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Abstract: Fucosylated carbohydrates and glycoproteins from human breast milk are essential for 10 

the development of the gut microbiota in early life because they are selectively metabolized by 11 

bifidobacteria. In this regard, α-L-fucosidases play a key role in this successful bifidobacterial colo- 12 

nization allowing the utilization of these substrates. Although a considerable number of α-L-fuco- 13 

sidases from bifidobacteria have been identified by computational analysis, only a few of them have 14 

been characterized. Hitherto, α-L-fucosidases are classified into 3 families, GH29, GH95 and GH151 15 

based on their catalytic structure. However, bifidobacterial α-L-fucosidases belonging to a particu- 16 

lar family show significant differences in their sequence. Because this fact could underlie distinct 17 

phylogenetic evolves, here extensive similarity searches and comparative analyses of the bifidobac- 18 

terial α-L-fucosidases identified were carried out with the assistance of previous physicochemical 19 

studies available. This work reveals 4 and 2 paralogue bifidobacterial fucosidase groups within 20 

GH29 and GH95 families, respectively. Moreover, Bifidobacterium logum subsp. infantis species ex- 21 

hibited the greatest number of phylogenetic lineages in their fucosidases clustered in every family 22 

GH29, GH95 and GH151. Since α-L-fucosidases phylogenetically descended from other glycosyl 23 

hydrolase families, we hypothesized that could exhibit additional glycosidase activities other than 24 

fucosidase, raising the possibility about their application to transfucosylate other substrates than 25 

lactose in order to synthesis novel prebiotics.   26 
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 28 

1. Introduction 29 

The impact of human milk glycobiome on the gut microbiota of infants is well es- 30 

tablished [1]. While great part of the components of breast milk provide nutrients to the 31 

infant, human milk oligosaccharides (HMOs) and human milk glycoproteins (HMGs) 32 

selectively favor the colonization and growth of bifidobacteria in the infant intestine, 33 

contributing to the development of the gut microbiota [1, 2]. In this regard, Bifidobacte- 34 

rium species are considered key actors in the multifaceted process of gut development 35 

and maturation of the immune system [3]. In fact, during the first months of birth, the 36 

loss of bifidobacterial or the gain of other bacteria can significantly alter the progression 37 

of the healthy microbial community with negative consequences for the infant, including 38 

a predisposition to autoimmune and/or metabolic diseases such as allergies and child- 39 

hood obesity [4, 5]. Concerning to that, fucosylated HMOs (FHMOs) and fucosylated 40 

HMGs (FHMGs) constitute a great part of the glycobiome of the breast milk [6] (Figure 41 

1) and have been proposed essential in the development of the microbiota [7].  42 
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 43 
Figure 1. List of main Fucosylated Human Milk Oligosaccharides (FHMOs) and Fucosylated Hu- 44 
man Milk Glycoproteins (FHMG) reported in bibliography. 45 

FHMOs constitute the largest fraction of human milk oligosaccharides, and alt- 46 

hough they showed a small number of different conformations, they can mean up to 47 

70% of the total in an individual mother’s milk [6]. The fucosylated trisaccharide 2′-fuco- 48 

syllactose is the most abundant FHMO, representing from 12 to 45% of the total HMO 49 

content in breastmilk, while 3-fucosyllactose is less abundant, from 0.5% to 3% [8]. On 50 

the other hand, there are several FMHGs investigated, and contrary to FHMOs, appear 51 
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at lower concentration but showing a higher number of different forms including lac- 52 

toferrin (17%), immunoglobulins IgG (<1%), IgM (<1%), and secretory IgA (11%) [9, 10, 53 

