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Abstract

The formation of p1,3-linkages on animal glycoconjugates is catalyzed by a subset
of B1,3-glycosyltransferases grouped in the Carbohydrate-Active enZYmes family
glycosyltransferase-31 (GT31). This family represents an extremely diverse set of B1,3-N-
acetylglucosaminyltransferases [B3GNTs and Fringe p1,3-N-acetylglucosaminyltransferases],
B1,3-N-acetylgalactosaminyltransferases (BBGALNTSs), 81,3-galactosyltransferases [B3GALTs and
core 1 B1,3-galactosyltransferases (C1GALTs)], B1,3-glucosyltransferase (B3GLCT) and f1,3-
glucuronyl acid transferases (B3GLCATs or CHs). The mammalian enzymes were particularly well
studied and shown to use a large variety of sugar donors and acceptor substrates leading to the
formation of 81,3-linkages in various glycosylation pathways. In contrast, there are only a few
studies related to other metazoan and lower vertebrates GT31 enzymes and the evolutionary
relationships of these divergent sequences remain obscure. In this study, we used bioinformatics
approaches to identify more than 920 of putative GT31 sequences in Metazoa, Fungi and
Choanoflagellata revealing their deep ancestry. Sequence-based analysis shed light on conserved
motifs and structural features that are signatures of all the GT31. We leverage pieces of evidence
from gene structure, phylogenetic and sequence-based analyses to identify two major subgroups
of GT31 named Fringe-related and B3GALT-related and demonstrate the existence of 10 orthologue
groups in the Urmetazoa, the hypothetical last common ancestor of all animals. Finally, synteny
and paralogy analysis unveiled the existence of 30 subfamilies in vertebrates, among which 5 are
new and were named C1GALT2, C1GALT3, B3GALT8, B3GNT10 and B3GNT11. Altogether, these
various approaches enabled us to propose the first comprehensive analysis of the metazoan GT31
disentangling their evolutionary relationships.

Key words: B1,3-glycosyltransferases, evolution, functional genomics, molecular phylogeny, motifs

© The Author(s) 2020. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium,
provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

0202 Joquieldag z uo Josn oS 1LSN Ad GE0L06S/980EBMO/GOIAIB/EE0 L0 L/10P/SI0IIE-00UBADE/(OIA|B/WO0"dNO"0ILSPEDE//:SARY WOl PAPEOjUMOC


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-1233-3799

2 Petit et al.
Introduction A GLYCOLIPIDS B 0-GLYCOSYLPROTEINS
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The family glycosyltransferase-31 (GT31) of the Carbohydrate- e cto series o et
Active enZYmes (CAZy) classification (Lombard et al. 2014) is B0 @ cer O serrmnr W sermnr
a very large family of B1,3-glycosyltransferase (B3GT) including LaCer Core 1 Core 3
mostly eukaryotic (i.e., animals and plants) and a few bac- Ganglio series Fucosyl type Mannosyl type

terial sequences. The eukaryotic subset of B3GT is extremely
diverse in terms of sequences and functions. The B3GTs are
inverting enzymes that catalyze the transfer of a variety of
monosaccharides from activated uridine diphosphate-sugars (i.e.,
Uridine diphosphate (UDP)-sugars: UDP-Gal, UDP-GIcNAc, UDP-
GalNAc, UDP-Glc and UDP-GlcA) to terminal nonreducing
positions of oligosaccharides of glycoproteins and glycolipids
leading to the formation of a unique B1,3-linkage. Most of the
25 human B3GTs [i.e., 9 B1,3-N-acetylglucosaminyltransferases
(B3GNT), 3 Fringe B1,3-N-acetylglucosaminyltransferases (FNG),
2 B1,3-N-acetylgalactosaminyltransferases (B3GALNT), 4 B1,3-
galactosyltransferases (B3GALT), 2 core 1 81, 3-galactosyltransferase
(C1GALT), 1 B1,3-glucosyltransferases (B3GLCT) and 4 A1,
3-glucuronyl acid transferases involved in chondroitin sulfate
synthesis (B3GLCAT or CH)] have been cloned and expressed as
recombinant proteins for functional studies (Moremen et al. 2018).
Seminal work by Narimatsu and collaborators (Narimatsu 2004;
Narimatsu 2006; Togayachi, et al. 2006; Togayachi et al. 2008) and
by Clausen and collaborators (Amado et al. 1998) shed light on the
substrate specificities of recombinant enzymes and showed that the
human B3GTs are implicated in various glycolipids and glycoproteins
metabolisms (Narimatsu et al. 2019). As illustrated in Figure 1, the
B3GTs are implicated in core extension steps of mucin-type O-
glycans (C1GALT/C1GALT1C1 and B3GNTS6), of fucosyl-type O-
glycans [Radical-, Lunatic-, and Manic-Fringe (RFNG, LENG, and
MENG) and B3GLCT], of glycosaminoglycan (GAG) linker region
(B3GALTS6), of mannosyl-type O-glycans (B3GALNT2), of Lacto-,
Neolacto-, Ganglio-, Globo- and Neoglobo-series of glycolipids
(B3GNTS5, B3GALT4; B3GALNT1) biosynthetic pathway and in
the specific chondroitin sulfate biosynthetic pathway [chondroitin
polymerizing factors (CHPE, CHPF2), and chondroitin sulfate
synthases (CHSY1, CHSY3)]. The remaining B3GTs (e.g., B3GALT1,
B3GALT2, B3GALTS, B3GNT2, B3GNT3, B3GNT4, B3GNT7,
B3GNT8, B3GNTY) are implicated in unspecific glycosylation
pathways and poly-N-acetyllactosamine (poly-LacNAc) extension
on glycolipids and N- and O-glycans of glycoproteins.

From a structural point of view, almost nothing is known since
only the mouse MFNG structure was solved and shown to adopt
a GT-A fold (PDB 2J0A and 2J0B with UDP and Mn) (Jinek et al.
2006). Despite the identification of conserved sequence motifs and
cysteine residues in mammalian B3GTs (Heinonen et al. 2006;
Hennet et al. 1998; Narimatsu 2006) and more specifically in the
B3GALT catalytic domain (Patel and Balaji 2007; Qu et al. 2008;
Togayachi et al. 2006), the GT31 members show very limited overall
sequence identity (25-28%), which hindered their identification and
studies of their structure-function relationships. In an attempt to
identify and systematically characterize putative plant GT31, Bacic
and collaborators have used phylogenetic approaches (Egelund et al.
20105 Qu et al. 2008). Their studies led to the identification of 11
clades, 4 of which are plant specific (e.g., clades 1, 7, 10 and 11).
Several plant sequences from the clades 7 and 10 were biochemically
characterized. The Arabidopsis thaliana GALT2, GALT3, GALT4,
GALTS, GALT6 as well as GALT31A from clade 7 are involved in
the synthesis of 81,3-galactan chains of the arabinogalactan-proteins
(AGP) (Basu, Tian et al. 2015a; Basu, Wang et al. 2015b; Geshi
et al. 2013), whereas GALT1 is implicated in the synthesis of the
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Fig. 1. Glycan structures and pathways involving B3GTs of the CAZy family
GT31. GT31-related enzymes indicated in green letters are involved in various
glycosylation pathways: (A) glycolipid core extension, (B) O-glycosylproteins
core extension and (C) elongation of glycoconjugates. The glycan structures
formed are represented using the symbol nomenclature for graphical rep-
resentation of glycans (SNFG) (Neelamegham et al. 2019) with DrawGlycan-
SNFG (Cheng et al. 2017) and their names are indicated in red.

Lewis® structure (Fuca1,4[GalB1,3]GIcNAc-R) found on N-glycans
(Strasser et al. 2007). Hydroxyproline-O-galactosyltransferase-1
(HPGT1), HPGT2, HPGT3 and the more recently described KSN4
from clade 10 are three HPGTs (Ogawa-Ohnishi and Matsubayashi
2015; Suzuki et al. 2017). Clades 2-9 group all the remaining
Opisthokonta B3GT including B3GNT (clade 8) and Fringe (FNG;
clade 3), BBGALNT distributed in clade 8 and clade 9, B3GALNT
with B3GALT (clade 8) and C1GALT (clade 5), B3GLCT (clade
2) and CH (clade 4). However, the functional diversification of
these GT31 sequences in vertebrates remains poorly understood
and the evolutionary history of the metazoan GT31 is still not
known.

The objectives of this study were to identify animal GT31-
related sequences and to provide a phylogeny-based classification
for this GT family. We combined several bioinformatics approaches
for GT31-related sequences homology searches with the known
human sequences used as seeds and for conserved domains and
motifs identification. We extended our analysis to early Metazoa,
Choanoflagellata, Fungi and Viridiplantae and we provided evidence
of the occurrence of very ancient divergence, which explains the
presence of 10 GT31 orthologue groups in the Urmetazoa, the
last common ancestor (LCA) of Metazoa. Our synteny and par-
alogy analyses in vertebrate genomes enabled us to identify five
new GT31 vertebrate subfamilies and to predict their donor/ac-
ceptor specificity. Altogether, our study clarifies the evolutionary
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relationships of the 30 vertebrate subfamilies and provides a robust
phylogenetic classification of the metazoan B3GT of the CAZy
GT31 shedding lights into their evolutionary functional divergence in
vertebrates.

