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Phylogenetic expression of Gala1-4Gal on avian
glycoproteins: Glycan differentiation inscribed
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Glycoproteins containing Gala1-4Gal (galabiose) had been rarely
found in vertebrates, except in a few species of birds and amphib-
ians. We had previously reported that pigeon (Columba livia) egg
white and serum glycoproteins are rich in N-glycans with Gala1-
4Gal at nonreducing termini. To investigate the origin of Gala1-
4Gal expression in avian evolution, we examined the presence of
Gala1-4Gal glycoproteins in egg whites from 20 orders, 88 families,
163 genera, and 181 species of birds, as probed by Western blot
with Griffonia simplicifolia-l lectin (terminal a-Gal/GalNAc-specific)
and anti-P1 mAb (Gala1-4GalB1-4GIcNAcB1-specific). One of the
significant observations is the total absence of Gala1-4Gal glyco-
proteins in Struthioniformes (four species), Tinamiformes (three
species), Craciformes (two species), Galliformes (14 species), and
Anseriformes (10 species), which are phylogenetically separated
from other orders at earlier stage of modern bird diversification
(100-65 million years ago). The presence or absence of Gala1-4Gal
glycoproteins in other avian orders varied by the species (104
species positive, and 44 species negative), even though some of
them belong to the same order or family. Our results revealed that
the expression of Gala1-4Gal glycoproteins is not rare among
avians, and is correlated with the phylogeny. The expression was
most likely differentiated at earlier stage of diversification in
modern birds, but some birds might have lost the facility for the
expression relatively recently.

ne of the characteristics of glycans attached to glycopro-

teins or glycolipids is their highly diversified structures with
branches and different anomeric isomers and linkage positions
of glycosidic bonds, in addition to variable chain lengths. For
example, asparagine-linked glycans (N-glycans) on glycoproteins
possess a common trimannosyl-core structure, from which vari-
ations can develop by branching with N-acetylglucosamine and
by extension/repetition with galactosylation, sialylation, fucosy-
lation, sulfation, and/or polylactosaminylation on the nonreduc-
ing ends. In many cases, glycans on proteins can be modulated
into slightly different forms without significant changes of
overall conformations of individual glycoproteins. However,
even a subtlest change in oligosaccharide structures influences
their interaction with carbohydrate-binding proteins expressed
in self (endogenous receptors) and/or derived from nonself
organisms (exogenous receptors).

Diversity of glycans is often found in species-specific manner,
and certain carbohydrate chains become strong antigens in
animals not expressing the same structure. The reason for
existence of species-specific carbohydrates is unknown. How-
ever, several indirect investigations suggest that they may be for
defense against infection of bacteria, virus, and parasites (1-3).
This notion is because specific glycans expressed in animals are
often targeted by carbohydrate-binding proteins on pathogens,
for the first step of invasion. To reduce serious risks of patho-
genic microbial infections, some hosts might have changed their
oligosaccharide structures and made them highly heterogeneous.
On the other hand, microbes might also have changed structures
of their surface glycans to evade hosts’ immune system. Thus, the
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glycan diversity in nature is considered to be compound conse-
quences of survival race among hosts and microorganisms.

Investigation of species-specific oligosaccharides is important
in understanding how glycan diversity was created during the
course of evolution and diversification of animals. However, only
limited information is available in this regard, especially with
respect to the relationship between phylogeny and expression of
species-specific carbohydrate antigens. Two of the better known
examples are the expression of Gala1-3Gal and N-glycolylneura-
minic acid (NeuGc). Galal-3Gal is expressed in all mammals
except human, apes, and Old World monkeys (catarrihins).
Inactivated genes encoding a-1,3-galactosyltransferase («-1,3-
GalT), the enzyme to form Galal-3Gal, had been found in
catarrihins (4-6). The occurrence of this gene mutation in
catarrihins was estimated to be between 40 and 25 millions years
ago (mya) (5, 7), after the ancestors of Old World monkeys and
New World monkeys diverged from the common ancestral
primates (8, 9). In another example, deficiency of NeuGc in
humans is unique among mammals (10). The human-specific
inactivation of a gene encoding CMP N-acetylneuraminic acid
hydroxylase, which is one of the critical enzymes to produce
CMP-NeuGec, was estimated to have occurred 2.7-2.8 mya (11).
The investigations of Galal-3Gal and NeuGc-expression indi-
cated that some glycan diversifications are inscribed in genes and
maintained for a long period. However, these studies are mostly
on mammals, and little systematic studies for nonmammalian
vertebrates had been reported.

