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Glycans play important roles in such cell-cell interac-
tions as signaling and adhesion, including processes 
involved in pathogenic infections, cancers, and neurolog-
ical diseases. Glycans are biosynthesized by multiple 
glycosyltrans ferases (GTs), which function sequentially. 
Excluding mucin-type O-glycosylation, the non-reducing 
terminus of glycans is biosynthesized in the Golgi appa-
ratus after the reducing terminus is biosynthesized in the 
ER. In the present study, we performed genome-wide 
analyses of human GTs by investigating the degree of 
conservation of homologues in other organisms, as well 
as by elucidating the phylogenetic relationship between 
cephalochordates and urochordates, which has long been 
controversial in deuterostome phylogeny. We analyzed 
173 human GTs and functionally linked glycan synthesis 
enzymes by phylogenetic profiling and clustering, com-
piled orthologous genes from the genomes of other 
organisms, and converted them into a binary sequence 
based on the presence (1) or absence (0) of orthologous 
genes in the genomes. Our results suggest that the non-re-
ducing terminus of glycans is biosynthesized by newly 
evolved GTs. According to our analysis, the phylogenetic 
profiles of GTs resemble the phylogenetic tree of life, 
where deuterostomes, metazoans, and eukaryotes are 
resolved into separate branches. Lineage-specific GTs 
appear to play essential roles in the divergence of these 
particular lineages. We suggest that urochordates lose 
several genes that are conserved among metazoans, such 
as those expressing sialyltransferases, and that the Golgi 

apparatus acquires the ability to synthesize glycans after 
the ER acquires this function.

Keywords: glycan, phylogenetic profile, evolution, 
glycosyltransferase, human, ascidian,  
sialyltransferase

The term glycan encompasses the carbohydrate portion of 
glycoconjugates but not oligosaccharides or polysaccharides. 
Glycans are widespread in eukaryotes, bacteria, and archaea 
[1], and similar structures are present among different taxa, 
such as yeasts, plants, insects, and vertebrates [2]. The high 
conservation of glycans across several taxa demonstrates 
their important biological roles [2]. Glycans are categorized 
as N-glycans, O-glycans, proteoglycans, glycophosphati-
dylinositol (GPI) anchors, and glycosphingolipids [3]. More 
than 50% of all human proteins are glycosylated by pro-
cesses, such as N-glycosylation and O-glycosylation [4]. 
Glycosylation has an important role in many cellular func-
tions, including adhesion and signal transduction between 
cells [5–8], which are also processes associated with patho-
genic infection [9], cancer [10], and neurological disorders, 
such as muscular dystrophy and Alzheimer’s disease [11,12]. 
Glycosphingolipids comprise a glycan and a ceramide moi-
ety, where the latter is made of an amide-bonded fatty acid 
and sphingosine. Glycosphingolipids are expressed on the 
outer surface of the plasma membrane and appear to play 
roles as constituents of the lipid raft during signal trans-
duction [13]. Glycosphingolipids are separated into two 
main groups: acidic and neutral glycosphingolipids. The 
acidic glycosphingolipids include the sialic acid-containing 
glycosphingolipids referred to as gangliosides, the sulfate- 
containing glycosphingolipids referred to as sulfatides, and 
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fungi, and protist kingdoms [28]. All GTs that synthesize 
N-glycan precursors and GPI anchors are localized in the ER 
and they comprise several families, including families with 
common topology and sequence motifs [29]. Therefore, at 
least some GTs are predicted to be derived from a common 
ancestral protein [29]. The genealogy of GTs was assessed 
based on sequence motif [30]. For instance, sialyltransferase 
sequences were evaluated based on sialyl motifs and ana-
lyzed using a phylogenetic tree [31,32]. In addition, a CAZy 
database was developed, which is dedicated to the display 
and analysis of genomic, structural, and biochemical infor-
mation on carbohydrate-active enzymes [33]. In eukaryotic 
genomes, the GTs were comprehensively analyzed based on 
structural and functional characterizations of glycans.

Since the whole-genome sequencing of Haemophilus 
influenzae was completed in 1995 [34], whole-genome 
sequences of various other organisms have been completed 
and their phylogenetic relationships have been studied based 
on comparative genome analysis [35]. For instance, the 
whole-genome sequence of B. floridae was completed in 
2008 and the phylogenetic relationship between Urochor-
data (ascidian) and Cephalochordata (amphioxus) was eluci-
dated, which has been disputed for many years. In particular, 
it was shown that Urochordata are related more closely to 
vertebrates than Cephalochordata [21]. With the increasing 
availability of whole-genome sequences, techniques for the 
analysis of these sequences have also been developed [36]. 
For example, phylogenetic profiling is used to examine the 
phylogenetic co-occurrence of genes in different genomes 
[37]. Proteins that are present in the same metabolic pathway 
tend to be present or absent together in a given organism, 
thereby exhibiting a similar phylogenic profile. This also 
applies to proteins that comprise a protein complex. In the 
present study, we constructed a phylogenetic profile as a 
binary pattern, which depended on whether the sequences 
were orthologous (1) or not (0) [37]. This method can be 
used to identify the partners that interact with each protein, 
its associated metabolic pathway, subcellular localization, 
and phylogenetic history [37–39].