Results and discussion

Identification of GT31-related genes in Metazoa and
phylogeny analysis

The GT31 CAZy family represents one of the largest multigene CAZy
families comprised of a highly diverse set of B3GT enzymes with a
remarkable wide range of substrates. Glycosylated products gener-
ated such as mucin-type glycoproteins and proteoglycans (Figure 1)
are components of the extracellular matrix of utmost importance for
multicellular organisms’ life enabling communications between cells.
Therefore, GT31 evolutionary history is believed to reflect essential
evolutionary steps in cell surface molecule-dependent human biology.
To gain insights into the evolution of GT31-related genes in Metazoa,
we firstly identified over 900 potential homologues of the human
B3GT sequences using the Basic Local Alignment Search Tool
(BLAST) (Altschul et al. 1997), the Conserved Domain Architecture
Retrieval Tool (Geer et al. 2002) and PFAM database (release 32.0)
(El-Gebali et al. 2019) in the metazoan nucleotide divisions of
the National Center for Biotechnology Information (NCBI) Entrez
Protein Database (Supplemental Data). To ascertain the distribution
of metazoan GT31 members, we also investigated the Fungi and the
Viridiplantae (plant) divisions of NCBI database as nonmetazoan
outgroups taking advantage of the previously described plant GT31
sequences (Egelund et al. 2010). Indeed, several putative homologues
of these GT31-related genes could be identified in Viridiplantae
species like the flowering plant A. thaliana (Egelund et al. 2010)
and the earth moss Physcomitrella patens and in Fungi species like
Absidia glauca, Syncephalastrum racemosum, Mortierella verticillata,
Basidiobolus meristosporus, Talaromyces marneffei, Aspergillus
wentii, Spizellomyces punctatus, Wallemia mellicola, Cytospora
leucostoma, Rhodotorula graminis and Rbizopus azygosporus
(Supplemental Data 1), further suggesting a very ancient origin
of these GT31 genes, which emerged well before the radiation of
Metazoa. Focusing on the early branching Metazoa, Porifera and
Cnidaria, homologues of the CHPE, CHSY, FNG, B3GLCT and
B3GNT/B3GALT could be identified in the sponges Amphimedon
queenslandica and Sycon ciliatum, respectively, whereas homologues
of the B3GALT6, B3GALNT2, B3GALT/B3GNT, B3GALNT2
and C1GALT were found in Hydra vulgaris. The results of this
exploration point to the existence in extant early Metazoa of at least
nine distinct orthologue groups of GT31, namely FNG, CHPE, CHSY,
B3GLCT, C1GALT/C1GALT1C1, B3GALT/B3GNT, B3GALTS6,
B3GALNT2 and anc-B3GALT, a group of ancient B3GALT sequences
lost in Bilateria. We then further studied the GT31-related sequences
evolutionary relationships according to four criteria of analysis.

First criterion: genomic organization of vertebrate GT31 genes. As
a first step toward unraveling the evolutionary relationships of
these seven GT31 groups, we examined the genomic organization
of the coding region of the vertebrate B3GTs genes (Figure 2). The
exon/intron organization of these genes was relatively well con-
served in each of the orthologue group previously delineated. This
analysis revealed two sets of genes sharing the same organization:
in the B3GALT/B3GNT, C1IGALT1C1 and B3GALTS6, the coding
sequence is found within a single exon with the notable exception

GT31 gene organization

FAMILY SUBFAMILY Homo sapiens
Chromosome Protein
B3GALT6
I — | B3GALT6  1p36.33 329aa
B3GALNT2
| | [ 101 B3GALNT2 19423 500 aa
B3GNT
—— B3GNT4  12q24.31 353aa
EN | — | B3GNT7 ~ 2q37.1 401aa
— B3GNT9 16q22.1 402 aa
/=
——— ™ B3GNT2 2p15  397aa
 ————— B3GNT8  19q13.2 397 aa
N | E—— B3GNT3  19p13.11 372aa
™ B3GNT6 11913.2 384 aa
™ B3GNT5 3q27.1 379aa
B3GALT —
| | B3GALT4 6p21  379aa
_——————"] B3GALNT1 3q26.1 331aa
| —— B3GALT1 2q24  326aa
| e | B3GALT2 1931 423 aa
| B3GALT5 21q22 310 aa
] —
B3GLCT
I B3GLCT 13q12 498 aa
FNG
| | o o o LNFG 7p223  379aa
o | o MNFG 229131 321aa
CJoOCaocadgd RFNG 179253 331aa
C1GALT
| —  — C1GALT1 7p22  363aa
I | I — —
| S —
C1GALT1C1
] C1GALTICT Xq24 363 aa
CHPF
 —| E—— ] CHPF 2q35  775aa
| E—— | 1 CHPF2 79361 772aa
CHSY
[ r ][ | CHSY1 15026.3 802 aa
[ [ ] CHSY3 5q23.3 882aa

Fig. 2. Schematic depicting the genomic organization of the 30 GT31 verte-
brate genes. The exon/intron organization of the 26 human (capital letters)
and 4 additional vertebrate (lower case letters) B3GT genes is represented.
The B3GNT10-P is found in the human genome on chromosome 9q33.2
but is likely not translated in an active enzyme. Family name is indicated
on the left side. Coding exons are represented by rectangles according to
their relative sizes. The gray boxes denote the presence of inserted exons in
B3GALNT2 and presence of additional protein domain in B3GLCT (FRINGE-
domain) and CH (CHGN domain)-related proteins. The five conserved peptide
motifs characteristic of all the GT31-related proteins are represented by black
lines above the boxes. The location of nonconserved GT31 signatures is
indicated by gray lines above the boxes. Each subfamily name is indicated
on the right side. In addition, chromosome location in the human genome
and human protein length are given on the right side of the figure; when
the human gene and/or protein is absent, its closest vertebrate relative is
represented in blue. The inactive proteins, e.g., chaperone C1GALT1C1, CHPF
and CHPF2, are indicated in green. A similar genomic organization is found in
each orthologue group, and it is conserved in all the vertebrate species with
the exception of B3GNT3 genes split into two exons in Amniotes genome.

of B3GNTS3 that is split into two coding exons in the Amniotes
genome, whereas it is distributed in several exons in the BBGALNT2,
B3GLCT, C1GALT, FNG, CHPF and CHSY. Focusing on the human
B3GTs genes, we noticed their distribution across different human
chromosomes. Surprisingly, the vertebrate B3GTs genes encode for
proteins with extremely variable lengths ranging from about 350-
amino acid (aa) residues for the B3GALTs, B3GNTs, and FNGs to
800-aa residues for the CH (CHPF and CHSY) (Figure 2).
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Second criterion: sequence/structure similarities of GT31 protein
sequences. Secondly, we retrieved the aa sequences deduced from
these eukaryotic GT31-related genes to further investigate structural
similarities. Structure-based analyses performed on the predicted
proteins using the Simple Modular Architecture Research Tool
(SMART) (Letunic and Bork 2018; Letunic et al. 2015) showed that
the eukaryotic GT31 proteins are multidomain proteins containing
a combination of either a Galactosyl_T domain (PF01762) or a
FRINGE domain (PF02434) and an additional functional domain.
Indeed, we identified two major domain architectures of GT31
sequences each associating two domains, e.g., (i) X domain/GALT
domain and (ii) FRINGE domain/X domain. In the first X
domain/GALT domain architecture, the X domain coupled to the
GALT domain can be the domain of unknown function (DUF4094)
(PF13334), the galactose-binding domain Gal-bind_lectin (PF00337)
or the N-glycosylation protein domain EOS1 (PF12326) mostly
found in land plant GT31 sequences of clade 7 (Egelund et al.
2010). Interestingly, the Gal-bind_lectin domain is found alone
in other animal proteins (Wang et al. 2017). The X domain is
lost in the metazoan B3GALT6 and B3GALNT2 (clade 9), the
B3GALT/B3GNT (clade 8) and the plant GALT (clade 10). In the
second FRINGE domain/X domain architecture, two Fringe-related
(FR) domains (PF02434) named here FRINGE1 and FRINGE2 are
encountered in GT31 proteins. FRINGE1 can be associated to an
X domain DUF604 (PF04646) found in the plant GT31 clade 1, to
another FRINGE1 domain in B3GLCT (clade 2) or the X domain
can be lost as in FNG and plant GT31 clade 3. FRINGE2 domain is
associated to a CHGN domain (PF05679) as for the metazoan CH
sequences of clade 4 or the X domain can be lost as in CIGALT (clade
5). This protein architecture of the vertebrate GT31 corroborates the
variable protein length described above in Figure 2.

The 25 human GT31 proteins listed in Figure 2 and a few other
representatives of the 30 vertebrate GT31 subfamilies (described
in the molecular phylogeny section) were then selected to con-
duct multiple sequence alignments and investigate the presence of
conserved motifs (Supplemental Data) in the GalT and FRINGE
domains. Several conserved peptide motifs and cysteine residues have
been identified in the catalytic domain of B3GTs (Heinonen et al.
2006; Hennet et al. 1998; Narimatsu 2006) and more specifically
in mammalian and land plant B3GALTs (Patel and Balaji 2007; Qu
et al. 2008; Togayachi et al. 2006). The functional importance of
these motifs and the role of conserved aa residues for enzymatic
activity were further investigated in the mouse B3GALT1 through
point mutations and enzymatic assays (Malissard et al. 2002). In this
present analysis, we retrieved and refined five well-conserved motifs
that are signatures of all the GT31 members, and sequence logos
were established (Figure 3A). The first motif (motif I) refined here
(R/A/L)(R/A)xx(I/V/A)xx(T/S)W corresponds to the RxxxRxT/SW
previously described in B3GALTSs. It is preceded by a hydrophobic
motif that is conserved and specific for each GT31 group (data not
shown), which was described using Hydrophobic Cluster Analysis for
B3GALTs/B3GNTs (Patel and Balaji 2007; Qu et al. 2008). The tryp-
tophan residue (W) in motif I'is highly conserved in each GT31 group
(Supplemental Figure 1) and is likely involved in the binding of the
sugar nucleotide as suggested for UDP-Gal in the mouse B3GALT1
(Malissard et al. 2002). It is interesting to note that it is not conserved
in the vertebrate CHPF and CHPF2 sequences, which support the
view that these individual proteins would not be active enzymes but
rather chaperones stabilizing CHSY1 and CHSY3 and/or conferring
higher activities on CHSY in GAG biosynthesis (Izumikawa et al.
2008; Izumikawa et al. 2007; Ogawa et al. 2010). Similarly, this