We recently showed that pigeon (Rock Dove, Columba livia)
express Galal-4Gal (galabiose) antigens attached on glycopro-
teins from egg white (12, 13) and serum (14), and analyzed their
N-glycan structures (Fig. 1). The presence of Galal-4Gal gly-
coproteins, however, had been rarely found in nature, except in
a few birds (15-18) and amphibians (19-21). In mammals, the
Galal-4Gal sequence is only found in glycolipids expressed on
cell surfaces. Whereas endogenous receptors for Galal-4Gal
had not been found in vertebrates, the Gala1-4Gal sequence is
a minimum structure recognized by several bacterial adhesins
and enterotoxins (see ref. 12 and references therein). It is
demonstrated that pigeon egg white glycoproteins are recog-
nized by P-fimbriae of uropathogenic Escherichia coli (12) and
Shiga-like toxin type 1 (22), although whether Galal-4Gal on
glycoproteins in pigeon actually serves to protect the host as a
decoy against such pathogens remains to be established.

Based on the limited available information concerning the
expression of Gala1-4Gal moiety in birds, we have assumed that
Galal-4Gal is absent in the avian orders Galliformes (chicken,
turkey, quail, and pheasant) and Anseriformes (duck and gan-
der; refs. 15 and 16), but is present in the orders Columbiformes

Abbreviations: Con A, concanavalin A; GalT, galactosyltransferase; GS-I; Griffonia simplici-
folia I; mya, million years ago; NeuGc, N-glycolylneuraminic acid; RCA-I, Ricinus communis
agglutinin I; WAL, Wandering Albatross; BUQ, Buttonquail.
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Fig. 1. Representative N-glycan structures of ovalbumins from chicken
(36-38) and pigeon (12, 13). Specificity of lectins (Con A, RCA-l, and GS-1) and
anti-P1 mAb for the detection of oligosaccharides were also indicated.
Monosaccharides were denoted as follows: M, mannose; GN, N-acetylglu-
cosamine; G, galactose; NA, N-acetylneuraminic acid.

(pigeon and turtle dove), Psittaciformes (budgerigar and cocka-
tiel; refs. 15 and 17), and Apodiformes (swiftlet; ref. 18). Here,
to trace the origin of Galal-4Gal expression in birds, we
examined the relationship between the expression of Galal-
4Gal antigen and phylogeny of birds by using avian egg whites
from 181 species. We found that expression of Galal-4Gal
glycoproteins are actually distributed much wider among avians
than what have ever been believed. Our investigation revealed
that the ability to express Gala1-4Gal glycoproteins might have
been possessed in common ancestors of modern birds, except
Ratitae [Struthioniformes (e.g., ostrich) and Tinamiformes (e.g.,
tinamou)] and Galloanserae [Craciformes (e.g., curassow), Gal-
liformes, and Anseriformes]. Galal-4Gal glycoproteins are ab-
sent in egg whites from Ratitae and Galloanserae, which are
phylogenetically separated from other orders at earlier stage of
modern bird diversification (100-65 mya). Moreover, some
species of birds belonging to non-Ratitae/Galloanserae might
have lost ability to express Gala1-4Gal glycoproteins in egg white
as recent as during or after diversification of avian families or
genera.

Materials and Methods

Egg Whites. Egg whites from various species of birds (20 orders,
88 families, 163 genera, and 181 species) were collected by M.L.
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(23-25), and were maintained at —20°C. The Latin names of the
birds were as given in Gruson and Forster (26) or in Sibley and
Monroe (27). Three-letter abbreviations based on the common
(English) name (Table 1, which is published as supporting
information on the PNAS web site) were followed as described
(23-25). Orders and families are listed according to Sibley and
Monroe (27, 28). Phylogeny of birds based on DNA-DNA
hybridization by Sibley et al. (27-29) was used for our basic
reference because their classification of birds in the world are
complementary to the phylogenetic analysis. Consequently, we
used a term parvclass “Ratitae” designated by Sibley et al. (27,
29, 30), which is traditionally called “Palacognathae.”