In the present study, using this phylogenetic profiling 
method, we conducted a genome-wide analysis, where we 
focused on GTs involved in the synthesis of five selected 
glycan categories (N-glycans, O-glycans, proteoglycans, GPI 
anchors, and glycosphingolipids), based on the concept that 
glycans fulfill the biological roles mentioned above by 
attach ing to proteins or lipids, thereby determining the de-
gree of conservation among organisms for each GT. The 
genome- wide analysis was based on the Gene TO Protein 
Structures and Functions (GTOP) database [40], which 
contains information regarding a vast amount of proteins, 
including homology data for over 1,000 organisms with 
 sequenced genomes. Clustering analysis was performed 
 using the phylogenetic profiles of 173 human GTs and func-
tionally linked glycan synthesis enzymes. Furthermore, we 
investigated the degree of conservation among sialyltrans-

uronic acid-containing glycosphingolipids. Gangliosides are 
expressed widely in various tissues, where they are involved 
in cell-cell recognition, myelin-axon interactions, inflamma-
tion, and interactions with growth factors on the membrane; 
they also act as regulatory elements in the immune and ner-
vous systems [14]. Sulfatides are expressed in the nervous 
system, kidney, immune system, and pancreas, and are 
involved in many biological processes, including home-
ostasis, insulin secretion, and bacterial/viral infections [15]. 
Uronic acid-containing glycosphingolipids have been reported 
in flies and bivalves [16], but their functions have not yet 
been elucidated.

Genomic analyses of the ascidian Ciona intestinalis (C. 
intestinalis) [17–20] and Florida lancelet Branchiostoma 
 floridae (B. floridae) [21] suggest that the lancelet diverged 
to the mammalian lineage earlier than the ascidian. Previ-
ously, we analyzed the structure of glycosphingolipids among 
ascidians, such as C. intestinalis and Halocynthia roretzi (H. 
roretzi), where we characterized novel acidic glycosphingo-
lipids, i.e., a sulfatide from C. intestinalis [22] and an uronic 
acid-containing glycosphingolipid from H. roretzi [23]. 
However, sialic acid-containing glycosphingolipids, such 
as gangliosides, were not identified in the ascidians despite 
the presence of gangliosides in Echinodermata [16] and 
 Vertebrata [24] among Deuterostomia.

Glycosyltransferases (GTs) play central roles in glycan 
synthesis as membrane proteins, secreted proteins, and 
soluble- form proteins. GTs have a wide variety of localiza-
tions, such as on the membrane or in the lumen of the endo-
plasmic reticulum (ER) and the Golgi apparatus, as well as 
on the plasma membrane or in the cytoplasm, nucleus, extra-
cellular regions, and mitochondria. In particular, the GTs 
considered in the present study are involved in the synthesis 
of glycans, such as N-glycans, O-glycans, proteoglycans, GPI 
anchors, and glycosphingolipids, and are generally mem-
brane proteins which are localized to the ER and Golgi appa-
ratus, although several GTs containing C-terminal KDEL-
like sequences ([KRHQSA]-[DENQ]-E-L) localize to the 
lumen rather than the membrane of the ER [25]. During N- 
glycosylation and other types of O-glycosylation, excluding 
the mucin-type, the non-reducing terminus is synthesized in 
the Golgi apparatus, before which the glycan is synthesized 
at the reducing terminus by GTs in the ER [26]. The Golgi 
apparatus is divided into cis-, medial-, and trans- cisternae, 
and the trans-Golgi network. Glycan synthesis proceeds 
from the cis-cisterna to the trans-Golgi network, where a dis-
tinctive distribution of GTs is found in each cisterna [27]. 
Based on a genome-wide analysis, GTs were separated into 
two broad groups: enzymes that are widely conserved evolu-
tionarily across different phyla and those that seem to be 
lineage- specific, appearing within each phylum [28]. For 
instance, homologous genes of GTs for the synthesis of 
high-mannose type N-glycan and the GPI anchor are present 
in all eukaryotic organisms, whereas those of O-glycan and 
glycosphingolipid are less common among the animal, plant, 
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O-glycan, N-glycan, glycosphingolipid, proteoglycan, and 
GPI anchor, based on the metabolic map in the KEGG data-
base and annotations in the UniProt database. Twenty-one 
multi-functional GTs were redundantly categorized, e.g., CMP- 
N-acetylneuraminate-β-galactosamide-α-2,3-sialyltransferase 
1 (UniProt accession: Q11201) was categorized into three 
categories: O-glycan, glycosphingolipid, and proteoglycan.