11]. Both FHMOs and FHMGs stand out for their ability to stimulate the growth of 54 

bifidobacteria [7, 12], whose metabolism transforms fucosylated oligosaccharides into 55 

short-chain fatty acids (SCFAs) such as acetate, formate, lactate, pyruvate [13], which in 56 

turn stimulate the immune system by inducing the differentiation of T-regulatory cells 57 

via inhibition of histone deacetylase [14].  58 

The great influence of fucosylated compounds present in breast milk on bifidobac- 59 

teria is due to their ability to metabolize them, being α-L-fucosidases (henceforth fuco- 60 

sidases) indispensable tools that allow shaping the gut microbiome in the first months of 61 

life.  62 

According to CAZy database, hitherto, more than 10000 sequences have been iden- 63 

tified in silico as fucosidases from more than 2000 bacteria species (www.cazy.org). This 64 

database classifies fucosidases into 3 families (GH29, GH95 and GH151) according to 65 

their catalytic structures. GH29 fucosidases act through a retaining mechanism and have 66 

a broader substrate specificity, including hydrolysis of Fuc-α1,3/4/6 linkages [15]. More- 67 

over, Family GH29 fucosidases have been subclassified into two subfamilies. The sub- 68 

family A contains α-fucosidases with relatively relaxed substrate specificities, able to 69 

hydrolyze p-nitrophenyl-α-L-fucopyranoside (pNP-fucose), while the members of sub- 70 

family B are specific to α1,3/4-glycosidic linkages and are practically unable to hydro- 71 

lyze pNP-fucose [16]. Although GH29 fucosidases also could exhibit hydrolysis of Fuc- 72 

α1,2 linkages, that activity is mainly attributed to GH95 family, which catalyze the hy- 73 

drolysis of fucose linkages through an inverting mechanism, resulting in the inversion of 74 

the anomeric configuration [17, 18]. Finally GH151 family has poor activity on fucosyl- 75 

ated substrates, reason why it is currently questioned whether they are genuine fuco- 76 

sidases [19, 20, 21]. 77 

Even though species of the Bifidobacterium genus dominate the infant gut microbiota 78 

in early life, and given the importance of their metabolism of fucosylated conjugates, 79 

there are only few bifidobacterial species studied extensively at both cellular and ge- 80 

nomics level for their ability to utilize fucosylated carbohydrates including B. bifidum 81 

and Bifidobacterium longum subsp. infantis [22, 23, 24]. However, different strain-depend- 82 

ent metabolic abilities have been unraveled for the use of fucosylated conjugates and 83 

likely determined by their fucosidases diversity [25]. Indeed, agreeing to the evolution 84 

and phylogenetics of fucosidases previously studied in metazoan fucosidases [26], 85 

bifidobacterial fucosidase sequences listed in CAZy reveal substantially in silico differ- 86 

ences regarding to their conserved domains, even those ones clustered in the same GH, 87 

revealing different adaptation/specialization ranges as well as their origin. Therefore, 88 

this work pretends to unravel the diverse conserved architectures of bifidobacterial fuco- 89 

sidases and cluster them by activity and phylogenetic evolution in order to propose a 90 

novel classification within the GH groups already listed in CAZy. 91 

2. Results 92 

2.1. Bifidobacterial GH29 fucosidases 93 

GH29 fucosidases from bifidobacteria listed in CAZy are shown in Table S1. Based on in 94 

silico studies concerning to conserved domains released by NCBI Conserved Domains 95 

Database (CDD) bifidobacterial GH29 fucosidases could be classified into 4 different 96 

phylogenetically groups (Table S1). That differentiation was also confirmed through se- 97 

quence homology PCA and cluster analyses (Figure 2). 98 

 99 
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 101 
Figure 2. Phylogenetic analysis of bifidobacterial GH29 fucosidases. PCA (A) and cladogram tree 102 
(B) distributions of bifidobacterial GH29 fucosidase sequences listed in CAZy released from 103 
Jalview 2.11.1.4. software using the neighbor-joining method. 104 

 105 

The enzymes included in the proposed GH29-BifA, only found in B. bifidum strains, are 106 

characterized as large membrane-bound fucosidases (AfuC super family domain; NCBI 107 

CDD accession number cl34656) and exhibit an accessory F5/F8 type C domain family 108 

(NCBI CDD accession number cl23730) probably involved in recognizing galactose or N- 109 

acetyllactosamine [27]. Interestingly, while InterPro database (EMBL-EBI) recognized 110 

the F5/F8 type C domain (IPR000421) interpreted the AfuC domain as Glyco_Hydro_29 111 

domain (IPR000933) probably due to the degree of updating of both databases (Table 112 