Materials. Alkaline phosphatase-conjugated lectins, concanava-
lin A (Con A), Ricinus communis agglutinin I (RCA-I), Griffonia
simplicifolia 1 (GS-I), and peanut agglutinin were purchased
from EY Laboratories (San Mateo, CA). Anti-P; mAb (mouse
IgM) was from Gamma Biologicals (Houston). Anti-Gala1-3Gal
mAb (M86, mouse IgM) (31) was a generous gift from Dr. Galili
(Rush University, Chicago). Alkaline phosphatase-conjugated
anti-mouse IgM was from Sigma. Poly(vinylidene difluoride)
membranes for blotting was from Millipore.

Methods. Procedures for SDS/PAGE and lectin/antibody blot-
ting have been described (12, 32). In general, 2.5 ug of total egg
white proteins from each species were loaded onto a lane of
SDS/PAGE gels (10% acrylamide) under reducing condition.
Egg white proteins were blotted on poly(vinylidene difluoride)
membranes and detected by Coomassie brilliant blue staining.
Oligosaccharides attached on egg white glycoproteins were
probed by lectin/mAb staining. The results of lectin/mAb
staining are recorded as follows: +, all major glycoproteins were
stained; =, some glycoproteins were stained; and —, no proteins
were stained. This marking system does not take staining
intensity into consideration because the protocol used are only
qualitative and are not quantitative. Protein concentrations were
measured by the BCA assay (33) by using BSA as a standard.

Results

Lectin/Antibody Staining of Avian Egg White Glycoproteins. It is
reported that major egg white glycoproteins in chicken are
ovotransferrin (77 kDa, 12% of total protein), ovalbumin (45
kDa, 54% of total protein), and ovomucoid (28 kDa, 11% of total
protein; ref. 34). All of them contain only N-glycans but not
O-glycans. These glycoproteins are biosynthesized in tubular
gland cells of oviduct (34). Pigeon egg white also contains these
three major glycoproteins, and there are two variants of pigeon
ovalbumin (12). The mobility of these major egg white glycop-
roteins on SDS/PAGE were different between chicken and
pigeon, even though the corresponding glycoproteins share
certain peptide sequence homology with each other. We have
previously demonstrated (12) that the apparent mobility differ-
ences on SDS/PAGE are mostly due to the differences of
number and size of N-glycans as well as amino acid sequences of
individual glycoproteins. The presence of these three major
glycoproteins (ovotransferrin, ovalbumin, and ovomucoid) are
probably common in all avian egg whites, and indeed ovoum-
coids had been isolated from approximately half of the egg white
samples (23-25) used in our studies here. In this study, we first
confirmed the presence of major egg white proteins from each
bird, by SDS/PAGE, blotting onto poly(vinylidene difluoride)
membrane, and staining with Coomassie brilliant blue. As
expected, major proteins from all samples were visualized in the
range of 30—80 kDa, although the mobility patterns varied from
species to species. Different properties of avian egg white
proteins, attributable to amino acid sequences and glycosylations
in a species-specific manner, might have manifested in the
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Fig. 2. Example of lectin/immunoblottings of avian egg white glycopro-
teins. Major egg white glycoproteins were visualized with Coomassie brilliant
blue (CBB) staining. Gala1-4Gal was detected by GS-1 and anti-P; mAb. Ab-
breviations for samples based on the common (English) name of birds are
shown in Table 1.