Phylogenetic profile analysis
The phylogenetic profiles of 1,341 organisms (eukary-

otes: 195; bacteria: 904; archaea: 67; and viruses: 175) were 
obtained for 173 human GTs and functionally linked glycan 
synthetic enzymes. The 1,341 organisms comprised 1,340 
organisms recorded in the GTOP database and the sea urchin 
(Strongylocentrotus purpuratus) to represent the phylum 
Echinodermata, which diverged earlier from the last com-
mon ancestor of Chordata but diverged more recently com-
pared with Insecta, thereby allowing a precise comparison 
among deuterostomes. We analyzed 173 human GTs and 
functionally linked glycan synthesis enzymes by phylo-
genetic profiling and clustering. First, proteins homologous 
to the 173 GTs and functionally linked glycan synthetic 
enzymes in the genomes of 1,341 organisms were coded as 
1 (present) or 0 (absent). Briefly, we searched for each entry 
name using 173 human GTs and functionally linked glycan 
synthetic enzymes in UniProt. A genome-wide search for 
GTs was conducted by entering each UniProt entry name 
(e.g., GALT1_HUMAN) as a query in the text search field 
provided by the GTOP database. Among the resulting pro-
teins, we selected a necessary protein derived from Homo 
sapiens. The following three criteria were adopted for the 
selection: records starting as “hsap” (abbreviation for Homo 
sapiens) with the lowest E-value, records having the highest 
score satisfying the former criterion, and records having the 
highest coverage satisfying the former criteria. In each of the 
records retrieved above, homolog information provided as 
hit count (E-value < 10–10) by the GTOP database was con-
verted to binary data. If the hit count was 0 or ≥1, the homol-
ogous protein was defined as 0 (absent) or 1 (present), 
respectively. These steps were repeated for 173 human GTs 
and functionally linked glycan synthetic enzymes. Cluster-
ing of phylogenetic profiles for 173 GTs and functionally 
linked glycan synthetic enzymes and 1,341 organisms was 
performed using Ward’s method [43] based on the Manhattan 
distance. Subsequently, phylogenetic profiles were obtained 
for 62 metazoan organisms, which were analyzed by the 
clustering method. These clustering analyses were per-
formed using gplot (version 2.8.0) in the statistical analysis 
software R (version 2.13.0; http://cran.r-project.org/).

Statistical analysis
In order to confirm whether the clustered GTs biosynthe-

size the same category of glycans in each class or not, the 
GTs were confirmed using Fisher’s exact test (P<0.01) with 
the statistical analysis software R. Fisher’s exact test was 

ferases to clarify the evolutionary positions of Urochordata 
and Cephalochordata.

Material and methods
Dataset

The following procedures were performed to obtain data 
related to GTs (specifically those involved in the five glycan 
categories). Data on 250 human GTs and functionally linked 
glycan synthetic enzymes were obtained from UniProtKB 
(release 2013_4) [41] using the following keyword search: 
“glycosyltransferase AND organism: human AND reviewed: 
yes.” These enzymes were then queried on KEGG pathway 
maps in the KEGG database (release 66.0) [42] to check their 
substrates and reaction products. The KEGG pathway maps 
used for reference were as follows: map00510 (N-glycan bio-
synthesis), map00512 (mucin type O-glycan biosynthesis), 
map00514 (other types of O-glycan biosynthe sis), map00600 
(sphingolipid metabolism), map00601 (glycosphingolipid 
biosynthesis–lacto and neolacto series), map00603 (glyco-
sphingolipid biosynthesis–globo series), map00604 (glyco-
sphingolipid biosynthesis–ganglio series), map00532 (gly-
cosaminoglycan biosynthesis–chondroitin sulfate), map00534 
(glycosaminoglycan biosynthesis– heparan sulfate), map00533 
(glycosaminoglycan biosynthesis–keratan sulfate), and 
map00563 (GPI-anchor biosynthesis). When referring to the 
KEGG pathway maps, six enzymes that appeared to be in-
volved in glycan syntheses were added to the dataset. These 
six enzymes were as follows: dolichol phosphate- mannose 
biosynthesis regulatory protein (UniProt accession: O94777), 
tumor suppressor candidate 3 (UniProt accession: Q13454), 
phosphatidylinositol N-acetylglucosaminyltransferase sub-
unit Y (UniProt accession: Q3MUY2), phosphatidylinositol- 
glycan biosynthesis class X protein (UniProt accession: 
Q8TBF5), chondroitin sulfate glucuronyltransferase  (UniProt 
accession: Q9P2E5), and dolichol-phosphate mannosyltrans-
ferase subunit 3 (UniProt accession: Q9P2X0). The GENES 
IDs of human GTs were obtained from the glycan synthesis 
pathway map and transferred to UniProt accession numbers 
using the ID mapping tool in UniProtKB. Enzymes that are 
not related to glycan synthesis, such as glycogen synthase 
and poly ADP-ribose polymerase, were removed from this 
dataset. The selection criteria were as follows: the enzyme 
must catalyze the transfer of a sugar to a protein or lipid, 
excluding polysaccharide synthases (such as glycogen syn-
thase), the large UGT family (a superfamily of GTs involved 
in the detoxification pathways of many drugs and pollutants, 
which is classified as GT1 in CAZy), and poly [ADP-ribose] 
polymerase. Several enzymes where “function” was not de-
scribed in the general annotation section were also removed 
from the dataset. In the present study, 173 human GTs and 
functionally linked glycan synthetic enzymes listed in the 
GTOP database (release 2010_10) were present in the final 
dataset (Table S1).