S1). In addition, Ashida et al., 2009 identified a second putative sugar-binding domain in 113 

GH29 fucosidase AfcB from B. bifidum JCM1254, domain that is frequently found in 114 

membrane-bound or cell wall-associated proteins and denominated FIVAR [28]. Those 115 

results were here confirmed by SOSUI and HMMTOP databases which allowed the 116 

identification of two putative transmembrane helices in GH29-BifA fucosidases (Table 117 

S1). Therefore, it has been suggested that both accessory F5/F8 type C and FIVAR do- 118 

mains allow the extracellular character of GH29 fucosidases in B. bidifum and could en- 119 

hance affinity toward fucosyl conjugates [28]. Moreover, in all the N-terminal regions of 120 

GH29-BifA fucosidases hydrophobic sequences predicted by SignalP-5.0 to be putative 121 

signal peptide with potential cleavage sites were observed (Table S1).  122 

Concerning the AfuC/Glyco_hydro_29 domain, the only representative GH29 fucosidase 123 

of GH29-BifA purified and characterized, which is AfcB from B. bifidum ATCC 1254, is 124 

able to hydrolyze 3-fucosyllactose, Lewis blood group substances (a, b, x, and y types), 125 

and lacto-N-fucopentaose II and III. However, the enzyme did not act on glycoconju- 126 

gates containing α1,2-fucosyl residue or on synthetic pNP-fucose [28].  127 

Supporting the in silico characterization of GH29-BifA fucosidases, several studies con- 128 

firm the ability of B. bifidum to hydrolyze extracellularly FHMOs [29]. However, B. bifi- 129 

dum appears to prefer the utilization of lactose when growing on FHMO, probably re- 130 

leasing fucose to the environment [29]. This incapacity to consume fucose may be due to 131 

the lack of specific transporters. Nevertheless, the extracellular fucosidase activity of B. 132 
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bifidum could be facilitating the establishment of the bifidobacteria community allowing 133 

them to consume the released fucose residues [30].  134 

In contrast to GH29-BifA, the rest of GH29 fucosidases from bifidobacteria do not have 135 

neither putative signal peptides nor transmembrane helices and consequently their 136 

mode of action can be considered intracellular. Indeed, GH29-BifB fucosidases are char- 137 

acterized by exhibiting an AfuC super family/ Glyco_Hydro_29 domain (NCBI CDD 138 

accession number cl34656/ IPR000933) such as GH29-BifA fucosidases but lacking of 139 

F5/8 type C and FIVAR domains. Due to the presence of the same fucosidase domain in 140 

both groups of fucosidases (GH29-BifA and GH29-BifB), similar metabolic capacities 141 

could be affirmed. In fact, the only characterized bifidobacterial GH29-BifB fucosidase 142 

(Blon_2336 from Bifidobacterium longum subsp. infantis ATCC 15697) revealed similarly 143 

activity to AfcB from B. bifidum ATCC 1254 (GH29-BifA) against Fuc-α1,3 glucosidic, 144 

Fuc-α1,3GlcNAc and Fuc-α1,4GlcNAc linkages [21]. These GH29-BifB fucosidases ap- 145 

pear to be distributed along strains of different species, contrarily to GH29-BifA fuco- 146 

sidases, and frequently, strains that exhibit GH29-BifB fucosidases, also show GH29-BifC 147 

which are duplicated in some of the sequenced strains (Table S1). Actually, the duplica- 148 

tion of GH29 fucosidases has been reported previously and plays an important role in 149 

fucosidases evolution [31].  150 

GH29-BifC fucosidases are characterized by showing conserved α-Amylase catalytic 151 

domain family (NCBI CDD accession number cl38930). It must be taken into account 152 

that this superfamily is present in a large number of GHs able to hydrolyze α1,4/6 glyco- 153 

sidic bonds although in turn they have specific domains unlike the GH29-BifC fuco- 154 

sidases of bifidobacteria [32]. However, and since GH29-BifC fucosidases can catalyze 155 