differential mobilities. The examples of Coomassie brilliant
blue-stained electrophoregrams are shown in Fig. 2.
Glycoproteins blotted on poly(vinylidene difluoride) mem-
branes were probed by staining with Con A (specific for high
mannose-type, hybrid-type, and biantennary oligosaccharides),
RCA-I (higher affinity for terminal B-galactoside), peanut ag-
glutinin (higher affinity for GalB1-3GalNAc, often found in
O-glycans), GS-1 (specific for terminal a-Gal/GalNAc), or
anti-P; mAb (specific for Galal1-4Galp1-4GlcNAcB1—; Fig. 1).
The results were summarized in Table 1, and the examples of
lectin staining are shown in Fig. 2. All of the major glycoproteins
of avian egg whites from 100 of 181 species were stained by both
GS-I and anti-P; mAbD. In four other species [Pennant-winged
Nightjar, Willet, Australian Pratincole, and Wandering Alba-
tross (WAL)], most major egg white glycoproteins were stained
by both GS-I and anti-P; mAb. The staining patterns of GS-I and
anti-P; mAb for all of the egg white glycoproteins tested were
apparently the same. It is evident from the results of GS-I and
anti-P; mAD staining that a-Gal is always found with Galal-
4Galp1-4GlcNAc. None of the GS-I-positive samples were
stained with anti-Gala1-3Gal mAb (data not shown), indicating
that the a-galactosyl residues of avian egg whites were not of
Galal-3Gal, which is expressed in mammals (except Old World
monkeys, apes, and human). The GS-I-negative egg whites from
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77 species were not stained with anti-P; mAbD either. All GS-1/
anti-P; mAb-positive samples, except WAL, were also stained
with RCA-I, although it was not vice versa. It is highly likely that
exposed B-galactosyl residues arose from incomplete a-galacto-
sylation and/or a-sialylation, as found in pigeon egg white
glycoproteins (Fig. 1 and ref. 13). WAL could not be stained with
RCA-I distinctly, probably due to the nearly complete a-galac-
tosylation, which masks terminal B-galactosyl residues. Indeed,
after the treatment with a-galactosidase (from green coffee
bean), major glycoproteins of WAL could be stained with RCA-I
(data not shown).

All egg white glycoproteins tested in this study, except for
Buttonquail (BUQ) and WAL, were stained with RCA-I,
whereas none of the egg white glycoproteins examined were
visibly stained with peanut agglutinin (data not shown). BUQ
clearly stained only with Con A. This result indicates that BUQ
is unable to produce galactosylated oligosaccharides, presumably
due to lack of certain processing enzyme activities or deficient
in some sugar-nucleotide donors, i.e., UDP-GIcNAc or UDP-
Gal in the oviduct to form complex-type oligosaccharides (35).
The fact that major egg white glycoproteins from almost all birds
could be stained with RCA-I indicates that these birds are
capable of producing B-galactosylated glycans, most likely as
GalB1-4GlcNAc, which are commonly found in the known
N-glycan structures from chicken (Gallus Gallus; Fig. 1 and refs.
36-41), quail (Coturnix japonica; ref. 42), duck (Anas platyrhyn-
chos hybrid; ref. 43), and pigeon (Columba livia; Fig. 1 and refs.
12 and 13) egg white glycoproteins. Because Galp1-4GlcNAc
sequence is a direct precursor of Galal-4GalB1-4GIcNAc, we
regard that RCA-I-positive species possess potential substrates
for putative a-1,4-GalT.

Relationship Between Expression of Gala1-4Gal in Egg White Glyco-
proteins and Phylogeny of Birds. Significantly, Gala1-4Gal glyco-
proteins are totally absent in Struthioniformes (four species),
Tinamiformes (three species), Craciformes (two species), Gall-
iformes (14 species), and Anseriformes (10 species), which are
phylogenetically separated from other orders at earlier stage of
modern bird diversification (Table 1 and Fig. 3). Some in the
remaining orders express Galal-4Gal glycoproteins in all species
examined: Upupiformes (1/1, positive species/total species ex-
amined), Coliiformes (1/1), Cuculiformes (7/7), Psittaciformes
(6/6), Apodiformes (3/3), Trochiliformes (1/1), Musophagi-
formes (2/2). However, Piciformes (0/3) and Coraciiformes
(0/7) were negative in Galal-4Gal expression in the species
examined.

Interestingly, expression of Gala1-4Gal glycoproteins in birds
in Turniciformes (4/5), Strigiformes (4/5), Columbiformes (8/
9), Gruiformes (3/6), Ciconiiformes, (24/42), and Passeri-
formes (40/50) is not uniform, even within the same orders or
families. For example, eight species of family Columbidae (pi-
geons and doves) differ in expression of Galal-4Gal glycopro-
teins. The one negative species Common Crowned Pigeon is
reported to be a more distant relative than other positive species
(44). Similarly, among nine species in five genera of family
Spheniscidae (penguins), three species in one genus (Pygoscelis)
were positive, while other six species in four genera were negative
for Galal-4Gal expression. Thus, it is most likely that the facility
for expression of Galal-4Gal was lost in some species (or
genera) after diversification of their families.