These GTs were categorized into five categories, i.e., 
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in eukaryotes (Class 3), and four GTs conserved widely in 
eukaryotes, bacteria, and archaea (Class 4). The degree of 
conservation of GTs in the various biological lineages also 
reflected their order of appearance during evolution, with 
deuterostomes (Class 1) as the most recent, followed by 
metazoans (Class 2), eukaryotes (Class 3), and eukaryotes/
bacteria/archaea (Class 4). The 173 GTs and functionally 
linked glycan synthetic enzymes were grouped into 43 GT 
families using the CAZy database and were classified in terms 
of the category of glycan catalyzed: 71 O-glycan-related 
enzymes, 50 N-glycan-related enzymes, 43 glycosphingolipid- 
related enzymes, 27 proteoglycan-related enzymes, and 12 
GPI anchor-related enzymes. In addition, 21 GTs catalyzed 
multiple glycans (Supplementary Table S2).

In the selected 173 GTs, there were six GTs that localized 
only in the lumen of the ER but not on the membrane, 
although most of the 173 GTs were transmembrane pro-
teins. Five of the six GTs contained an extreme C-terminal 
 [KRHQSA]-[DENQ]-E-L sequence known as the ER- 
targeting sequence in the PROSITE database. These five 
GTs were as follows: UDP-glucose:glycoprotein glucosyl-
transferase 1 (UniProt accession: Q9NYU2; CAZy GT24), 
UDP-glucose:glycoprotein glucosyltransferase 2 (UniProt 
accession: Q9NYU1; CAZy GT24), Procollagen galactosyl-
transferase 1 (UniProt accession: Q8NBJ5; CAZy GT25), 
Procollagen galactosyltransferase 2 (UniProt accession: 
Q8IYK4; CAZy GT25), and EGF domain-specific O-linked 
N-acetylglucosamine transferase (UniProt accession: 
Q5NDL2; CAZy GT61). The remaining one GT [Protein O- 
glucosyltransferase 1 (UniProt accession: Q8NBL1; CAZy 
GT90)] contained an extreme C-terminal KTEL sequence 
identified as other ER lumen-resident motif [45].

Function and localization of GTs in each class
The distribution of GTs of a particular glycan type among 

the five selected glycan categories was heterogeneous across 
the different classes. In particular, GTs that catalyzed O- 
glycans appeared mainly in Class 2, followed by more infre-
quent appearances in classes 1, 3, and 4 (Fig. 2). GTs cata-
lyzing N-glycan were classified mainly into classes 1, 2, and 
3 but less so into Class 4. GTs catalyzing glycosphingolipid 
were classified mainly into classes 1 and 2, with only a mi-
nor appearance in Class 3. GTs involved in proteoglycan 
bio synthesis were classified mainly into Class 2 but were 
less abundant in Class 1. GTs catalyzing GPI anchors were 
classified mainly into Class 3 but were less abundant in 
Class 1 and only sparsely present in Class 4. The relation-
ship between GT types and phylogenetic classes was not 
definite or exclusively one-to-one, but a Fisher’s exact test 
conducted on the 20 possible combinations of associations 
between four classes and five glycan categories confirmed 
the existence of the class-specificity expected from the un-
even distribution of the GTs in each class. In this test, the 
class was considered specific if a significantly higher num-
ber of GTs of a particular type was present in a class than 

conducted for each of the five glycan categories: O-glycan, 
N-glycan, glycosphingolipid, proteoglycan, and GPI anchor. 
Comparisons were performed between classes where a spe-
cific class was tested against the other classes, e.g., Class 1 
was tested against other groups: a group that comprised Class 
1 and a group that comprised classes other than Class 1.