the transformation of fucosidic α1-2Gal/3GlcNAc linkages in LNFP I and III, respec- 156 

tively, and mainly Fuc-α1,6 GlcNAc linkages [33], activity non described in the above 157 

fucosidase groups, it is difficult to ensure that its catalytic family proposed is α-Amylase 158 

catalytic (NCBI CDD) or Glyco_Hydro_29 (InterPro) (Table S1). In this sense, InterPro 159 

database (EMBL-EBI) indicated the presence in GH29-BifC fucosidases of a second cata- 160 

lytic family denominated FUC_metazoa_typ (IPR016286) that is close to eukaryotic fuco- 161 

sidases (Table S1). Probably the presence of this domain is key for these fucosidases to 162 

be considered as the most unspecific and versatile fucosidases of bifidobacteria since 163 

wide range of substrates have been reported for two different GH29-BifC fucosidases 164 

from B. longum subsp. infantis ATCC 15697 [21, 28]. 165 

Both GH29-BifB/C fucosidases described in B. longum subsp. infantis strains are likely 166 

found in the cytosol, therefore efficient transport of oligosaccharides is needed unlike B. 167 

bifidum [13, 21]. In this context, genomic studies carried on B. longum subsp. infantis 168 

ATCC 15697 have unraveled several putative fucose permeases that may facilitate envi- 169 

ronmental scavenging when soluble fucose is encountered. 170 

In order to elucidate the roles and fitness of bifidobacterial community to shape the gut 171 

microbiome and taking into account the relevance of fucosidases in this regard, their 172 

features mentioned above should be updated and expanded to avoid ambiguities in the 173 

catalytic domains and relate them to their metabolic properties. Certainly, the rest of the 174 

enzymes from different bifidobacterial species need to be characterized in order to dis- 175 

tinguish reliably the properties of each group of fucosidases for determining the interac- 176 

tion and mode of actions of bifidobacteria during gut colonization. In this sense, the role 177 

of GH29-BifD of fucosidases remains unknown despite having been sequenced and 178 

identified in certain Bifidobacterium species (Table S1). Unlike to GH29-BifC, GH29-BifD 179 

fucosidases exhibit specific α-L-fucosidase main domain (NCBI CDD accession number 180 

cl38930). Surprisingly, their accession number is matching with superfamily AmyAc 181 

family of group II, suggesting a better accurate and updated in silico annotation. How- 182 

ever, InterPro database (EMBL_EBI) indicates both catalytic domain Glyco_Hydro_29 183 

and FUC_metazoa_typ (InterPro IPR000933 and IPR016286 respectively). Nevertheless, 184 

physicochemical properties, substrate specificity confirmation and their correlation with 185 

catalytic domains are still pending to be characterized.    186 
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 187 

2.2. Bifidobacterial GH95 fucosidases 188 

Similarly to GH29 bifidobacterial fucosidases and according to architecture domains, 189 

bifidobacterial GH95 fucosidases collected on CAZy also could be subclassified into 2 190 

main groups (Table S2; Figure 3).  191 

  192 

 193 
Figure 3. Phylogenetic analysis of bifidobacterial GH95 fucosidases. PCA (A) and cladogram tree 194 
(B) distributions of bifidobacterial GH95 fucosidase sequences listed in CAZy released from 195 
Jalview 2.11.1.4. software using the neighbor-joining method. 196 

 197 

The extracellular character observed in GH29-BifA fucosidases from B. bifidum strains is 198 

reflected also in their GH95 fucosidases, which are characterized by a putative signal 199 

peptide and two predicted transmembrane helices. Among GH95 fucosidases, those fea- 200 

tures are only found in the proposed GH95-BifA fucosidases from B. bifidum with the 201 

exception of Bifidobacterium saguini DSMZ 23967 fucosidase (Genbank QTB91571.1) 202 

which exhibited two putative transmembrane helices (Table S2).  203 

The proposed GH95-BifA was characterized according to the NCBI CDD database by 204 

exhibiting Glycosil hydrolase 65 N-terminal (accession number cl22392) as main catalytic 205 

domain, while InterPro database analysis (EMBL-EBI) revealed a Glycosyl hydrolase 95 206 