first motif is not conserved in C1GALT1C1 sequences (Supplemental
Figure 1), the well-known cosmc (core 1 BGalT specific molecular
chaperone) playing as an essential and private chaperone of the
mammalian C1GALT1 for correct protein O-glycosylation (Ju and
Cummings 2005; Ju et al. 2006). Intriguingly, this first motif is
located far upstream of the other conserved motifs in the B3GALNT2
sequences (Figure 2), which suggests large insertion of exons very
early in the evolution of the Opisthokonta sequences. As for the
majority of GT-A fold enzymes classified in other CAZy families,
B3GT are metal dependent and show a DxD motif in their active site,
here included in the second motif (motif II), which helps coordinate
the metal ion and nucleotide-sugar (Taujale et al. 2020). This second
conserved motif is found in a hydrophobic pocket (Qu et al. 2008)
specific of each GT31 group (Figure 3B). A triple point mutation
in the DxD motif in the mouse B3GALT1 (DDF residues) led to
complete inactivation of the enzyme activity (Malissard et al. 2002).
Interestingly, the DxD motif is deleted in the vertebrate CIGALT1C1
sequences and is modified in the CHPF and CHPF2 (Supplemental
Figure 1), substantiating the idea that these proteins are not enzy-
matically active. The third conserved motif (Y/F/W)xG (motif III) is
described here for the first time. However, in the 3D structure, the
G residue of motif III is located far from the active site. The fourth
conserved motif GxxYxxS (motif IV) found in all GT31 (Figure 3)
constitutes the C-terminus part of a flexible G-loop, and the con-
served glycine residue is involved in donor binding (Taujale et al.
2020), and the first G residue of motif IV is located near the active
site. In addition, the conserved aromatic aa residues in GT31 motifs
11, III and IV were found to be well aligned in the MFNG structures
(PDB 2JOA and 2J0B with UDP and Mn) suggesting their structural
importance. The last conserved motif (motif V) (E/D)DVxxGx(W/C)
is located at the C-terminus part of the GT31, except for the CH
sequences. This conserved motif together with the DxD motif is
involved in catalytic functions of GT-A fold inverting GTs (Taujale
et al. 2020). The MFNG structure (PDB 2J0B) was solved with UDP
but without the substrate. However, motif IV and V seem to form
a cavity near the active site where the substrate could be located
(Figure 3B). The first two residues of motif V may play a crucial
role in substrate binding: (E/D)D. Indeed, the glutamic acid (E) and
cysteine (C) residues were shown to be critical for the enzymatic
activity of the mouse B3GALT1 (Malissard et al. 2002) and the
conserved glycine (G) residue was shown to be critical for the human
B3GALNTT1 activity (Hellberg et al. 2002).

Third criterion: molecular phylogeny of GT31 sequences. To assess the
orthology between the aa sequences of the 25 human GT31 sequences
and the ones found in Fungi and Viridiplantae and understand their
evolutionary relationships, we conducted phylogenetic analyses.
A major limitation of large scale phylogenetic analysis is that
it depends on a highly accurate multiple sequence alignment.
Therefore, we constructed a first simple dataset (Supplemental
Data 1), and for each selected GT31 sequence, we delineated
the B3GALT domain (PF01762) strictly assigned to the GT31
CAZy family that was subsequently solely used for multiple
sequence alignments (Supplemental Data 2). Using human $1,4-N-
acetylgalactosaminyltransferase (B4GALNT2) (CAZy family GT12),
B1,4-galactosyltransferase (B4GALT1) and B4GALT2 (CAZy family
GT7), a1,4-galactosyltransferase (A4GALT) or Gb3 synthase (CAZy
family GT32) and bovine «1,3-galactosyltransferase (GGTA1; CAZy
family GT6) sequences as outgroups according to Hennet 2002, a
maximum likelihood (ML) procedure was applied (see Materials
and Methods section). The resulting phylogenetic tree shown in
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Fig. 3. Schematic representation of the 5 conserved motifs of the GT31 sequences. (A) The vertebrate GT31 protein sequences used are those mentioned in
Supplemental Figure 2 and Supplemental Figure 3. Briefly, 1770 GT31 vertebrate sequences were selected and aligned using the multiple sequence alignment
tool Clustal W in MEGA 7.0 (Kumar et al. 2016) (Supplemental Data 2). Identification of the five signature motifs among GT31 homologues and a graphical
representation of aa residue conservation at each position of the multiple alignments were obtained using the Berkeley WebLogo tool (Crooks et al. 2004). The
letter size is proportional to the degree of aa conservation. The relative position of the 5 motifs noted |, Il, I, IV and V is schematized below. (B) Structural
representation of known and predicted sequence motifs. Ribbon representation of the mouse MFNG structure (PDB: 2J0A) with sequence motifs shown in
colors: | (red), Il (blue), Ill (green), IV (violet) and V (orange). The UDP molecule is shown in black in stick representation. Molecular representation and structural

analyses were performed with the UCSF ChimeraX (Goddard et al. 2018).

Figure 4 clearly organizes these GT31 sequences in two deeply rooted
branches and several clades. The nine GT31 orthologue groups
identified earlier in Metazoa are split into two major subgroups, the
FR subgroup encompassing FNG, CHPF, CHSY, B3GLCT, C1GALT
and C1GALT1C1 on one hand and the B3GALT-related subgroup
(BGR) with the B3GALT/B3GNT, B3GALT6 and B3GALNT?2 on the
other hand, corresponding, respectively, to the clades 1-5 and clades
6-11 defined by Egelund and collaborators (Egelund et al. 2010).
Our phylogeny data indicated that the first FR subgroup is itself
divided into FRa grouping FNG and B3GLCT and FRb grouping
CHPF, CHSY, C1GALT and C1GALT1C1 sequences, corroborating
Egelund views. Interestingly, the introduction of Fungi sequences
revealed a new clade restricted to Viridiplantae, sister to clade 1
that was named clade 1b (Figure 4). These Fungi and Viridiplantae
sequences are most often annotated as FNG in NCBI database and
are sister sequences to metazoan FNG. Of note, an FNG sequence
was found in the Fungi Ascomycota C. leucostoma that was not
described before (Gazave et al. 2009). The FRb contains Fungi
sequences, probably sisters to CH, enriching the clade 4 (Egelund
et al. 2010), whereas the C1GALT/C1GALT1C1 (clade 5) appears
to be restricted to Metazoa. Similarly, in the second BGR subgroup,
the introduction of Fungi sequences revealed a new clade, sister
to the plant-specific clade 7 that was named clade 7b (Figure 4).
Furthermore, the metazoan B3GALT6 and B3GALNT2 are no longer
sister sequences in clade 9 (Egelund et al. 2010) but are associated,
respectively, to plant clades 7 and 10. Since the resolution of ancient
relationships is a difficult task, we also analyzed the evolution of the

domain architectures of the GT31 members (Figure 4). Interestingly,
the two major domain architectures of GT31 sequences were found to
be split in each FR and BGR subgroup. According to our phylogenetic
analysis and studies of domain structure, GT31 sequences form two
monophyletic classes, which in turn form several divisions.

To go a step further and get a better understanding of the
dating and origin of vertebrate GT31-related gene subfamilies, we
constructed two new datasets restricted to Metazoa and their closest
sister group, the Choanoflagellata (Supplemental Data) (King et al.
2008). The first dataset is composed of GT31-related sequences
of the FR subgroup and was rooted by the human A4GALT and
B4GALNT?2 and a few sequences of the BGR subgroup. The topology
of the ML phylogenetic tree obtained (Supplemental Figure 2) is
similar to the one shown in Figure 4, with two major branches
corresponding to FRa (FNG and B3GLCT) and FRb (CHPE, CHSY
and C1GALT/C1GALT1C1). In the first FRa branch, we identified in
the Deuterostomes Branchiostoma floridae, Branchiostoma belcheri
tsingtauense and Saccoglossus kowalevski as well as in three
Drosophila species, a unique orthologue to the common ancestor
present before the split of the vertebrates Fringe sequences (i.e.,
LFNG, MFNG and RFNG). In early metazoans, we observed at least
five copies of this orthologue in the sponge A. queenslandica further
suggesting the occurrence of extensive lineage-specific duplications.
The FNG sequence found in the choanoflagellate Acanthoeca
spectabilis suggests that the Fringe activity was already present before
Metazoa emergence, a view supported by FNG-related sequences
found in Viridiplantae (clade 1) and Fungi (clade 1b). This further
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Fig. 4. ML phylogenetic tree of 62 GT31-related sequences from Metazoa, Fungi and Viridiplantae. An ML phylogenetic tree was constructed in MEGA 7.0 based on
the JTT + G matrix-based model (Kumar et al. 2016). A discrete gamma distribution was used to model evolutionary rate differences among sites [five categories
(+G, parameter = 1.9932)]. The rate variation model allowed for some sites to be evolutionarily invariable ([+], 0.00% sites). Sixty-two GT31 sequences limited to
their Galactosyl_T domain (PF01762) or FRINGE domain (PF02434) from the Metazoa Bos taurus (Bostau), Homo sapiens (Homsap), L. chalumnae (Latcha), Mus
musculus (Musmus), Pan troglodytes (pantro), from the Viridiplantae A. glauca (Absgla), A. thaliana (Aratha), Morus notabilis (Mornot), P patens (Phymit), and
from the fungi A. wentii (Aspwen), B. meristosporus (Basmer), C. leucostoma (Cytleu), M. verticillata (Morver), R. azygosporus (Rhiazy), R. graminis (Rhogra),
S. punctatus (Spipun), S. racemosum (Synrac), T. marneffei (Talmar), W. mellicola (Walmel), Xylaria grammica (Xylgram) and the human B4GALNT2 (GT12),
B4GALT1 (GT7), BAGALT2 (GT7), AAGALT or Gb3 synthase (GT32) and bovine GGTA1 (GT6) sequences used as the outgroup were selected for multiple sequence
alignments performed with MUSCLE in MEGA vers. 7.0 (Kumar et al. 2016) (Supplemental Data 1 for more sequence information and Supplemental Data 2 for
multiple sequence alignment). There were a total of 534 positions in the final dataset. Bootstrap values over 50%, obtained from 500 replicates, were indicated
on the corresponding branches. The topology of the ML tree indicates two deeply rooted branches corresponding to the subgroups FR and BGR and several
clades previously described (Egelund et al. 2010). Four clades, e.g., clades 1, 7, 10 and 11 are plant specific and seven clades (e.g., clades 2-6 and clades 8-9)
gather nonplant sequences. The nine metazoan GT31 orthologue groups are split into two subgroups, the FR subgroup comprised of FNG (clade 3), CHPF and
CHSY (clade 4), B3GLCT (clade 2) and C1GALT (clade 5) on one hand, and the BGR comprised of the B3GALT/B3GNT (clade 8), B3GALT6 (clade 7) and B3GALNT2
(clade 10), on the other hand. Two new clades restricted to Viridiplantae, e.g., clade 1b and clade 7b are evidenced in this ML tree. The metazoan B3GALT6
and B3GALNT2 are associated, respectively, to plant clades 7 and 10. Representative domain organizations of the eukaryotic GT31 proteins are schematized.
SMART (Letunic and Bork 2018; Letunic et al. 2015) showed that the eukaryotic GT31 proteins are multidomain proteins containing a combination of either a
Galactosyl_T domain (PF01762, pink box) or a FRINGE domain (PF02434, pink circle and pentagon) and an additional functional X domain. The X domain coupled
to the Galactosyl_T domain can be the DUF4094 domain (PF13334, yellow triangle), the galactose-binding domain Gal-bind_lectin (PF00337, blue triangle) or
the N-glycosylation protein domain EOS1 (PF12326, light pink diamond). No X domain is found in the metazoan B3GALT6, B3GALNT2, B3GALT/B3GNT and the
plant GALT (clade 10). Two FR domains (PF02434) named here FRINGE1 and FRINGE2 are encountered in GT31 domain architecture. FRINGE1 (pink circle) is
associated to an X domain DUF604 (PF04646, red triangle) in the plant GT31clade 1, to another FRINGE1 domain in B3GLCT (clade 2, a and b pink circles) or the
X domain can be lost as in FNG and plant GT31 clade 3. FRINGE2 domain (pink pentagon) is associated to a CHGN domain (PF05679, green square) in metazoan
CH sequences of clade 4 or the X domain can be lost as in C1GALT (clade 5).