Search for sialyltransferases
All of the protein data of interest (“reference proteome 

sets”) for the following organisms were retrieved from the 
UniProt database: Urochordata C. intestinalis (Taxonomy 
ID: 7719), Cephalochordata B. floridae (Taxonomy ID: 
7739), Echinodermata S. purpuratus (Taxonomy ID: 7668), 
and Arthropoda Drosophila melanogaster (Taxonomy ID: 
7719). For each organism searched, the proteins already 
annotated as sialyltransferases were searched further using 
a keyword search from the UniProt database and then 
 narrowed down by a BLAST search [44] (version 2.2.28) 
against 20 human sialyltransferases (E-value <10–10) using 
protein data for each organism as queries. In this case, query 
proteins that had the lowest E-values compared with human 
sialyltransferases were considered to belong to the same 
family of proteins.

Results
Clustering analysis of the phylogenetic profile of human 
GTs

UniProt entries for 250 human GTs and functionally 
linked glycan synthetic enzymes were retrieved by search-
ing  UniProtKB. In addition, KEGG gene IDs of 251 human 
GTs and functionally linked glycan synthetic enzymes were 
retrieved from the metabolic map of glycan synthesis in the 
KEGG pathway database. Overall, there were 146 overlap-
ping records and 355 records were present in both sets of 
retrieved IDs and entries. Among these, 173 human GTs and 
functionally linked glycan synthetic enzymes were selected 
from the GTOP database and used as the dataset in the pres-
ent study, where they belonged to the following five glycan 
categories: N-glycan, O-glycan, proteoglycan, GPI-anchor, 
and glycosphingolipid. During the selection process, we ex-
cluded the following GTs, which did not appear to be associ-
ated with the five glycan categories (N-glycans, O-glycans, 
proteoglycans, GPI anchors, and glycosphingolipids): GTs 
related to nucleobase metabolism, ADP-ribosylation, glucu-
ronidation, queuine tRNA-ribosylation, vitamin metabolism, 
and polysaccharide metabolism, such as glycogen metabo-
lism catalyzed by cytosolic GYG genes or hyaluronan bio-
synthesis catalyzed by plasma membrane HAS genes.

Clustering analysis based on phylogenetic profiling was 
conducted using the 173 human GTs and functionally linked 
glycan synthetic enzymes, where they were classified into 
four classes (Fig. 1 and Supplementary Table S1): 39 GTs 
mainly conserved in deuterostomes (Class 1), 97 GTs mainly 
conserved in metazoans (Class 2), 33 GTs mainly conserved 
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The early phase of N-glycan processing is common in yeasts 
and slime molds among eukaryotes (Class 3), insects among 
metazoans (Class 2), and vertebrates among deuterostomes 
(Class 1). Therefore, the distribution of N-glycan-related 
GTs might reflect the evolutionary history of N-glycan pro-
cessing.

Next, we investigated the relationship between glycan 
synthesis pathways and the sequential order of GT actions in 
these pathways. Figure 4 provides a schematic map of the 
sequence of GTs involved in the N-glycan synthesis path-
way. In the case of N-glycan, the GT classes differed between 
the ER and Golgi apparatus synthesis pathways. All of the 
high-mannose N-glycan syntheses and protein modifications 
by oligosaccharide transferases occur in the membrane of 
the ER [46]. Except for dolichyl-diphosphooligosaccharide- 
protein glycosyltransferase subunit 4 (UniProt accession: 
P0C6T2), which is a subunit of an oligosaccharide transfer-
ase complex, all of the GTs responsible for catalyzing 
high-mannose N-glycan were classified into Class 3. GTs 

would have been expected by chance alone. This test de-
tected a statistically significant bias in the presence of GTs 
for glycosphingolipids in Class 1, O-glycan/proteoglycan in 
Class 2, and N-glycan/GPI anchor in Class 3 (Fig. 2).

The subcellular localizations of GTs were acquired from 
UniProt annotation data. The results showed clearly that 
most of the GTs classified into Class 1 and Class 2 were 
localized in the Golgi apparatus and that most of the GTs 
classified into Class 3 were localized in the ER (Fig. 3). This 
reflects a trend where GTs conserved mainly in multicellular 
organisms were localized in the Golgi apparatus, whereas 
GTs that were conserved more widely were localized in the 
ER. We could not perform an accurate assessment of the 
class-specific GTs for Class 4 because of the limited number 
of GTs in this class.

In general, GTs acting in the Golgi apparatus and those 
acting in the ER were classified into separate classes. Thus, 
GTs situated upstream or downstream in the glycan synthe-
sis pathway differed in their relative degree of evolution. 