N-terminal (IPR027414) (Table S2). The observed ambiguous prediction on the catalytic 207 

architecture could be due to the lack of updating and mismatch annotations. Neverthe- 208 

less, a common evolutionary origin for GH65 and GH95 families, among others, with 209 

conservation of their putative catalytic amino acid residues was noticed and likely influ- 210 

enced the in silico results [18]. Nevertheless, and contrarily to GH65 family, the only 211 

GH95-BifA representative fucosidase recombinantly produced and characterized (AfcA 212 

from B. bifidum JCM1254) showed a great activity against Fuc-α1,2 Gal linkages, hydro- 213 

lyzing mainly 2’-Fucosyllactose and lacto-N-fucopentaose I [17, 34].  214 

On the other hand, while NCBI CDD database detected 2 YjdB overlapping domains 215 

(accession number cl35007), whose functions are still uncharacterized but in turn con- 216 

taining Ig-like domain, InterPro database noticed Ig-like_Bact and Bacterial Ig-like group 217 

2 (BIG2) domains instead (accession number IPR022038 and IPR003343 respectively) (Ta- 218 

ble S2). Despite this coincidence, only the position of one domain practically matches in 219 
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both databases (YjdB and BIG2) (Table S2). In addition, Interpro identifies Ig-like_Bact 220 

near to N-terminal unlike NCBI CDD and probably GH95-BifA sequences could exhibit 221 

up to 3 accessory domains. 222 

It should be noted that, although the function of BIG2 domain has not been unraveled, it 223 

have been hypothesized to participate in facilitating the protrusion of the AfcA catalytic 224 

GH95 domain from the cell surface to allow its extracellular activity and degrade the 225 

fucosyl residues present on glycoconjugates of enterocytes [17]. This fact could lead to 226 

define AfcA as a bifidobacterial tool for protecting the host health through modifying 227 

α1,2 fucosylated Lewis antigen receptors b and y, recognized by gut pathogens such as 228 

Helicobacter pylori [35], and Norovirus [36]. Taking into account the conserved domains, 229 

GH95 fucosidases from B. imperatoris and B. sanguini could be close to be clustered 230 

within the GH95-BifA (Table S2). The extracellular character of B. imperatoris and B. san- 231 

guini fucosidases could even be affirmed since signal peptides and transmembrane heli- 232 

ces are found, although they have not yet been characterized. Indeed, cladogram phylo- 233 

genetic analysis revealed that both fucosidases actually exhibit more similarities with 234 

GH95-BifA (Figure 3). 235 

Beyond GH95-BifA, there are a large number of intracellular GH95 fucosidases from 236 

Bifidobacterium breve and B. logum subsp. infantis strains in silico categorized by showing a 237 

glycosil hydrolase 65 N-terminal domain (cl22392; NCBI CDD). They share the catalytic 238 

domain with GH95-BifA without exhibiting accessory BIG2 (Table S2). Nevertheless, 239 

Interpro database managed to identify a catalytic domain of greater length than in the 240 

GH95-BifA sequences denominated Alpha_L_Fuco family (IPR016518). The presence of 241 

this domain could be key for B. breve and B. logum subsp. infantis GH95 fucosidases to 242 

show phylogenetic differences with GH95-BifA as shown by the PCA and cladogram 243 

analyzes (Figure 3), and therefore clustered in GH95-BifB. 244 

Unfortunately, no B. breve GH95-BifB fucosidases have been yet characterized although 245 

the described hydrolytic activity of B. breve on Fuc-α1,2 Gal linkages supports the pres- 246 

ence of a functional GH95 fucosidase [37]. Blon_2335 from B. longum subsp. infantis is 247 

the only representative of GH95-BifB that has been characterized [21]. In that study, 248 

Blon_2335 showed a strong preference for Fuc-α1,2 linkages (2’-FL, LNFP-I), although 249 

partially cleaved Fuc-α1,3 linkages (3-FL) unlike to AfcA from B. bifidum [21]. Because 250 