0202 Joquieldag z uo Josn oS 1LSN Ad GE0L06S/980EBMO/GOIAIB/EE0 L0 L/10P/SI0IIE-00UBADE/(OIA|B/WO0"dNO"0ILSPEDE//:SARY WOl PAPEOjUMOC


https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa086#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa086#supplementary-data

Comparative genomics of animal B3-glycosyltransferases

suggests that emergence of the three vertebrate FNG sequences
is linked to the two rounds of whole genome duplication events
(WGD-2R) that took place at the base of vertebrates evolution
(Dehal and Boore 2005). A unique orthologue to the common
ancestor of vertebrates B3GLCT is found in early metazoans
such as the sponge A. queenslandica, and in the genome of the
choanoflagellate Codosiga hollandica, suggesting that orthologues
of the B3GLCT gene are also present in unicellular Eukaryotes.
In the second FRb branch, an orthologue to the common ancestor
present before the split of vertebrate C1GALTs (e.g., c1galt1 and the
newly described c1galt2 and c1galt3) and CIGALT1Cl1 is found in
the choanoflagellates Monosiga brevicollis and Salpingoeca rosetta.
Since the most basal taxa hosting both C1GALT1C1 and C1GALT
are the Deuterostome B. belcheri and the Cnidarians H. vulgaris and
Hydra magnifica, it is suggested a post-Spongia and pre-Cnidaria
divergence of C1GALT1C1 and C1GALTs (Supplemental Figure
2). Regarding the CHPF and CHSY (previously known as CSS),
we identified two series of orthologues to the common ancestor
present before the split of vertebrate CHPF (CHPF and CHPF2)
and CHSY (CHSY1 and CHSY3). The first divergence of CHPF
and CHSY likely dated back before the emergence of Metazoa since
an orthologue to the common ancestor of CHSY1 and CHSY3 is
already present in the choanoflagellate Salpingoeca urceolata. This
view is supported by the presence of CHPF and CHSY sequences
in the sponge A. queenslandica (Supplemental Figure 2). Regarding
the duplication events that led to CHPF, CHPF2 and CHSY1 and
CHSY3, they are likely associated to the WGD-2R events because (i)
the Agnathan Lethenteron camtschaticum is linked to the CHPF2
and (ii) there is only one orthologue to the common ancestor
of CHPF and CHPF2 in the Deuterostomes Ciona intestinalis
and B. belcheri.

The second dataset includes metazoan GT31-related sequences
of the BGR subgroup, rooted with P. patens sequences. Phylogenetic
analysis using the ML program provided the tree in Supplemental
Figure 3. It is organized in two deeply rooted clusters. The first one
named BGRa comprises the two enzymes families B3GALT6 and
B3GALNT?2 and the second one named BGRD groups the remaining
B3GALNT1, B3GNTs and B3GALTs. The BGRa cluster is rooted
in a P. patens sequence and both enzyme families are present in
the Porifera Xestospongia testudinaria, S. ciliatum and Oscarella
carmella, highlighting the presence of these two families already
in early Metazoa (Supplemental Figure 3). Moreover, a B3GALT6
sequence is found in the choanoflagellate M. brevicollis. The second
branch BGRD is a very large cluster rooted by a series of sponge
sequences found in S. ciliatum and Sycon raphanus, a series of
cnidarian sequences from H. vulgaris and Nematostella vectensis,
and two embedded series of mostly bilaterian invertebrate sequences,
named invertebrates 1 and 2 in Supplemental Figure 3. Among
these sequences, several were identified in Protostome genome of
the squids Watasenia scintillans and Octopus bimaculatus and
others in the Deuterostome genome of B. floridae and C. intestinalis
further suggesting that the last Protostome-Deuterostome common
ancestor already had complex B3-glycosylation machinery. However,
the ancient invertebrate 1 B3GALT sequences (anc-B3GALT) were
lost in vertebrates (Supplemental Figure 3 and Figure 5). The
remaining sequences of the BGRD cluster are divided into three
subclusters. The first subcluster BGRb1 comprises the vertebrate
B3GALT1, B3GALT2, B3GALTS5, B4AGALNT1 sequences and a
newly described vertebrate B3GALTS. It is rooted in two embedded
series of bilaterian sequences, named “Invertebrates 3-B3GALT”
in Supplemental Figure 3. BGRb1 is rooted in several sequences

from the Protostomes Arthropoda Drosophila melanogaster and
Apis mellifera and Mollusca (cephalopods) W. scintillans and the
Deuterostomes Hemichordata S. kowalevski and Cephalochordata B.
floridae, leading us to conclude that emergence of this first subcluster
happened in early Bilateria. These B3GALTs sequences are likely
responsible for the synthesis of type 1 disaccharide GalB1,3GlcNAc
found on N-glycans recently described in marine Deuterostomes
Echinodermata (sea cucumber and brittle star) (Eckmair et al. 2020;
Vanbeselaere et al. 2020). Interestingly, B3SGALT1 orthologues are
found in the Deuterostomes Acanthaster planci (Echinodermata)
and S. kowalevski (Hemichordata) further suggesting a prevertebrate
emergence of this subfamily. The subcluster BGRb2 gathers the
B3GALT#4 and the newly described B3GNT10 sequences. BGRb2 is
rooted by sequences of Cnidaria N. vectensis and bilaterians, e.g., the
Protostome D. melanogaster and the Deuterostome S. kowalevski
(noted “invertebrate 4-B3GALT” in Supplemental Figure 3). The
subcluster BGRb3 is restricted to B3GNT sequences. The basal
B3GNTS cluster is rooted by a sequence found in C. intestinalis
suggesting an ancient emergence of these sequences. The rest of
BGRD3 (i.c., B3GNT2, B3GNTS, B3GNT3, B3GNT6, B3GNT7,
B3GNTY9, B3GNT4 and the newly described vertebrate B3GNT11)
is rooted by two C. intestinalis sequences (Supplemental Figure 3).
The topology of the ML tree indicates that the B3GNT9, B3GNT4,
B3GNT7 and B3GNT11 subfamilies are likely resulting from
the WGD-2R events since they are rooted by lamprey sequences
of Petromyzon marinus and L. camtschaticum. The evolutionary
relationships of B3GNT2, B3GNTS8, B3GNT3 and B3GNT6 are
less obvious since lamprey sequences were found at the base of the
B3GNT2 and of the B3GNT3-B3GNT6 subfamily and required
complementary synteny/paralogy-based approaches to disentangle
their evolutionary history (see functional divergence of GT31 families
in vertebrates section). Anyway, the duplication leading to the two
clusters of four subfamilies can be dated before the emergence of
vertebrates. In summary, our investigations enabled us to propose
a scenario of the evolutionary relationships of the B3GTs in
Metazoa illustrated in Figure 5. It points to the existence of 10
GT31 orthologue groups, e.g., BBGALNT2, B3GALT6, B3GALTs,
B3GNTs, B3GLCT, FNG, C1GALT, C1GALT1C1, CHPF and CHSY
likely present in the ancestral genome of the Urmetazoa, the LCA
of Metazoa (Paps and Holland 2018). It suggests the implication of
the WGD-2R events at the root of vertebrates, which led to a burst
of gene novelties in the B3GALT/B3GNT and the emergence of 16
different vertebrate subfamilies. In addition, extraduplication events
during bilaterian and/or deuterostome evolution were observed,
before the emergence of vertebrates, as it was already described
for the sialyltransferase family ST8Sia (Harduin-Lepers et al. 2008).

