed to manipulate adhesion and attachment of microbes 322 

to promote optimal colonisation of the lower reproductive tract. 323 

 324 

Materials and Methods 325 

Definition of signature profiles for lectins 326 

A new lectin classification has been recently defined based on structural data and is available in the 327 

UniLectin3D database (https://unilectin.eu/unilectin3D/). The classification is built on three levels: 1) 328 

the fold level directly derived from the protein three-dimensional structure that describes the fold 329 

adopted by the whole lectin domain (β-helix, β-propeller and others). The nomenclature on fold are 330 

adopted from the reference structural-based databases, CATH [56] and SCOPe [57] and previous 331 

reports on structural classification of lectins [58]; 2) The class level defined by sequence similarity 332 

with a 20% cut-off between different classes, i.e., lectin sequences in one class are at least 20% similar 333 

to one another; 3) The family level defined at a minimum of 70% of sequence identity. The values of 334 

cut-offs were set in agreement with definitions in the CATH database for the class level, and 335 

empirically for the family level in order to maximise the consistency of each family. The classification 336 

is therefore organized in 35 folds, 109 classes, and 350 families. 337 

For each of the 109 lectin classes, UniLectin3D sequences were aligned with the Muscle software [59] 338 

to construct a characteristic motif of conserved residues. Sequence redundancy was automatically 339 
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removed. Manual inspection of characteristic lectin domains led to creating a list of disqualifying 340 

domains such as peptide tags in order to manage future systematic removal. Conserved regions from 341 

the multiple alignments were then fed to a Hidden Markov Modelling tool to generate profiles 342 

characterising each lectin class. The HMMER-hmmbuild tool [60] was used to align each lectin class 343 

multiple sequence alignment against protein sequence datasets, with the sym_frac parameter at 0.8 to 344 

avoid isolated regions in the conserved motifs. 345 

 346 

Prediction of bacterial lectins in protein databases 347 

Bacterial sequences recorded in UniProtKB [61] and in non-redundant NCBI were processed with 348 

HMMER-hmmsearch, with default parameters and a p-value below 10-2, to run profiles obtained with 349 

HMMER-hmmbuild. Parameters include the BLOSUM62 score matrix for amino acid substitutions 350 

(Eddy 2004). Further filtering was applied to multiple strains of the same species with almost identical 351 

proteins and only a few different amino acids due to natural mutation, sequencing errors, or protein 352 

prediction errors. Post-processing involved keeping only one representative protein for all redundant 353 

proteins (with 100 consecutive amino acids that are identical). Predicted domains with less than 15 354 

amino acids are considered as small fragments. 355 

Each sequence match output by the HMMER toolset is evaluated with a quality score that has no upper 356 

boundary. Furthermore, because each family profile is generated independently of one another, quality 357 

scores are not comparable across motifs used for the prediction. This makes it impossible to use a 358 

single cut-off for all lectin classes. Additionally, in the case of tandem repeat domains, the quality score 359 

is proportional to the number of repeats and artificially promotes sequences with repeated domains. To 360 

address these scoring issues, a prediction score for each database hit was defined to give the similarity 361 

between the predicted domain and the reference lectin motif. The amino acid sequence alignment 362 

generated by HMMER during the search is further evaluated: at each position of the alignment, a 363 

cumulative counter is incremented by 1 if amino acids are identical, else by a normalised BLOSUM62 364 

substitution score. The final value of the counter divided by the domain length (i.e., the total number 365 

of positions) results in a value between 0 to 1 that defines the prediction/similarity score. A predicted 366 

lectin may belong to several classes, independently of the prediction score. The prediction/similarity 367 

score is mainly destined to order the information to be displayed on the UniLectin platform for each 368 

predicted lectin. HMMER p-value threshold (better defined then HMMER score) applied before 369 

remains the most reliable parameter for trusting a candidate lectin. 370 
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For each predicted protein, associated annotations are extracted and loaded from UniProt and from the 371 