AfcA structural exploration revealed its catalytic reaction as a α1,2 fucosidase [18], and 251 

since both AfcA and Blon_2335 fucosidases show catalytic architecture differences, fur- 252 

ther studies concerning crystallization of Blon_2335 are needed in order to elucidate its 253 

ability for hydrolyzing both Fuc-α1,2 and Fuc-α1,3 linkages. Structure elucidation also 254 

could explain the substantial differences between the GH95-BifB fucosidases from B. 255 

breve and B. longum subsp. infantis, also observed in PCA and cladogram (Figure 3), de- 256 

spite presenting the same conserved architecture (Table S2).  257 

 258 

2.3. Bifidobacterial GH151 fucosidases 259 

GH151 enzymes form the smallest group of fucosidases (Table S3) and although there 260 

are still doubts about their fucosidase activity, B. longum subsp. infantis ATCC 15697 261 

counts with a GH151 enzyme (Blon_0346) that exhibits probed Fuc-α1,2 Gal activity [21]. 262 

Interestingly bifidobacterial GH151 fucosidases are quite divergent from the fucosidases 263 

classified in other GH families [21] and all of them belong to B. longum subsp. infantis 264 

species although shown little differences in their sequences (Figure 4). While no signal 265 

peptide or transmembrane helices were observed, CDD architecture analyses revealed 266 

AmyAc_family superfamily and A4_beta-galactosidase_middle_domain, although some 267 

sequences are also identify as containing GanA superfamily domain as well (Table S3).  268 

 269 
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 270 

 271 
Figure 4. Phylogenetic analysis of bifidobacterial GH151 fucosidases. PCA (A) and cladogram tree 272 
(B) distributions of bifidobacterial GH151 complete fucosidase sequences listed in CAZy released 273 
from Jalview 2.11.1.4. software using the neighbor-joining method. 274 

 275 

GH151 enzymes probably have domains closest to GH29-BifC fucosidases identified by 276 

containing conserved AmyAc superfamily domain and likely the ability to hydrolyze α 277 

glycosidic linkages [32]. However, because GH151 accessory domains shown (Table S3), 278 

they could be considered as potential nonspecific beta galactosidase enzymes with the 279 

capacity to hydrolyze Fuc-α1,2 Gal linkages as occurs with Blon_0346. Nevertheless, fur- 280 

ther studies in order to elucidate their subjacent activity, substrate specificity and confor- 281 

mational structure are needed to understand their role in the hydrolysis of fucosylated 282 

carbohydrates. 283 

3. Discussion 284 

Breast milk, beyond its nutritional function, provides the necessary pillars for the initial 285 

establishment of the gut microbiota in newborns. In this regard, FHMOs and FHMGs 286 

stand out for their ability to stimulate the growth of bifidobacteria [8, 12], which in turn 287 

produce SCFAs acetate, formate, lactate, pyruvate [13], stimulating the immune system 288 

[14], and serving as an energy source for colonocytes [38]. 289 

Although only a few bifidobacterial species have been studied extensively at both cellu- 290 

lar and genomics level for their ability to utilize fucosylated carbohydrates such as B. 291 

bifidum and B. longum subsp. infantis [22, 23, 24], their success in colonizing the gut is due 292 

to the different strain-dependent metabolic abilities developed for the use of both 293 

FHMOs and FHMGs [25]. Therefore, fucosidases play a key role in the bifidobacterial 294 

gut establishment. Concerning to that, B. bifidum strains show two extracellular fuco- 295 

sidases belonging to GH29 and GH95 families. Both fucosidases cover the hydrolysis of 296 

Fuc-α1,3Glu; Fuc-α1,3/4GlcNAc and Fuc-α1,2 Gal linkages [17, 18, 28, 34]. Since B. bifi- 297 

dum prefer the utilization of lactose [29], 2’-fucosyllactose could be its target substrates 298 

releasing to the environment lactose and fucose, which is also liberated from blood 299 