Fourth criterion: sequence similarity network. It was desirable to pro-
vide a more detailed view of sequence similarity relationships across
this diverse GT31 multidomain protein family in a larger set of
tull-length sequences. Therefore, we also used sequence similarity
networks (SSN) (Atkinson et al. 2009) as a complementary approach
allowing the rapid generation of an all-versus-all comparison for
the analysis of a very large set of related GT31 sequences. A net-
work of 990 GT31 sequences was build using a permissive E-value
threshold corresponding to ~30% sequence identity. As previously
observed in the ML phylogenetic tree (Figure 4), this first SSN anal-
ysis highlights the comparatively low degree of similarity between
the members of the GT31 family, in particular for the FR-related
sequences of the FRa (FNG and B3GLCT) and FRb (CHPE, CHSY
and C1GALT/C1GALT1C1) subgroups (Figure 6A). Regardless of
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Fig. 5. Evolutionary scenario of the metazoan GT31 sequences. This schematic
depicts a model for the evolution of the eight orthologues groups (CHPF,
CHSY, FNG, C1GALT/C1GALT1C1, B3GALT/B3GNT, B3GALT6, B3GALNT2,
B3GLCT) of the BGR and FR clusters in the Viridiplantae, Fungi and early
metazoan lineages. This model is based on evidences from phylogenetic
analysis and it takes into account the two rounds of WGD-2R (WGD-R1 550
MYA and WGD-R2 500 MYA) that took place early in the vertebrate lineage. It
suggests the existence of 10 orthologue groups in early metazoans, 9 of which
could be identified in extant early metazoan, e.g., Porifera and Cnidaria. The
dark blue-colored boxes indicate the presence of the gene, whereas the white-
colored boxes represent gene loss. The numbers of vertebrate subfamilies are
indicated above boxes.

the presences of additional protein domains, the GT31 sequences
conserve similar relationships. The analysis also shows the close
relationship between B3GNT and B3GALT sequences that merge in
an impure cluster. The links between B3GALNT2 and B3GALT6
sequences point out the high degree of similarity within BGRa.
Additionally, B3GALT6 sequences are connected to an impure cluster
of 10 Viridiplantae and Fungi sequences.

In a second step, to further investigate the relationships between
B3GNT and B3GALT sequences, 485 sequences were used to
build a subnetwork with a stringent threshold (E-value = 1E—55),
which corresponds to ~35% sequence identity (Figure 6B). At this
level, the B3GNTS, B3GNT10 and B3GALT4 sequences can be
differentiated from the rest of the B3GNT and B3GALT sequences.
At a stringent threshold (E-value = 1E—75) corresponding to
~40% sequence identity (Figure 6C), the rest B3GNT and B3GALT
sequences separated into distinct groups. Sequences of B3GNT10 and
B3GALT4 form part of the same connected component where three
pure clusters can be distinguished: one of B3GNT10, one of five fish
B3GALT4 sequences and one bigger cluster of B3GALT4 tetrapod
sequences. Also, B3GALT4 sequences form a sparse cluster, compared
with B3GNT10, highlighting the relative high divergence between
its members. B3GNT sequences of invertebrates and lampreys,
B3GNT2, B3GNT3, B3GNT4, B3GNT6, B3GNT7, B3GNTS,
B3GNTY9, B3GNT11 (pink cluster on Figure 6C) form a cluster,
showing the close relationship between those sequences. B3GALT1,

B3GALT2, B3GALTS, B3GALTS and B3GALNT1 form a connected
component.

Functional divergence of GT31 families in vertebrates
To illuminate the origin of the vertebrate GT31 subfamilies and infer
which genetic events could account for the emergence of B3GTs
functional diversity in vertebrates, we next conducted extensive
comparative genomics analyses in vertebrate genomes. It has long
been accepted that WGD occurred twice during the evolution of
vertebrates (WGD-2R model) around 500 and 555 million years ago
(MYA) providing an important source of duplicate genes known as
ohnologues (Ohno 1970) with the potential to diverge in various
protein functions through neo- or subfunctionalization. We iden-
tified ohnologue gene pairs using paralogy and synteny analyses
and these findings were confirmed using ancestral genome recon-
struction according to the N-model (Nakatani et al. 2007) and
the P-model (Putnam et al. 2008) previously described for sialyl-
transferases (Chang et al. 2019; Harduin-Lepers, 2010; Petit, et al.
2015). A third-round fish-specific genome duplication known as
teleost genome duplication (TGD) occurred before Teleosts radiation
around 350 MYA (Amores et al. 1998; Meyer and Van de Peer
2005), which generated extra copies of fish genes. For sake of clarity,
the details of these various analyses conducted for each vertebrate
subfamily are given in Supplementary Data 3. Also, several genetic
events of gene deletion or single gene duplication or translocation and
extensive chromosomal rearrangements occurred, which have shaped
the vertebrate GT31 repertoire (Table I). Altogether, this accurate
identification of B3GT homologues (paralogues and orthologues)
sharing common ancestry enabled us to predict function evolution
of GT31 proteins in vertebrates and the vertebrate 83-glycosylation
landscape.

In the FR subgroup comprised of B3GLCT and FNG (FRa), and
CHPEF, CHSY, C1GALT and C1GALT1C1 (FRb), the six metazoan
families underwent variously the genome duplication events (WGD-
2R and TGD). B3GLCT is the unique member of the vertebrate b3glct
subfamily. Despite two rounds of WGD, a single-copy b3glct gene is
distributed in all the investigated vertebrate species with the notable
exception of Teleosts, which show b3glct co-orthologues. These data
and our phylogenetic analysis (Supplemental Figure 2) indicate a
highly conserved subfamily in vertebrates and a fundamental role
of this B3-glucosyltransferase known to catalyze the attachment of
glucose to O-linked fucose via a B1,3-glycosidic linkage on throm-
bospondin type 1 repeats of extracellular proteins in mammalian
tissues (Kozma et al. 2006; Sato et al. 2006). In vertebrates, the FING
expanded into the three subfamilies mfng, rfng and Ilfng after the
WGD-2R events (Supplemental Figure 4). The mammalian 83-N-
acetylglucosyltransferases act on O-linked fucose in the epidermal
growth factor motifs in Notch (Holdener and Haltiwanger 2019;
Rampal et al. 2005), thereby modulating notch signaling Notch/Delta
interactions (Briickner et al. 2000; Moloney et al. 2000). Mammalian
LFNG, MFNG and RFNG are expressed in a tissue-specific and
developmentally regulated manner, further suggesting their subfunc-
tionalization along vertebrate evolution.

The CHPF and CHSY families, which mapped to the root of
the Metazoa tree (Figure 4), expanded into four subfamilies in
vertebrates CHPF, CHPF2 and CHSY1 and CHSY3 after the WGD-
2R. In addition, two chpf-related genes resulting from the TGD were
identified in Otocephala fish (Supplemental Data 3). The mammalian
CH enzymes possess a dual activity catalyzing the transfer of
N-acetylgalactosamine (GalNAc) residue (referred to GalNACT-II

0202 Joquieldag z uo Josn oS 1LSN Ad GE0L06S/980EBMO/GOIAIB/EE0 L0 L/10P/SI0IIE-00UBADE/(OIA|B/WO0"dNO"0ILSPEDE//:SARY WOl PAPEOjUMOC


https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa086#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa086#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa086#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa086#supplementary-data

Comparative genomics of animal B3-glycosyltransferases 9

ClGALT1C1
C1GALT

P

N
B3GNT/B3GALT ‘-i\::*f
Ve

FNG

A | B3GALNT2 D L

n

B3GLCT

Fig. 6. Protein SSN of metazoan GT31 sequence. The full-length protein sequences listed in supplementary data 1 were used to generate the SSN (Atkinson et al.
2009) visualized with Cytoscape. The sequences are represented as nodes colored according to the subfamily to which they belong. The lines between two nodes
are drawn if the BLAST E-value is below a given threshold. (A) The network is composed of 990 GT31-related sequences, the E-value threshold = 1E—29, which
corresponds to ~30% of sequence identity. B3SGALNT2 and B3GALT6 sequences are well separated, FNG and B3GLCT sequences form two distinct clusters,
whereas C1GALT1C1 and C1GALT on one hand, and CHPF and CHSY on the other are found in the same cluster. Finally, all the B3GNT (dark pink) and B3GALT
(dark green) sequences merge in one cluster. This latter B3GNT/B3GALT cluster boxed with dashed lines was further investigated at more stringent thresholds
to visualize subfamilies. (B) A subnetwork composed of 485 sequences of B3GNT and B3GALT at E-value threshold = 1E-55 (~35% sequence identity) and a
subnetwork at E-value threshold = 1TE—75 (~40% sequence identity) (C) are shown. The “B3GNT” cluster (pink) comprises B3BGNT sequences of invertebrates and
lampreys, and sequences from the subfamilies B3GNT2, B3GNT3, B3GNT4, B3GNT6, B3GNT7, B3GNT8, B3GNT9, B3GNT11. Interestingly, BSGNT5 sequences
form a distinct cluster (yellow), whereas B3GNT10 and B3GALT4 sequences are part of the same connected component where three pure clusters are observed
(i.e., BSGNT10, five fish B3GALT4 and the rest of B3GALT4 tetrapod sequences forming a sparse cluster). Besides the B3GALT5 (blue), B3GALTS8 (orange) and
B3GALNT?1 (light blue), the “B3GALT"” cluster includes B3GALT1 (light yellow) and B3GALT2 (light green) sequences. B3GALT singletons (green disconnected

nodes) correspond to invertebrates, fungi and Viridiplantae sequences.