NCBI. This includes the taxonomy details of the protein and the corresponding ID of the NCBI 372 

taxonomy database. Proteins considered as obsolete in the latest releases of UniProt or in the NCBI, 373 

with no associated metadata, are removed. 374 

 375 

Prediction of lectins and CBMs in the vaginal microbiome 376 

The subset of bacteria corresponding to the vaginal microbiome (S2Table) was identified from genome 377 

database annotations, such as those found in the Bioproject 378 

www.ncbi.nlm.nih.gov/bioproject/PRJNA316969 and from a published list of bacteria [62]. Bacteria 379 

belonging to different species of Lactobacilli, Gardnerella, Prevotella, E. coli and Group B 380 

Streptococci were selected and classified into commensals or pathobionts on the basis of their potential 381 

pathogenicity within the vaginal niche [63], and their association with states of health and disease 382 

including bacterial vaginosis, preterm birth and risk of acquisition of sexually transmitted infections 383 

[18, 19, 21, 25, 47, 49, 52, 63]. 384 

The proteome of each strain was downloaded from the NCBI assembly database [64]. The 385 

corresponding sequences were processed to detect lectins and CBMs with the same method of 386 

prediction involving the 109 lectin profiles generated as described above. HMMER-hmmsearch was 387 

run to identify the lectome of each strain’s proteome with default parameters and a p-value below 10-2 388 

with no further filtering. Proteins producing good quality alignments (HMM score > 50) with HMMER 389 

during the analysis of amino acid sequences were directly tagged as lectin domains. For lesser quality 390 

alignments the “Align Sequences Protein BLAST” component of the BlastP tool (ref) was used with 391 

default parameters to align a predicted domain against the closest reference lectin with a defined 3D 392 

structure. Manual quality checks, especially focused on the glycan binding pocket, were carried out to 393 

verify the amino acid conservation and ensure the quality of the predicted lectin. 394 

HMM profiles of Carbohydrate-binding modules (CBMs)were extracted from dbCAN2, a web server 395 

for the identification of carbohydrate-active enzymes [65]. The HMM profiles provided by dbCAN2 396 

are based on CAZy CBM sequence data [66]. These profiles were used to identify 1777 proteins from 397 

the predicted proteomes of the vaginal commensals and pathobionts. Following removal of high 398 

frequency influenza-like predicted lectins and CBD domains occurring in less than three strains, the 399 

resulting data was grouped by domain clustering to reflect compositional similarities. The remaining 400 

CBMs were associated with their matching glycans and additional information (S3 Table). 401 
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To reinforce the results influenza-like predicted lectins are removed (the high frequency of this domain 402 

is misleading, as mentioned earlier) and the lectin and CBM domains occurring in less than three strains 403 

were filtered out (removing 20 lectin classes and 15 CBM domains for a total of 50 proteins). 404 

 405 

Statistical software 406 

Predicted lectins in the HMMER output format were formatted into a tabulated matrix flat file by a 407 

python parser and loaded in R for statistical analysis. The following libraries were used: 408 

1. Graphics were generated with R libraries of the Comprehensive R Archive Network (CRAN) 409 

including the d3heatmap package for heatmaps 410 

2. Hierarchical clustering: The Ward’s minimum variance method part of the hclust R package 411 

was used to process a Euclidean distance matrix of the number of predicted proteins per 412 

species for each domain 413 

3. GGplot2 and the APE (Analyses of Phylogenetics and Evolution) package for the hierarchical 414 

tree. In this case, prior clustering was applied to the data with the complete linkage method of 415 

the hclust R package. A Euclidean distance matrix of the number of predicted proteins per 416 

species for each domain was input. 417 

For the sake of simplicity, lectins occurring in at least two strains are represented and the Influenza 418 

domain is filtered out for the lectin heatmap; and in at least 3 strains for the lectin and CBM heatmap. 419 

When lectins and CBMs are represented together the domains present in at least three strains are 420 

considered. The lectin and CBM specificity for glycans was manually recovered using UniLectin3D 421 

database and CAZy database annotations. Only predicted bacterial lectins with a score greater than 422 

0.25 are kept. 423 
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