Lewis a, b, x, and y antigens [28]. For all the above, B. bifidum fucosidases could be con- 300 

sidered altruist and essential for microbial gut establishment through promoting 301 

bifidobacterial mutualism and carbohydrate syntrophy in the infant gut [39]. Given that 302 

bifidobacteria are able to metabolize lactose and species such as B. longum subsp. infantis 303 

or B. breve can metabolize fucose, their growth is improved under the presence of fuco- 304 

sidases from B. bifidum. Thus, Gotoh et al. (2018) suggested that extracellular fucosidases 305 
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from B. bifidum could be crucial during the development of a bifidobacteria-rich microbi- 306 

ota in the breast-fed infant gut, by providing fucosylated conjugates degradants [34]. On 307 

the other hand, B. bifidum fucosidases contribute to the protection of host through the 308 

modification of lewis antigens [28]. 309 

Regarding the catalytic domains of the B. bifidum fucosidases, it should be noted that 310 

GH29-BifA present orthologous fucosidases in other bifidobacterial species clustered in 311 

GH29-BifB/D, and they probably all have a common phylogenetic lineage (Figure 2). 312 

However, this statement has only been functionally corroborated through the characteri- 313 

zation of the enzymes AfcB (GH29-BifA) and Blon_2336 (GH29-BifB) due to lack of re- 314 

sults of GH29-BifD fucosidases.  315 

Conversely, GH95-BifA fucosidases as well as those grouped in GH95-BifB, and accord- 316 

ing to CDD database observations (Table S2), could phylogenetically descend from ei- 317 

ther an evolutionary specialization or unspecification of glycosidases clustered in GH65. 318 

Indeed, this in silico observation agrees with the crystallization results obtained of the 319 

structure AcFA from B. bifidum [18]. According to that, both GH65 and GH95 enzymes 320 

share an α/α 6 barrel fold with inverting mechanism and glutamate566 as catalytic proton 321 

donor. Moreover, Nagae et al. (2007) compared the structures between families GH65 322 

and GH95 revealing conservation of the general acid residues, but catalytic acid / base 323 

aspartate766, which is shifted in AfcA [18]. That shifting was also found in the rest of 324 

bifidobacterial GH95 fucosidases (data not shown) and agreeing to above mentioned 325 

authors, reaction mechanism of bifidobacterial GH95 fucosidases differ from those of the 326 

GH65 family [18].   327 

The other species widely studied for its fucosidase activity is B. longum subsp. infantis. 328 

Actually, it is the only species of bifidobacteria that exhibits GH29, GH95 and GH151 329 

fucosidases that have been recombinantly purified and characterized [21]. Those fuco- 330 

sidases allow B. longum subsp. infantis to use a wide range of substrates, hydrolyzing 331 

Fuc-α1,3Glu; Fu-cα1,2/3Gal; Fuc-α1,3/4/6GlcNAc linkages [21, 33]. As previously com- 332 

mented, B. longum subsp. infantis GH29-BifB fucosidases are orthologous with those clas- 333 

sified in GH29-BifA. However, this species also shows GH29 duplicated fucosidases, 334 

clustered in the GH29-BifC, with different architecture and paralogs from those of 335 

GH29-BifB (Figure 3). Taking in to account the fucosidase duplication and in agreement 336 

with You et al. (2019), B. longum subsp. infantis GH29-BifC fucosidases could have 337 

evolved from a different glycosyl hydrolase [31]. According to CDD database observa- 338 

tions (Table S1) and because their predicted structure is composed by an β/α 6 barrel 339 

fold with retaining mechanism and glutamate as catalytic proton donor, GH29-BifC fu- 340 

cosidases from B. longum subsp. infantis could descend from GH13 glycosidases (α-amyl- 341 

ases).  342 

GH29-BifC fucosidases, similar to GH95-BifB, which is probably phylogenetically origi- 343 

nated from GH65 family as described above, need to have further explored their struc- 344 

tural crystallization in order to elucidate their origins and evolution pathway. In addi- 345 

tion, GH29-BifC fucosidases show similarities with metazoan fucosidases according to 346 