Figure 1 Clustering analysis of 173 human GTs and functionally linked glycan synthetic enzymes using Ward’s method based on the Manhattan 
distance. (A) Clustering analysis based on the phylogenetic profiles of 1,341 organisms. The black plot indicates the existence of proteins homo-
logous to human GTs. The colored bars indicate the categories of glycans synthesized by GTs. The branch length on the left shows the distance 
between GTs. The organisms are arranged in the order in which they are listed in the GTOP database. (B) Magnified view of the 195 eukaryotic 
organisms enclosed within a red line in (A). (C) Magnified view of the 62 metazoan organisms enclosed within a red line in (B). The blue bar denotes 
the human profile.
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for the reaction, was classified into Class 3. In the glyco-
sphingolipid synthesis pathway, glycan synthesis in the 
Golgi apparatus following the glucosylceramide synthesis 
was catalyzed only by GTs classified into Class 1 and Class 
2. Most of the glycosphingolipid synthesis pathways were 
also first catalyzed by Class 2 GTs and then catalyzed sub-
sequently by those in Class 1. Next, the sequential order of 
function of GTs, excluding those in the N-glycan, mucin 
type O-glycan, and glycosphingolipid categories, was con-
firmed. The glycan synthesis pathways were found to be first 
catalyzed by Class 3 GTs, followed by those in Class 2, and 
then finally by those in Class 1. Thus, in the glycan synthesis 
pathway, Class 3 GTs acted upstream of Class 2 GTs, and 
Class 1 GTs acted downstream of Class 2 GTs. These results 
show that Class 3 GTs, which are conserved widely in 
eukaryotes, catalyze reducing terminus syntheses, and that 
Class 1 GTs, which are conserved only in higher animals, 
catalyze non-reducing terminus syntheses.

Class 4 comprised four GTs: the UDP-N-acetylglucosamine- 
peptide N-acetylglucosaminyltransferase 110 kDa subunit 
(OGT; UniProt accession: O15294), which is related to 
O-GlcNAc modification; phosphatidylinositol N- 
acetylglucosaminyltransferase subunit A (UniProt acces-
sion: P37287), related to GlcNAc-phosphatidylinositol 
 synthesis; dolichol-phosphate mannose synthase subunit 1 
(UniProt accession: O60762), related to mannose-P-dolichol 
synthesis; and Dol-P-glucosyltransferase (UniProt acces-
sion: Q9Y673), related to glucose-P-dolichol synthesis. Two 
of these GTs catalyze the initial reactions of glycan synthe-
sis, which transfer monosaccharaides to the target protein or 
lipid molecule. These results demonstrate that Class 4 GTs 
(conserved widely in eukaryotes, bacteria, and archaea) pri-

that catalyze subsequent complex-type N-glycans in the 
Golgi apparatus were classified into Class 1 and Class 2. The 
N-glycan synthesis pathway was first catalyzed by Class 2 
GTs and catalyzed subsequently by those in Class 1. In par-
ticular, all of the sialyltransferases catalyzing non-reducing 
terminus syntheses were classified into Class 1. Similarly, 
O-glycan synthases were classified into Class 1 and Class 2. 
Almost all of the glycosphingolipids are initiated by gluco-
sylceramide synthesis, which involves the transfer of glu-
cose to ceramide in the Golgi apparatus. Glucosylceramide 
synthase (UniProt accession: Q16739), which is responsible 

Figure 2 Frequency distribution of GTs in each glycan type according to class. The numbers of GTs in each category of glycan synthesis are 
shown for each class. Class-specific glycan categories were assessed using Fisher’s exact test. Asterisks indicate categories that exceeded the 
numeri cal expectation value where P<0.01.

Figure 3 Subcellular localizations of GTs in each class. Ratios of 
Golgi-localized and ER-localized GTs. GTs that localized to both the 
Golgi apparatus and the ER are grouped into “Golgi + ER.” “Others” 
contain GTs that did not localize to the Golgi apparatus or the ER, i.e., 
GTs with unknown localizations.
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in Urochordata C. intestinalis, ST6Gal/ST8Sia families in 
Cephalochordata B. floridae, ST6GalNAc/ST8Sia/ST3Gal 
families in Echinodermata S. purpuratus, and ST6Gal fam-
ily in Arthropoda D. melanogaster (Fig. 6). Using BLAST 
search with 20 human sialyltransferases as queries, we con-
firmed the existence of uncharacterized proteins similar to 
ST3Gal/ST6GalNAc families in B. floridae (Fig. 6 and Sup-
plementary Figure S1). We found no sialyltransferases other 
than the previously annotated sialyltransferase family based 
on BLAST searches in C. intestinalis, S. purpuratus, and D. 
melanogaster.