activity) and the transfer of a glucuronic acid residue (called GIcAT-
I activity) leading to the formation of (—4GlcAB1-3GalNAcB1-)
repeat units in chondroitin sulfate (CS) (Mikami and Kitagawa 2013).
Although the specific enzymatic activity of each CH enzyme is still
a matter of debate, it appears that CS polymerization results from
the formation of an enzyme complex involving any of the synthase
CHSY1 or CHSY3 with a polymerizing factor CHPF or CHPF2
(Izumikawa et al. 2008; Izumikawa et al. 2007; Ogawa et al. 2010)
acting as a chaperone modulating CS biosynthesis. The C1GALT
and C1GALT1C1 families are two very ancient families already
found in Choanoflagellata (Figure 5). A unique copy of clgalticl
gene is found in all the investigated vertebrate species suggesting
that the WGD-2R and TGD did not impact this ancient family
(Table I). Additional c1galt1c1 homologues identified in the genome
of mouse and human likely correspond to two distinct pseudogenes
recently translocated in the mammalian genomes (Supplemental Data
3). Our phylogenetic and synteny analyses of the vertebrate c1galt
loci illustrated in Figure 7 revealed the existence of three vertebrate
C1GALT subfamilies that we named C1GALT1, C1GALT2 and
C1GALT3 resulting from the WGD-2R events (Figure 7). The
clgalt3 and clgaltl/clgalt2 subfamilies split around 550 MYA
(WGD-R1) and clgalt2 and clgaltl around 500 MYA (WGD-
R2). Interestingly, c1galtl appeared to be lost in Teleost genomes,
whereas duplicate c1galt2 genes were found in most ray-finned
fish genome, as a result of the TGD. The clgals2 and clgalt3
were lost in mammalian genomes. The mammalian C1GALT1
catalyzes the transfer of a galactose residue from UDP-Gal onto
the mucin-type O-glycan known as Tn antigen (GalNAca1-Thr/Ser)
to form the T antigen (GalB1,3GalNAca1-Thr/Ser) (Figure 1B) (Ju,
Brewer et al. 2002; Ju, Cummings et al. 2002; Ju et al. 2006). A

recent system glycomics analysis of adult zebrafish tissues identified
major O-glycans based on core-1 GalB1,3GalNAc-ol and core-
2 GalB1,3[GIcNAcB1,6]GalNAc-ol structures (Yamakawa et al.
2018) further suggesting that c1galf2 and/or clgalt3 could share
the same function as clgaltl in fish tissues. Interestingly, the
expression of active T-synthase in vertebrates requires a unique
molecular chaperone, C1GALT1C1 (cosmc) for correct protein
folding, enzyme activity and correct protein O-glycosylation (Ju and
Cummings 2005; Ju et al. 2006). A cosmc binding region (CBRT)
(LYQKVRILCWVMTGP) was identified within the N-terminal stem
domain of the vertebrate C1GALT1, which enables cosme-C1GALT1
interaction in the endoplasmic reticulum (Aryal et al. 2014). This
CBRT region is well conserved in the vertebrate CIGALT2 sequence,
but not in the C1GALTS3, further suggesting that the C1GALT2 could
interact with CIGALT1C1 retaining a T-synthase activity, whereas
the C1GALT3 has lost this property. However, this remains to be
experimentally checked since the invertebrate C1GALT1 do not
require the cosmc chaperone to be correctly folded and fully active
(Ju et al. 2006).

As described above, the BGR subgroup includes three ancient
orthologue groups B3GALNT2 and B3GALT6 (BGRa) and
B3GALT/B3GNT (BGRD) that individualized before the emergence
of early Metazoa (Figure 5). A single-copy b3galnt2 gene is found
in all the vertebrate species suggesting that the WGD-2R had
no impact on this gene family (Table I). The human B3GALNT2
enzyme catalyzes the transfer of GalNAc residues from UDP-GalNAc
leading to the formation of type-1 LacdiNAc (GalNAcB1,3GlcNAc-
R) (Figure 1), a rare structure found onto the O-Man glycans of
alpha dystroglycan and in HeLa cells (Hiruma et al. 2004; Nakane
et al. 2019). Likewise, a single-copy b3galt6 gene is found in the
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Table I. Distribution of GT31 in metazoa. This table shows the nine orthologue groups of GT31 found in metazoan genomes and the 30
vertebrate subfamilies. @ the gene is present, ® the gene is absent, /P the gene is present in some species, but not all, P the gene
is duplicated in teleost fish genomes. New subfamilies are described in vertebrates: B3GALT8, which is not found in human genome and
is closely related to B3GALT2; BBGNT10 named as it is in HGNC This gene is related to B3GALT4 and should be named B3GALT9 since
it is likely a BBGALT. Other newly described vertebrate subfamilies include B3GNT11, C1GALT2 and C1GALT3, which are lost in human

genome.
Domain Family Subfamily Mammals  Birds/Reptiles ~ Amphibians Teleost fish Deuterostomes Early Metazoa
anc-B3GALT anc-B3GALT © © © © ® ®
B3GALTI 2> 2> 2> DD ®
B3GALT2 ® ® ® D
B3GALTS ©) © ® o
B3GALTS5 (S3] (S3] 5] © ®
B3GALNTI (&3] ® ® ©
B3GALT4 e ® ® D
B3GNTI10 e @ ® &) ®
Ea B3GALT B3GNT5 ® o o e (&) ®
i /B3GNT B3GNT4 ® ® © @
Q E B3GNT9 ® ® ® 2>
= B3GNT7 ® ® ® )
B3GNTI1 @) © ® D
B3GNT3 ® © @ o ®
B3GNT6 ® © © ©
B3GNT2 ® ® ® o
B3GNTS ® © ® SL)
B3GALNT2 B3GALNT2 ® &) ® ® ) ®
B3GALT6 B3GALT6 2> 2> ® ® ) ®
B3GLCT B3GLCT [ ) ) [e1) ) )
LFNG @ (<3] (<3] (5]
FNG MFNG o ® ® ® s} )
RFNG ® ® ® &)
G CIGALTI @ ) e ©
% ¢ CIGALTI CIGALT2 © e e (e1) ® ()
Z2 CIGALT3 © © © )
i CIGALTICI  CIGALTICI ® o ® ® ® ©
CHPF @ ) () (S1)
CHPF CHPE2 . o . - @ &)
CHSY CHSY1 ® ® ® o ® ®
CHSY3 ® ® ® &)

Metazoa genome and no expansion of this gene family could be
evidenced in vertebrates (Table I). The human B3GALT6 enzyme
plays essential role in the GAG core synthesis leading to the formation
of the GalB1,3GalB1,4Xyl-O-Ser linker region (Cole et al. 2001) and
mutations in the human B3GALT6 gene cause a spectrum of skeletal
and connective tissue disorders (Malfait et al. 2013; Nakajima et al.
2013).

As mentioned, the BGRb is an extremely large cluster that
expanded dramatically at the dawn of vertebrates. The BGRb1
subcluster is composed of five vertebrate subfamilies B3GALT1,
B3GALT2, B3GALTS, B3GALTS and B3GALNT1 (Supplemental
Figure 3). Our phylogeny and synteny analysis (Supplemental Figure
5A and Supplemental Data 3) indicate that the b3galt1 gene likely
emerged before the WGD-2R events. Orthologues were identified in
the main groups of Gnathostome vertebrates (Table I) and b3galt1
co-orthologues resulting from the TGD 350 MYA were maintained
in Teleosts. Orthologues of the b3galt2 genes were found in all the
vertebrate species including Teleosts (Table I). Several copies of the
b3galt2 likely resulting from species-specific gene duplications were
found in the lampreys P. marinus and L. camtschaticum and the
inshore hagfish Eptatretus burgeri genomes. The newly described

b3galt2-related genes named b3galt8 represented a novel vertebrate
B3GT subfamily found in Squamata (lizards and snakes), in turtles
and Archosauria (birds and crocodilian). Orthologues were also
identified in Amphibians and ray-finned fishes (Table I). Our data
indicate that b3gals2 and b3galt8 are ohnologues likely resulting from
the second WGD-2R (WGD-R2) (Figure 8, Supplemental Figure SA
and Supplemental Data 3). Orthologues of the B3GALTS sequences
were found in Tetrapod genomes, but none could be found in
ray-finned fishes (Table I). Mammalian B3GALT1, B3GALT2 and
B3GALTS5 enzymes are known to be involved in the formation of
type-1 N-acetyllactosamine (LacNAc) (Galg1,3GlcNAcB1,-R) (lacto
series) and type 3 GalB1,3GalNAcB1,-R (globo-series) disaccharides
(Henion et al. 2001; Isshiki et al. 1999; Togayachi et al. 2008).
Therefore, B3GALTS is predicted to catalyze the transfer of a
galactose residue from UDP-Gal to form LacNAc disaccharides.
The mammalian B3GALTS enzyme is also known to synthetize the
sialylLewisa (sLe®) and the stage-specific antigen-3 (CA19.9/SSEA-
3-synthase). B3GALTS is not expressed in fish tissue supporting
previous observation that Le?, Le® and type-1 disaccharides were not
detected in zebrafish tissues (Yamakawa et al. 2018). Orthologues
of the b3galnt1 gene could be identified in Amniotes but was not
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Fig. 7. Evolutionary relationships of vertebrate C1GALT: (A) Molecular phylogenetic analysis by ML method of the C1GALTs. The evolutionary history was inferred
by using the ML method based on the JTT matrix-based model in MEGA 7.0 (Kumar et al. 2016). The ML tree is drawn to scale, with branch lengths measured in
the number of substitutions per site. The analysis involved 37-aa sequences (sequence information of the eight invertebrate C1GALT, three vertebrate C1GALT3,
two lampreys C1GALTs, 10 C1GALT1, six vertebrate C1GALT2, four Teleost C1GALT2-r1 and four C1GALT2-r2 sequences can be found in Supplementary Data).
There were a total of 384 positions in the final dataset. (B) Synteny relationships around the c7galt gene loci in vertebrate genomes. The schematic indicates the
chromosome localizations of the c7galt1, c1galt2 and c1galt3 in the human (H. sapiens, Hsa), the mouse (M. musculus, Mmu), the chicken (Gallus gallus, Gga),
the lizard (Podarcis muralis, Pmur), the coelacanth (L. chalumnae, Lcha), the spotted gar (Lepisosteus oculatus, Locu), the Japanese medaka (O. /atipes, Ola)
and the reedfish (Erpetoichthys calabaricus, Erpcal). The c1galt genes (e.g., c1galt1, c1galt? and c1galt3) are indicated in red when present on the chromosome
or in gray when lost from the genomic region. The putative orthologues were retrieved from the NCBI and ENSEMBL servers using chromosome walking and
reciprocal tblastn and also the latest ENSEMBL dataset (ENS70) at the synteny database site (http://teleost.cs.uoregon.edu/synteny_db/) (Catchen et al. 2009)
and they were visualized using the Genomicus 93.01 website (Louis et al. 2012). Conserved neighboring gene loci are indicated in black and those loci in the
vicinity of c7galt genes belonging to fish-specific paralogons are indicated in green.

found in teleost fish (Table I). As illustrated in the ML phylogenetic
tree (Supplemental Figure 3), the BSGALNT1 subfamily, previously
known as B3GALTS3, is evolutionary related to B3GALT1, B3GALTS,
B3GALT2 and B3GALTS. These long-branched sequences suggest
the occurrence of many substitutions that could explain a change
of function at the base of vertebrate evolution. Indeed, the human
B3GALNT1 enzyme was shown to use UDP-GalNAc and not UDP-
Gal as a donor substrate and the globotriaosylceramide as an
acceptor substrate (Gb3, Pk antigen). It is involved exclusively in
the synthesis of the P antigen as part of the globoside (GLOB) blood
group system to form Gb4 (Figure 1) (Hellberg et al. 2002; Okajima
etal. 2000). Teleost fishes lack the b3galnt1 gene, which corroborates
with the fact that globosides were not detected in the zebrafish tissues
(Yamakawa et al. 2018).