InterPro database (Table S1) including aspartate224 and glutamate270 residues (data not 347 

shown), which play the role of the catalytic nucleophile and catalytic acid / base respec- 348 

tively in metazoan fucosidases [26].  349 

Finally, GH151 fucosidases are exclusively present in B. longum subsp. infantis. This fact 350 

could suggests a fourth pathway of fucosidases phylogenetic evolution in that species 351 

closely related to GH29-BifC fucosidases since they present a N-terminal α amylase cata- 352 

lytic domain. In addition, Blon_0346 was originally classified as a member of GH29 fam- 353 

ily due to their fucosidase activity despite low similarity [21]. However, GH151 enzymes 354 

may be the result of a branch in the evolution of GH29-BifC fucosidases since they show 355 
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a GH42 beta galactosidase trimerization architecture instead of conserved features of 356 

metazoan fucosidases.  357 

4. Conclusions 358 

This is the first study that explores phylogenetically the three families of the bifidobacte- 359 

rial fucosidases GH29, GH95 and GH151 through their conserved architecture, showing 360 

that B. bifidum and B. longum subsp. infantis reveal 2 and 4 different phylogenetic line- 361 

ages respectively, belonging to different fucosidases families. On the other hand, given 362 

the differences in the catalytic architecture observed in this work, the bifidobacterial fu- 363 

cosidases belonging to the GH29 and GH95 families could be subclassified into 4 and 2 364 

groups respectively.  365 

Taking into account that the observations described in this work were obtained in silico 366 

and supported by current characterization results from some B. bifidum and B. longum 367 

subsp. infantis fucosidases, further studies regarding structural characterization and 368 

physicochemical properties of more of fucosidases identified by computational analysis 369 

are needed in order to validate the novel classification of bifidobacterial fucosidases here 370 

proposed. 371 

Concerning to B. longum subsp. infantis fucosidases evolved from different GH families 372 

as GH29-BifC, GH95-BifB and GH151 and given that their conserved architecture pre- 373 

sents vestiges of ancestral glycosidases GH13, GH65 and GH42 respectively, as well as 374 

B. Bifidum GH95-BifA fucosidases phylogenetically descendant of GH65, deepening sub- 375 

strate spectrum analyses could determine their underlying roles in this species. In this 376 

context, and since some fucosidases have been used to transfucosylate carbohydrates or 377 

glycoconjugates, the application of these evolved and hypothetically nonspecific B. 378 

longum subsp. infantis fucosidases mentioned above can open a new perspective towards 379 

the synthesis of novel fucosylated conjugates by using different substrates beyond the 380 

lactose for synthetizing 2'-fucosyllactose. This vision is oriented towards the supply 381 

those novel fucosylated conjugates to adults in combination with fucosidase producer 382 

bifidobacteria in order to maintain a healthy microbiota or to reestablish it from dysbio- 383 

sis states as described previously [40, 41]. In this regard, it would be important to eluci- 384 

date phylogenetically as well as structurally and physicochemically the fucosidases of 385 

many other gut microorganism genus as for instance Lactobacillus, Bacteroides, and Akker- 386 

mansia with the aim to reveal the whole gut fucosidases interaction.  387 

5. Materials and Methods 388 

5.1. Identification and selection of fucosidase sequences 389 

Complete bifidobacterial fucosidase protein sequences belonging to GH29, GH95 and 390 

GH151 families were retrieved from CAZy database [19]. Fucosidase sequences were 391 

used as probes in PSI-BLAST searches [42] against the NCBI [43], Swiss-Prot [44] and 392 

Ensembl [45] protein databases.  393 

5.2. Protein sequence, alignment and phylogenetic analysis of α-L-fucosidases 394 

Fucosidase sequences were analyzed using SignalP-5.0 [46], with default options to pre- 395 

dict signal peptide sequences; SOSUI [47] and HMMTOP [48] with default parameters 396 

for the prediction of transmembrane helices. NCBI Conserved Domains Database (CDD) 397 

[49] and InterPro databases (EMBL_EBI) [50] were used to predict the domain architec- 398 

ture. Inferred fucosidase amino acid sequences were aligned using Clustal Omega web 399 
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version [51]. All sequences belonging to the same GH families were considered in phylo- 400 

genetic analyses. Neighbor-joining method cladogram and PCA analyses were per- 401 

formed using the program Jalview 2.11.1.4. [52]. 402 

 403 
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