Different species of the same genus examined here are as
follows: Tragopan (two species), Turnix (five species), Amazona
(two species), Apus (two species), Columba (two species), Ze-
naida (two species), Grus (two species), Falco (two species),
Egretta (two species), Aptenodytes (two species), Pygoscelis (three
species), Spheniscus (two species), Turdus (two species), and
Passer (two species). The species belonging to the same genera,
except Turnix, revealed the same pattern in terms of expression
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(Gala1-4Gal)-

(avian orders) (examples) (No. of sp.) _positive/total
RATITAE r— Struthioniformes* (ostrich) (10) 0/ 4
L—— Tinamiformes* (tinamous) (47) o/ 3
GALLOA Craciformes** (curassows) (69) o/ 2
Galliformes** (chickens) (214) 0/14
Anseriformes**  (ducks) (161) 0/10
Turniciformes (buttonquails) (17) 4/ 5
Piciformes (woodpeckers) (355) o/ 3
Galbuliformes (jacamars) (51) N/A
— Bucerotiformes (hornbills) (56) N/A
L——— Upupiformes (hoopoes) (10) 1/ 1
_: Trogoniformes (trogons) (39) N/A
Coraciiformes (kingfishers) (152) o/ 7
(NEQAVES) Coliiformes (mousebirds) (6) 1/ 1
Cuculiformes (cuckoos) (143) 7/ 17
Psittaciformes (parrots) (358) 6/ 6
r— Apodiformes (swifts) (103) 3/ 3
L——— Trochiliformes (hummingbirds) (319) 1/ 1
Musophagiformes (turacos) (23) 2/ 2
— Strigiformes (owls) (291) 4/ 5
——— Columbiformes (pigeons) (313) 8/ 9
Gruiformes (coots) (196) 3/ 6
Ciconiiformes (gulls) (1027) 24/42
Passeriformes (perching birds) (5712) 40/50

Fig. 3.

Phylogeny of modern birds and expression of Gala1-4Gal on avian egg white glycoproteins. The phylogenetic tree is based on DNA-DNA hybridization

by Sibley et al. (29). The position of the Turniciformes in their classification is uncertain (p. 255 in ref. 29), and is indicated with dashed line. Avian orders belonging
to Ratitae (*) and Galloanserae (**) are indicated with asterisks. Non-Ratitae/Galloanserae modern birds are sometimes called Neoaves. The examples of birds
and recorded number of species in each order (27) are indicated in parentheses. Ciconiiformes in Sibley’s classification (27, 28) are traditionally classified as
Charadriiformes (e.g., gulls), Falconiformes (e.g., eagles), Podicipediformes (grebes), Pelecaniformes (e.g., tropicbirds), Ciconiiformes (e.g., storks), Sphenesci-
formes (penguins), Gaviiformes (loons), and Procellariformes (e.g., albatrosses). The number of Gala1-4Gal-positive species and the total species examined in this
study are indicated in the right column. N/A, not available. [Modified from ref. 29 with permission from Yale Univ. Press (Copyright 1990, Yale Univ. Press).]

of Galal1-4Gal glycoproteins (Table 1). In the exception, Turnix,
only one of the five species (BUQ) showed different expression
pattern from the other species in the same genus. Unfortunately,
phylogenetic analysis for Turniciformes is very incomplete, and
we could not survey the differences of these species in this genus.
BUQ is, however, the only species that could not be stained with
both RCA-I and GS-I, indicating that BUQ cannot express
B-galactosyl residues. Therefore, we speculate that this species
lost its ability to express Gala1-4Gal on egg white glycoproteins
not by inactivation of a-1,4-GalT, but by some other mechanism.