The BGRb2, rooted by the Deuterostome S. kowalevski, gath-
ers B3GALT4 and the newly described B3GNT10 subfamilies. The
b3galt4 orthologues show a patchy distribution in the vertebrate

genomes (Table I). Intriguingly, the b3galt4 orthologue appears to
be lost in several vertebrate genomes. The mammalian B3GALT4
enzyme determines the synthesis of glycosphingolipids of the ganglio-
series, e.g., GD1b, GM1 and GA1 (Figure 1) and therefore is also
known as the GM1-synthase (Amado et al. 1998; Daniotti et al.
1999; Miyazaki et al. 1997). Interestingly, it was suggested that it
could affect lipid concentrations by modifying lipoprotein receptors
(Willer et al. 2008) and more recently it was shown to catalyze the
transfer of a Gal residue from UDP-Gal to the 81,4GalNAc side chain
of glycosylphosphatdylinositol (GPI)-anchored proteins (Wang et al.
2020). Our data indicate that the B3GALT4 functions are restricted
to a few vertebrate species (Supplemental Figure 5B). It remains
unclear whether these gangliosides and/or GPI side chain could be
synthetized in chicken tissues, for instance (Hirabayashi et al. 1991)
and if so, what is the nature of the biosynthetic enzyme. An expla-
nation might come from the existence in the vertebrate genomes of
an additional b3galt4-related gene that was annotated B3GNT10 by
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Fig. 8. Scenario illustrating the evolutionary history of BGRb cluster in vertebrates. For each subcluster (BGRb1: B3GALT2, B3GALT8, B3GALNT1, B3GALT5 and
B3GALT1; BGRb2: B3GNT10 and B3GALT4; BGRb3: B3GNT4, B3GNT9, B3GNT7, B3GNT11, B3GNT2, B3GNT8, B3GNT6, B3GNT3 and B3GNT5), the duplication
events are localized relatively to the two rounds of WGD-2R that occurred in early vertebrates and the one specific to teleost fishes (TGD). The presence (full
dark blue boxes) or loss (full white boxes) of genes in the major vertebrate branches is indicated. In addition, B3GT genes present in some vertebrate species
but not all are indicated by dashed light blue boxes. Association of BGRb subfamilies to the ancestral protochromosomes of vertebrates VAC A and VAC F are
indicated above in purple letters. In Bilateria and in Deuterostoma, tandem duplications that likely occurred before the WGD-2R events are boxed, whereas the

remaining duplication events are of unknown origin.

the HUGO gene nomenclature committee (HGNC ID:53652). This
is likely a nonfunctional gene (pseudogene) in the human genome
since no start codon could be detected and no encoded product
could be demonstrated yet. However, an orthologue was identified
in some vertebrate species, which could potentially generate a pro-
tein (Table I). Our synteny data indicated that these two genes are
ohnologues that emerged from the WGD-2R events (Supplemental
Figure 5B and Figure 8). We predict that the B3GNT10 enzyme is
a B3GALT catalyzing the transfer of galactose residues from UDP-
Gal that could rescue B3GALT4 in b3galt4-defective organisms.
Therefore, this enzyme should be named B3GALTY, although this
remains to be experimentally assessed.

The last subcluster BGRb3 is extremely large and restricted to
B3GNT sequences. The basal B3GNTS subfamily is rooted by a
sequence found in C. intestinalis suggesting its ancient emergence
predating the WGD-2R events (Supplemental Figure 3).

Orthologous b3gnt5 genes were found in all the vertebrate species
and co-orthologues were identified in some Teleosts like the Cyprini-
formes Cyprinus carpio and Danio rerio, whereas most of the fish
genomes lost one b3gnt5 gene copy (Supplemental Figure 5B). Our
comparative genomics data further suggested that TGD impacted
this subfamily (Supplementary Data 3). The mammalian B3GNTS

enzymes have a specific core transferase activity catalyzing the entry
point for Lacto-/Neolacto-series glycolipids leading to the formation
of GIcNAcB1,3Galp1,4Glc-Cer structure and therefore are known
as the Lc3-synthase (Henion et al. 2001; Togayachi et al. 2001).
The rest of BGRb3 subcluster, e.g., BSGNT2, B3GNTS, B3GNTS3,
B3GNT6, B3GNT7, B3GNTY, B3GNT4 and the newly described
B3GNT11 is rooted by two C. intestinalis and one P. marinus
sequences (Supplemental Figure 3). One copy of the b3gnt2 gene
is found in the Agnathan branch and orthologues of the b3gni2
gene exist in all the vertebrate genomes (Table I and Figure 8). In
addition, b3gnt2 co-orthologues were identified in Teleosts resulting
from the TGD (Supplemental Figure 5C). The B3GNTS8 subfamily,
previously known as B3GALT7 (Huang et al. 2004), represents the
closest relative of the B3GNT2 sequences. Interestingly, no b3gnt8
orthologue was found in the in avian branch; it is notably absent
from chicken but is found in the Squamata (Lizards and snakes)
and Sauria (Crocodilia) branch. Two b3gnt8-related co-orthologues
were found in Teleosts indicative of the occurrence of TGD event,
although one duplicate was lost in other fish species like in medaka
(Supplemental Figure 5C). Our synteny analyses revealed that b3gnz2
and b3gnt8 genes are ohnologues issued from the WGD-2R (Sup-
plemental Data 3 and Figure 8). The mammalian B3GNT2 is the
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major enzyme involved in polylactosamine synthesis, a carbohydrate
structure made of repeats of LacNAc (GalB1-4GIcNAcB1-3) unit
(Togayachi et al. 2010) carried on glycolipids of the Neolacto-series
(GleNAcB1,3Galp1,4GlcNAcB1,3GalB1,4Glc-Cer). As illustrated in
Figure 1, B3GNT2 is also involved in the initiation and elongation of
keratan sulfate-I (KS-I) and KS-II found on N- and O-glycans lead-
ing to the formation of GlcNAcp1,3Galg1,4GlcNAcB1,2Man- and
GIcNACc1,3Gal B1,4GIcNAcA1,6GalNAca1-Ser (Sasaki et al. 1997;
Shiraishi et al. 2001). The human B3GNTS8 is a polylactosamine-
synthase acting preferentially on tetra-antennary N-glycans having
a B1-6 branch (Ishida et al. 2005). Interestingly, the mammalian
B3GNTS8 enzyme physically associates with B3GNT2 to increase
polylactosamine synthesis (Seko and Yamashita 2005) and its absence
in some vertebrate species could have an impact on polylactosamine
synthesis in these species. The sister branch encompasses B3GNT3
and B3GNT6 sequences that are rooted by several lamprey sequences
found in P. marinus and L. camtschaticum. Interestingly, the open
reading frame of the human B3GNT3 gene is split into two coding
exons (Figure 2), with the exon/intron junction located between the
two conserved motifs I and II. This gene organization was found in
all the placental (Eutheria) mammals’ b3gnz3 genes but not into the
egg-laying mammals, suggesting that it was acquired in the LCA of
Eutheria (Kordis 2011). Orthologues of the b3gnt3 gene are found in
all the vertebrate species (Table I). The human B3GNT3 was shown
to have very little activity in the synthesis of poly-LacNAc chains
and native acceptors remain to be identified (Shiraishi et al. 2001;
Togayachi et al. 2001). Interestingly, we found that the B3GNT6
sequences are restricted to Eutherian mammals (Table I). Our com-
parative genomics data (Supplemental Figure 5C) suggest two possi-
ble evolutionary scenarios for the b3gnt6 gene illustrated in Figure 8:
(i) Orthologues could have been lost in birds, amphibians and fish
genomes. (ii) Alternatively, the BSGNT6 gene could have a more
recent origin in the LCA of Eutheria about 102 MYA. The topology
of the ML tree shows that BBGNT6 sequences are embedded in the
B3GNTS3 cluster (Supplemental Figure 3). This observation favors
the idea that they may arise by rearrangement of already existing
duplicated B3GNT3 sequences in the stem lineage of Eutheria. The
human B3GNT6 gene encodes the core 3 synthase, an enzyme with
narrow acceptor specificity that catalyzes the transfer of GlcNAc
residue from UDP-GIcNAc to the Tn antigen GalNAc-O-Ser leading
to the formation of GIcNAcB1,3GalNAc-O-Ser on O-glycans (Iwai
et al. 2002). Interestingly, core 3 GlcNAcB1,3GalNAc-ol and core
4 GIcNAcB1,3[GlcNAcB1,6]GalNAc-ol are very minor components
in zebrafish tissues (Yamakawa et al. 2018). Our data led us to
propose that the B3GNT3 enzyme present in the LCA of vertebrates
could promiscuously catalyze the synthesis of core 3 O-glycans, an
exquisite substrate specificity that was selected by B3GNT6 at the
root of placental mammalian evolution. In each of the B3GNT4,
B3GNT7, B3GNTY and the newly described B3GNT11 remain-
ing subfamilies, a shark Rhincodon typus orthologous sequence
could be identified. A b3gnt7 gene orthologue was found in the
main vertebrate phyla (Table I). We noted the presence B3GNT7-
related sequences mostly in sharks, ray-finned fishes, the coelacanth
Latimeria chalumnae and frogs Silurana tropicalis, Xenopus laevis,
Nanorana parkeri that were named B3GNT11 (Supplemental Figure
3). Our synteny analyses indicated that the B3GNT7 and B3GNT11
were ohnologues issued from the WGD-2R (Supplemental Figure 5C,
Supplemental Data 3). The mammalian B3GNT7 enzyme is known to
be a B3GNT involved in KS-I and KS-II found on N- and O-glycans
leading to the formation of GlcNAcB1,3GalB1,4GlcNAcB1,2Man-
and GIcNAcB1,3Gal B1,4GIcNAcB1,6GalNAcal1-Ser biosynthesis

(Kataoka 2002). Therefore, we suggest that B3GNT11 would be
a B3GNT using UDP-GIcNAc as a donor substrate, although its
substrate specificities remains to be studied. Orthologues of the
b3gnt4 gene show a patchy distribution in vertebrate genomes. It is
found in birds and amphibians, in the spotted gar and several Teleost
genomes like the Salmoniformes and Esociformes (Table I). However,
no b3gnt4 could be identified in Otocephala like the Cypriniforme
D. rerio nor in the Neoteleosteii like the Beloniforme Oryzias latipes
(Supplementary Figure 5C). As illustrated in Figure 1, the human
B3GNT4 uses UDP-GIcNACc to catalyze the initiation and elongation
of poly-LacNAc sugar chains and the initiation type-I synthesis
leading to the formation of GIcNAcB1,3Galg1,4(SO3)GlcNAcB-R
(Shiraishi et al. 2001). Orthologues of the b3gnt9 gene were found in
all the vertebrate species (Table I and Supplemental Figure 5C). The
enzymatic activity of B3GNT9 is not described yet, but it is likely
involved in the formation of GIcNAcB1,3Gal and polylactosamine
biosynthesis.