Discussion
In the present study, we focused on the five selected gly-

can categories known as complex glycoconjugate glycans, 
and investigated the evolutionary origins of glycans in four 
classes of GTs (Fig. 1). Clustering analyses of GTs and 
organisms were conducted using phylogenetic profiles, which 
arranged ascidians, commonly grouped as deuterostomes, as 
protostomes. We found that ascidians were closely related to 
invertebrates, where they appeared to have diverged from 
the common ancestor of invertebrates after the divergence of 
Cephalochordata and Echinodermata from the common 
ancestor [21]. However, we found that most of the Class 1 
GTs, which are largely conserved in deuterostomes, were 
not conserved in ascidians. Nearly half of the Class 1 GTs 
(20 of 44) were sialyltransferases with a conserved and com-
mon functional motif, thereby suggesting that sialyltrans-
ferases diverged from a common ancestral protein [31,32]. 
After diverging from Arthropoda, the common ancestor of 
invertebrates and echinoderms appears to have conserved 
sialyltransferases in the ST3Gal, ST6GalNAc, ST6Gal, and 
ST8Sia families. This was inferred based on the minimum 

marily transfer a monosaccharide to an aglycone to form a 
glycoconjugate and that GTs other than those classified into 
Class 4 subsequently transfer a monosaccharide to the result-
ing glycoconjugate. In summary, we found that glycans were 
synthesized by GTs in the following order: Class 3/Class 4 
GTs, Class 2 GTs, and Class 1 GTs. Thus, the glycan struc-
tures in the non-reducing terminus, which are situated down-
stream in the glycan synthetic pathway, are synthesized by 
the GTs conserved only in higher animals and those in the 
reducing terminus, which are situated upstream in the path-
way, are synthesized by the widely conserved GTs.

Evolutionary analysis in metazoans
For GTs involved in the five selected glycan categories, 

we conducted an evolutionary analysis of GTs based on clus-
tering using 62 metazoan organisms, as shown in Figures 1C 
and 5, which were mainly classified as deuterostomes and 
protostomes. The results show that conserved GTs differed 
between these two groups. However, in chordates, ascidians 
(C. intestinalis and C. savignyi) among deuterostome were 
arranged as protostomes despite the fact that ascidians are 
closely related to vertebrates. We found that ascidians were 
similar to protostomes because they did not contain most of 
the well-conserved Class 1 GTs (Supplementary Table S3). 
This result suggests that GT evolution differed in ascidians 
compared with other deuterostomes.

There were 20 sialyltransferases among the 44 human 
Class 1 GTs. Given their large number, our analysis focused 
on the evolution of metazoan sialyltransferases. Sialyltrans-
ferases, which belong to GT29 in the CAZy database, are 
grouped into four families (ST3Gal, ST6Gal, ST6GalNAc, 
and ST8Sia) based on their glycosyl linkages [31,32]. The 
invertebrate sialyltransferase families recorded in August 
2013 in the UniProt database are as follows: ST3Gal family 

Figure 4 Color mapping of GT class against the N-glycan synthesis pathway. Pathways were generated based on the “N-glycan biosynthesis” 
map (KEGG pathway ID map00510) in the KEGG pathway. Arrows and lines between sugar residues are denoted by colors that represent each 
class. In the pathway of the oligosaccharyltransferase complex, which is denoted by an asterisk, only dolichyl-diphosphooligosaccharide-protein 
GT subunit 4 was classified into Class 1.
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omissions. In particular, our phylogenetic profiling of GTs in 
ascidians revealed the loss of most sialyltransferases. This 
finding is consistent with the dramatic loss of genes found in 
ascidians.

We found that Class 1 GTs were conserved mainly in 
deutero stomes and all sialyltransferases were classified into 
Class 1. Sialoglycans exhibit tissue-specific and stage- specific 
expression and are involved in cellular differentiation, growth 
control, signaling, and fertilization [48–50]. Sialic acid plays 
a role in enhancing mucin viscosity on the surface of mucin 
[51], thereby masking glycans that can be recognized by 
antigenic glycans exploited by pathogens [52]. Therefore, 

evolution principle and presence or absence of sialyltrans-
ferase families (Fig. 6). However, three of the four sialyl-
transferase families were not found in ascidians. Ascidian 
genomes differ significantly from those of other deuteros-
tomes as follows: gene loss and intron loss, genome shorten-
ing by genome reorganization [21], and acquisition of a 
cellu lose synthase enzyme gene via horizontal transfer [47]. 
The B. floridae genome project showed that B. floridae 
diverged primarily from the last common ancestor of ver-
tebrates and that C. intestinalis then diverged but whole 
genome duplication in C. intestinalis was difficult to deter-
mine because of high levels of genomic reconstruction/

Figure 5 Phylogenetic analysis of 62 organisms in metazoa. (A) Clustering analysis using Ward’s method based on the Manhattan distance. The 
five colors show conserved GTs in representative model organisms. The GTs listed on the vertical axis correspond to those listed on the vertical axis 
in Figure 1. (B) Magnified view of the phylogenetic tree in (A), as well as the corresponding names of the 62 organisms. The red and blue bars 
denote deuterostomes and protostomes, respectively.
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 degradation [55]. Similar to the GTs for high-mannose type 
N-glycan, UGGT1 was classified into Class 3 and is con-
served among most euka ryotes. Therefore, we suggest that 
eukaryotic evolution was stimulated by the acquisition of a 
quality control mechanism related to protein folding.