Discussion

Birds are one of the branches of higher vertebrates believed to
have evolved from a lineage of reptiles. Ancestors of birds and
of mammals survived in the Cretaceous-Tertiary boundary (65
mya) when dinosaurs became extinct, and then radiated in
Tertiary (65-1.6 mya). The number of species of living birds
(9,672 recognized species, by the year 1990; ref. 27) is largest
among vertebrates. Phylogenetic classification of birds has been
an especially difficult task. They are underrepresented in the
fossil records, due to their brittle bones. After the plumage is
removed, the birds are taxonomically quite similar. Yet the study
based on morphology (45, 46), DNA-DNA hybridization (27,
29), nuclear/mitochondrial DNA sequences (47-51), and pro-
tein sequences (52) mostly agree that modern birds (Neornithes)
are monophylic and had been divided into three large taxa, (i)
Ratitae (traditionally called Palacognathae), (if) Galloanserae,
and (iif) non-Ratitae/Galloanserae (sometimes called Neo-
aves®), at the earlier stage of modern birds history. The diver-

SHowever, Sibley et al. (29) included Galloanserae in Neoaves (27, 29).

9026 | www.pnas.org/cgi/doi/10.1073/pnas.0402822101

gence dates are supposed to be in the Cretaceous (=100 mya)
according to molecular clock interpretations (53-55), or soon
after the Cretaceous-Tertiary extinction event (65 mya) esti-
mated by limited fossil records (56, 57). The root placement of
Galloanserae, i.e., whether it is related to Ratitae or to other
avian orders, remains to be settled, because available results are
varied and controversial, depending on the used methods and
data sets (55). DNA-DNA hybridization method by Sibley et al.
(29, 30) placed Galloanserae as a closer relative to Ratitae as
shown in Fig. 3; however, Sibley et al. (p. 255 in ref. 29)
considered that the branch was probably misplaced.

We showed that the expression of Galal-4Gal on egg white
glycoproteins is totally absent in Ratitae and Galloanserae,
whereas majority of other groups express Gala1-4Gal. Because
the expression of Galal-4Gal is widely distributed among non-
Ratitae/Galloanserae birds, it is most likely that the ancestor of
non-Ratitae/Galloanserae birds might be able to express Gala1-
4Gal before further diversification. Although the root placement
of Galloanserae is not clear, the major branching point in
expression of Gala1-4Gal on egg white glycoproteins seems to be
between Ratitae/Galloanserae and non-Ratitae/Galloanserae.
For this event, we can consider two hypothetical models for
Galal-4Gal expression (Fig. 4). In the first model (Fig. 44), the
common ancestor of all modern bird lineages could express
Galal-4Gal, but this facility was lost in Ratitae/Galloanserae
after they diversified. In the second model (Fig. 4B), the
common ancestor of the modern birds did not have ability to
express Galal-4Gal, but it was acquired somehow only in
ancestors of non-Ratitae/Galloanserae birds. The relationship
of expression of Gala1-4Gal glycoproteins in birds and amphib-
ians is unclear, but they might have occurred independently, in
the case of the second model. Fig. 44 involves a possibility that
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Fig. 4. Schematic models for acquisition/loss of Gala1-4Gal expression
capability in the modern birds during their diversification. (A) The common
ancestors of modern birds already possess the capability to express Gala1-4Gal
glycoproteins (open circle, followed by thick lines) before the differentiation
into Ratitae (R), Galloanserae (G), and non-Ratitae/Galloanserae (N), but this
capability might have been lost (cross, followed by thin lines) in Ratitae and
Galloanserae after they are separated from others. (B) The common ancestors
of modern birds did not possess the capability, but it was acquired by non-
Ratitae/Galloanserae after they are separated from others. In either models,
some species of birds belonging to non-Ratitae/Galloanserae might have lost
(thin lines) the capability to express Gala1-4Gal glycoproteins in egg whites at
the levels of families and/or genera. The root position of Galloanserae was
undefined.