Altogether, our phylogeny and synteny analyses enabled us to
propose a global scenario for the evolutionary history of the BRGb
cluster illustrated in Figure 8. Central to this scenario is the obser-
vation that the same vertebrate ancestral protochromosome (VAC
A) bears the ancestor sequences of b3galt2/8, and b3gnt10/b3galt4
in the subclusters BGRb1 and BGRb2. Each subcluster is rooted
by protostomes and deuterostomes sequences, further suggesting
that tandem duplication firstly occurred in Bilaterians before the
split of Protostoma and Deuterostoma. Similarly, VAC F bears the
ancestor sequences of b3gnt5, b3gnt7/11 and b3gnit6 in the BRGb3
subcluster. Since only deuterostomes sequences root this subgroup, it
is suggested that two successive tandem duplications occurred in late
deuterostomes, giving rise to the ancestors of these genes that were
further affected by the WGD-2R events.

Conclusion

In conclusion, among the 10 orthologue groups of GT31 sequences
likely present in the Urmetazoa, the LCA of Metazoa, 9 were identi-
fied in Porifera and Cnidaria, the still-living earliest clades, testifying
of their very ancient divergence. These basal metazoans possess a
rich repertoire of GT31 sequences resulting from their own gene
duplications and their specificities are still to be investigated. Thirty
individual GT31 subfamilies were issued from the 10 GT31 ortho-
logue groups and emerged in vertebrates mainly following the WGD-
2R events. Our exploration of the vertebrate genomes evidenced
three B3GALT/B3GNT and two C1GALT novel subfamilies that
were lost in humans. Also, several GT31 subfamilies were lost in
Teleosts constituting evolutionary knock-out (KO) models for human
diseases. The activities and substrate specificities of the vertebrate
B3GT enzymes have been enlightened by experiments achieved in a
few mammalian model organisms (mostly mouse and human) and
further experimental is needed to shed light on the similarities and
differences in other vertebrate models like the zebrafish and medaka.

Materials and methods

Sequence collection/identification

The vertebrate GT31 CAZyme aa sequences available at URL http://
www.cazy.org/ currently (April 2020) contains 110 GT were used
as seed sequence to search for homologous sequences in NCBI
using BlastP (protein database) or Transcriptome Assembly database
to avoid pseudogenes or chimeric sequences. We selected target
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organisms the Fungi and Viridiplantae, focusing on A. thaliana
and P. patens. Among the metazoans, we specially choose Sponges
(Porifera), Cnidaria, Ciona, Branchiostoma and most vertebrate mod-
els.

Sequence alignment and phylogenetic analysis

Many sequences of GT31 CAZy family include an extradomain that
could be identified using the SMART (http://smart.embl-heidelberg.
de/) (Letunic and Bork 2018; Letunic et al. 2015) Since these extrado-
mains [e.g., DUF4094 (PF13334), DUF604 (PF04646), the galactose-
binding domain Gal-bind_lectin (PF00337), the N-glycosylation
protein domain EOS1 (PF12326) and the CHGN domain (PF05679)]
prevented correct alignments between sequences as in some cases,
there was a loose analogy with the sequences of GTs, we restricted
the sequence alignments to the GT31 domain itself, using Muscle
program implemented in MEGA vers. 7.0 (Kumar et al. 2016).
The parameters corresponding to the best aa substitution model
determined by the Akaike criterion implemented in MEGA was
chosen (JTT + G) for phylogenetic reconstruction. The phylogenetic
topologies were obtained using ML with 500 bootstrap replicates for
the evaluation of their branch supports.

Identification of conserved synteny, paralogon

detection and ancestral genome reconstruction

To determine the existence of paralogons, i.e., chromosome segments
affected by genome duplications within vertebrates, a list of
paralogue genes located upstream and downstream each GT31
locus was searched using NCBI and the latest ENSEMBL data
set (ENS70). The detection of paralogous blocks was also done
at the Synteny Database site (http:/teleost.cs.uoregon.edu/synteny_
db/, last accessed May 2020) (Catchen et al. 2009) and visualized
at the Genomicus site (version 93.01) (http://www.dyogen.ens.fr/
genomicus/, last accessed May 2020) (Louis et al. 2012). Synteny
(blocks of orthologous genes) between vertebrate GT31-related genes
in invertebrates was assessed by manual chromosomal walking and
reciprocal BLAST searches of genes adjacent to GT31 gene loci
in human (Hsa), mouse (Mmu), chicken (Gga), medaka (Ola) and
spotted gar (Loc) genome databases. Search several genes located
upstream and downstream each GT31 paralogues in vertebrate
genomes through NCBI and ENSEMBL datasets. To firmly establish
whether the duplication events involving vertebrate GT31 genes
were linked to the two rounds of WGD (WGR-2R), the assignation
of each duplicate gene to the protochromosomes of vertebrate
ancestral karyotype was searched according to the previously
reported scenario of Nakatani suggesting the existence of 10-13 pre-
2R protochromosomes (VAC) in the last common vertebrate ancestor
(Kasahara et al. 2007; Nakatani et al. 2007) and Putnam suggesting
the existence of 17 linkage groups (CLG) in the last common
chordate ancestor (Putnam et al. 2008), as previously reported for
sialyltransferase genes (Petit et al. 2015). An example of the followed
strategy is illustrated for the FNG genes in Supplementary Figure 4.

Detection of conserved domains

The SMART (http://smart.embl-heidelberg.de/) (Letunic and Bork
2018; Letunic, et al. 2015) and database provided domain iden-
tification and annotation on the World Wide Web (http:/smart.
embl.de). The tool compares query sequences with its databases
of domain sequences and multiple alignments while concurrently
identifying compositionally biased regions such as signal peptide,

transmembrane and coiled coil segments. Conserved signature of
GT31 sequences were drawn in Logo format using the Berkley
WebLogo generator website (Crooks et al. 2004).

Similarity sequence protein network

SSN was constructed using formatdb, from the stand-alone BLAST
software and a custom BLAST database was created. The net-
works provided a graphical overview of interrelationships among
and between sets of proteins that are not easily discerned from
visual inspection of large trees and multiple alignments. The pairwise
relationships between sequences were calculated by a blastall search
in the custom database with each individual sequence in the set
and the E-value was taken as a measure of similarity between
sequences. Three networks were built considering different E-value
thresholds: 1TE—29, 1E—55 and 1E—75 corresponding to 30, 35 and
40% of sequence identity respectively. The first network includes
990 GT31-related sequences; the two networks at more stringent
threshold comprise 485 sequences of B3GNT and B3GALT. Network
were visualized using Cytoscape (Shannon et al. 2003), where each
sequences was represented as a node and edges were defined between
any pair of nodes with an E-value less than threshold, also the default
Cytoscape force-directed layout was applied. Nodes were colored
according to the subfamily to which the sequence belongs.

Supplementary data

Supplementary data for this article are available online at http:/
glycob.oxfordjournals.org/.
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aa, amino acid; A4GALT, «l,4-galactosyltransferase or Gb3
synthase; BGR, B3GALT-related; BLAST, Basic Local Alignment
Search Tool; B3GALNT, B1,3-N-acetylgalactosaminyltransferase;
B3GALT, B1,3-galactosyltransferase; B3GLCAT, B1,3-glucuronyl
acid transferases; B3GLCT, B1,3-glucosyltransferase; B3GNT, 1,3-
N-acetylglucosaminyltransferase; B3GT, B1,3-glycosyltransferase;
B4GALNT2, B1,4-N-acetylgalactosaminyltransferase; B4GALT,
B1,4-galactosyltransferase; CAZy, Carbohydrate-Active enZYmes;
CBRT, cosmc binding region; CHPF, chondroitin-polymerizing fac-
tor; CHSY, chondroitin sulfate synthase (previously known as CSS);
Cosmc, core 18GalT specific molecular chaperone; CS, chondroitin
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sulfate; CIGALT, core 1 81,3-galactosyltransferase; DUF, domain of
unknown function; FNG, fringe 81,3-N-acetylglucosaminyltransfe-
rase; FR, Fringe-related; GAG, glycosaminoglycan; GalNAc, N-
acetylgalactosamine; GGTA1, «1,3-galactosyltransferase 1; GLOB,
globoside; GPI, glycosylphosphatdylinositol; GT, glycosyltrans-
ferase; HGNC, HUGO gene nomenclature committee; HPGT,
hydroxyproline-O-galactosyltransferase; KS, keratan sulfate; Lac-
NAc, N-acetyllactosamine; LCA, last common ancestor; LFNG,
lunatic FNG; MFNG, manic FNG; ML, maximum likelihood; MYA,
million years ago; NCBI, National Center for Biotechnology Informa-
tion; poly-LacNAc, poly-N-acetyllactosamine; RFNG, radical FNG;
SNFG, symbol nomenclature for graphical representation of glycans;
TGD, teleost genome duplication; WGD, whole genome duplication.
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