The GTs for O-glycans classified into Class 3 were pro-
tein O-mannosyltransferases 1 and 2, which transfer man-
nose to Ser and Thr residues in a protein. O-Man structures by 
these GTs are regarded as core structures of α-dystroglycans 
in mammals [56]. GTs in Class 3 are conserved among 
eukaryotes, most of which are related to the synthesis of 
high-mannose type N-glycans or GPI anchors. The pathways 
between N-glycan and GPI-anchor synthesis are similar 
because glycan is synthesized on the scaffold of a lipid 
anchor [46,57], where dolichol-phosphate sugars are utilized 
as donor substrates [29]. Therefore, they are thought to have 
a common genetic origin [29]. Protein O-mannosyltrans-
ferases 1 and 2 may have been derived from a common 
ancestral protein because they utilize Dol-P-Man as a donor 
substrate, which is similar to the mannosyltransferases asso-
ciated with N-glycan or GPI-anchor syntheses.

The UDP-N-acetylglucosamine-peptide N- 
acetylglucosaminyltransferase 110-kDa subunit (OGT; 
 UniProt accession: O15294), which is localized in the nucleus 
and cytoplasm, was classified into Class 4, thereby clarify-
ing that OGT has been widely conserved among eukaryotes, 
bacteria, and archaea. In the present study, we excluded 
cytosolic GYG genes related to glycogen biosynthesis and 
plasma membrane HAS genes related to hyaluronan biosyn-
thesis to concentrate on GTs from the five selected glycan 
categories, i.e., N-glycans, O-glycans, proteoglycans, GPI 
anchors, and glycosphingolipids. The resulting GTs related 
to the five glycan categories mainly comprised GTs that 
localized on the membrane of the Golgi apparatus or the ER. 
However, OGT was included in the present study because 

we suggest that deuterostomes utilized sialic acid during the 
course of evolution to acquire immunity from pathogens, as 
well as facilitating complex cellular differentiation and sig-
nal transduction systems.

O-glycan synthesis GTs, which are mainly conserved in 
metazoans, were classified into Class 1 and Class 2. In total, 
20 genes for highly O-glycan attached mucin proteins have 
been genetically cloned, which show tissue-specific expres-
sion [53]. Secretory mucins in the digestive tract and trachea 
help to capture microorganisms and provide protection from 
digestive enzymes [53]. Therefore, we hypothesize that these 
O-glycans have been important in the evolution of multi-
cellularity by allowing an organism to differentiate its cells 
and to develop specialized tissues.

GTs classified into Class 1 and Class 2 localized mainly to 
the Golgi apparatus. Similarly, most GTs used for the syn-
thesis of glycoproteins and glycosphingolipids localized to 
the Golgi apparatus (Supplementary Table S1). Glycans syn-
thesized in the Golgi apparatus are involved mainly in cell-
cell interactions. Transmembrane-type mucins are related to 
signal transduction and cellular adhesion [53]. Integrin, a 
cellular adhesion molecule, is attached to complex-type N- 
glycans, which regulate cellular adhesion by integrin [54]. In 
addition, glycosphingolipids appear to form lipid rafts with 
transmembrane- type signaling proteins and are involved in 
signal transduction [13]. Thus, we suggest that higher ani-
mals developed unique mechanisms for cellular recognition 
and cellular adhesion. GTs for high-mannose type N-glycans 
were classified into Class 3. High-mannose type N-glycan 
processing plays an important role in mechanisms related to 
protein quality control [55]. For example, UDP-glucose: 
glycoprotein glucosyltransferases 1 (UGGT1; UniProt acces-
sion: Q9NYU2) transfers glucose to the N-glycan terminus 
of proteins and its interaction with the protein ensures nor-
mal protein folding; otherwise, it signals the protein for 

Figure 6 Evolution of sialyltransferases in metazoa. Figure based on four types of sialyltransferase families (ST3Gal, ST6GalNAc, ST6 Gal, 
and ST8Sia) recorded in the UniProt database. Families denoted by question marks indicate the presence of unknown proteins among Cephalochor-
data based on BLAST search.
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