Galal1-4Gal expression in avians was inherited from amphibians.
However, the conclusion can only be tentative unless gene
structures of a-1,4-GalT in avians and amphibians are carefully
compared. Some non-Ratitae/Galloanserae birds might have
lost Gala1-4Gal expression capability during or after diversifi-
cation at the level of families or genera, so that the differential
expression of Galal-4Gal was also observed within the same
orders or families. None of the Piciformes and Coraciiformes
species examined were Galal-4Gal-positive in egg white glyco-
proteins. However, the negligible expression in these orders
might have occurred independently from those in Ratitae/
Galloanserae, because both Piciformes and Coraciiformes are
phylogenetically distinct from Ratitac/Galloanserae (29, 46, 49,
50). In the case of second model (Fig. 4B), there is a possibility
that after Piciformes was divided from others, the Gala1-4Gal
expression capability was acquired in ancestors of the rest of
non-Ratitae/Galloanserae birds. However, this speculation can
only be tentative, because there is no consensus on the phylo-
genetic position of Piciformes within non-Ratitae/Galloanserae,
as determined by DNA-DNA hybridization and by several other
methods (47, 50, 55).

Our results showed that the expression of Galal-4Gal
glycoproteins is actually not rare, and is in more than half of
the avian species. Passeriformes (perching birds) are regarded
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as the most successful modern birds based on the number of
species (5,712 species, 59% of total avian species), and are
often compared with rodents, which constitute ~40% of
mammal species (56). Although we have analyzed only 50
species in Passeriformes, 40 of them were Galal-4Gal-
positive. The recorded number of species of non-Ratitae/
Galloanserae group is 9,171 (95% of total avian species). In
our survey, 104 of 148 species in this group were Galal-4Gal-
positive. Assuming that the ratio of Gala1-4Gal-positive versus
total species in non-Ratitae/Galloanserae is also 104:148,
6,444 species (67% of total avian species) would be expected
to express Galal-4Gal-glycoproteins. If this is the case, Galal-
4Gal glycoproteins are far from “rare” in birds. Although the
expression of Galal-4Gal in birds is apparently not manda-
tory, we can speculate that the expression of Galal-4Gal
influences the fate of birds by glycan-based interaction with
microbes or xenobiotics, either advantageously or disadvanta-
geously. The loss of Galal-4Gal in birds may also involve the
potential ability to produce natural antibodies against Galal-
4Gal, when the epitope is absent in both glycoproteins and
glycolipids. It is proposed that natural anticarbohydrate anti-
bodies may act as barriers to retrovirus transmission between
positive and negative taxa (1).

Formation of Galal-4Gal on glycoproteins is presumably
catalyzed by a putative a-1,4-GalT, which transfers Gal residue
(most likely from UDP-Gal) to lactosamine (GalB1-4GlcNAc)
moieties on glycoproteins. When the substrates are adequately
provided, the expression of Galal-4Gal are mainly regulated
by expression of the gene encoding a-1,4-GalT. Additionally,
coenzymes or specific chaperons are sometimes also critical for
the enzyme activity (58). Whereas pigeon expresses Galal-
4Gal glycoproteins not only in egg whites but also in other
tissues and fluids (14), no Gala1-4Gal has been detected so far
in chicken. The apparent absence of Gala1-4Gal glycoproteins
in entire body of chicken probably reflects inactivation or
absence of the a-1,4-GalT gene. In some species, lack of
Galal-4Gal in egg white glycoproteins might be due to tissue-
specific inactivation of the «-1,4-GalT gene expression, or
polymorphism. These speculations will be substantiated when
sequence(s) of putative avian «-1,4-GalT gene(s) becomes
available.

Species-specific glycan expression, such as Galal-3Gal
and NeuGc in mammals, showed that structural analysis of
(pseudo)genes can provide useful information about the past
events on the genes for glycan expression. However, the main
emphasis of differentiation of both Galal-3Gal and NeuGc
is focused on glycan differentiation in human versus other
mammals. Consequently, the timing of divergence, i.e., loss of
Galal-3Gal and NeuGc expression capability, could not be
much earlier than history of human or primates. The origins of
Galal-3Gal and NeuGc expression are supposed to be in early
stage of mammalian evolution, but it has not been determined
precisely. Although we have not determined the actual origin of
Gala1-4Gal expression in avians, our data clearly indicate that
the glycan diversification occurred in the early history of modern
birds (100-65 mya). Moreover, we found that the loss of
Galal-4Gal expression facility also occurred in some birds
relatively recently (mostly 65 mya to the present). Therefore,
comparison of the activated/inactivated «-1,4-GalT gene(s)
among birds will be important in understanding the genetic
mechanism of species-specific glycan differentiation at different
evolutional stages, including more ancient events than those so
far studied for mammals.
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