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After performing hydrophilic interaction and weak anion
exchange high-performance liquid chromatography to ana-
lyze N-glycans in the plasma of 1991 people, we identified
several individuals that differed significantly from the “nor-
mal” profile ofN-glycans. By performing consensus scoring
of pairwise distances between vectors containing measured
glycan values, we formed six groups of individuals with spe-
cific glyco-phenotypes. Some aberrations from the normal
plasma protein patterns were found to be associated with
clinical conditions (such as renal problems in people with in-
creased monosialylated biantennary glycans, A2G2S1),
while other substantial changes in N-glycan structure, such
as the near complete absence of neutral glycans or antenn-
ary fucosylated tri- and tetraantennary glycans, were not
associated with any observed adverse health outcomes.
These results demonstrate the existence of specific altered
glyco-phenotypes in some individuals and indicate that in
some cases theymight represent risk factors for the develop-
ment of specific diseases.
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Introduction

In contrast to RNA and proteins, glycans are being synthesized
without a genetic template that pre-determines their final struc-
ture. Instead of being molded by a single gene, glycans are a
product of complex interactions between hundreds of different
genes. Therefore, the exact structure of glycans on a glycopro-
tein is determined by both genetic polymorphisms in the
genome and the past environmental influences on the cell pro-
ducing the given glycoprotein (Lauc et al. 2010). Consequently,
the variability of glycans both between species and within a
species is larger than the variability of proteins or RNA mole-
cules (Royle et al. 2008; Knežević et al. 2009). N-glycosylation
is essential for multicellular life, and its complete absence is
embryonically lethal (Marek et al. 1999). In contrast to core
N-glycans which are essential for functions of many glycopro-
teins, variability in monosaccharides at the end of glycan
antennae is common (e.g., ABO blood groups). This structural
diversity of glycans contributes to glycoproteome heterogeneity
in a population that can be advantageous for evading pathogens
and adapting to changing environment (Varki 1993; Lauc and
Zoldos 2009).

In general, the human plasma glycome is very stable and
changes very little over time (Gornik et al. 2009). In a majority
of people, this glycan profile is very similar and can be referred
to as “the normal profile” (Knežević et al. 2009). However,
sometimes a combination of genetic polymorphisms or envi-
ronmental conditions will occur that will result in a
significantly different profile that might be a predisposition
for a specific disease or could also be a consequence of the
same disease. After analyzing N-glycans in plasma of 1991 in-
dividuals from Croatian islands Vis and Korčula, here we
describe several groups of outliers with similar glycan profiles
that differ from the general population in both glycan profiles
and (patho)physiological characteristics.

Results

By combining hydrophilic interaction and weak anion ex-
change high-performance liquid chromatography (HPLC)
analysis of 2AB-labeled released N-glycans, we determined
basic characteristics of the plasma N-glycome in 1991 indivi-
duals. Glycan profiles in the majority of the analyzed
individuals were rather similar, but in some individuals signif-
icantly different glycan profiles were observed (Figure 1).
When several individuals shared the same “outlying” profile,
they were treated as a group. If only one individual was signif-
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icantly different, then its “first neighbors” were identified using
consensus scoring of pairwise distances between vectors con-
taining measured glycan values as described in the Materials
and methods section. Comprehensive statistical analysis of
over 100 biochemical traits and other medical data was per-
formed to identify shared phenotypic characteristics within
each outlier group.

Individuals lacking antennary fucose on triantennary and
tetraantennary glycans
Four individuals who nearly completely lacked glycans in
DG9 and DG12 glycan groups were observed (Figure 2).
From the complete listing of structures in each glycan group
presented in Supplementary Table 1, it is clearly visible that
these individuals nearly completely lacked antennary fucosy-
lated triantennary and tetraantennary glycans. At the same
time, they all had increased levels of both triantennary and tet-
raantennary structures as well as some antennary fucosylated
biantennary structures, indicating that all relevant enzymes
were functional in these individuals. However, for some cur-
rently unknown reason, fucose was not being added to tri- and
tetraantennary glycans. Interestingly, the same glycosylation
phenotype was observed in three out of 300 analyzed indivi-
duals from China. These individuals were not characterized
biochemically and are not included in this study, but the pres-

ence of the same aberrant glycosylation phenotype in both
Croatia and China indicates that the mutation causing this
phenotype is probably evolutionarily very old. The four indi-
viduals from Croatia were all females (51, 65, 67 and 74 years
of age). Two of them were sisters, while the others were un-
related. Their biochemical status was characterized by
increased levels of cholesterol and low-density lipoprotein
(LDL) or increased level of insulin, while all of them had de-
creased levels of creatinine.

Individuals with elevated A2G2S1 glycans
A single individual with extremely high A2G2S1 glycan (the
main component of peak 7, GP7 in hydrophilic interaction liq-
uid chromatography (HILIC) analysis of plasma glycans) was
observed in a population (Figure 1, outlier A). Five first neigh-
bors with the most similar glycome profiles were identified
(Figure 3, Supplementary Table 2). All these neighbors (30-,
49- and 58-year-old males and 58- and 76-year-old females)
were characterized by an increase in the ratio of monosialy-
lated to bisialylated biantennary glycans and a decrease in
triantennary structures (complete listing of all glycan values
for these and all other individuals is presented in Supplemen-
tary Table 3). As for their biochemical status, three had
increased levels of cholesterol and LDL, and four had in-
creased fibrinogen level. The most interesting piece of data
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Fig. 1. Outlier A, individual with elevated A2G2S1 glycans; outlier B, individual with glycan changes that mirror premature aging; outlier C, individual with
elevated biantennary nongalactosylated glycans; outlier D, individual with elevated biantennary monosialylated glycans; outlier E, individual with increased core
fucosylated glycans.
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in their medical records was the fact that 50% of these indivi-
duals had some type of renal disease, which represents a nearly
6-fold increase compared to a prevalence of 8.4% in the whole
population. The association of A2G2S1 with renal problems
was confirmed by the analysis of GP7 levels in the whole stud-
ied population. Only 4.3% of healthy individuals had GP7
values above the 95th percentile, 8.9% above the 90th percen-
tile and 11% above the 75th percentile. In people with renal
diseases, these values were approximately double; 9% of indi-
viduals had GP7 values above the 95th percentile, 17.6%
above the 90th percentile and 28% above the 75th percentile.

Individuals with glycan changes that mirror premature aging
An individual that nearly completely lacked neutral glycans
was identified (Figure 1, outlier B, 44-year-old female). The
four first neighbors (67-year-old male and 57-, 58- and 62-
year-old females) with the most similar glycome profiles were
identified (Supplementary Table 2). These five individuals
shared a pattern of decreased or increased levels of nine gly-
cans that change with age: monosialylated, monosialylated
biantennary, disialylated biantennary, trisialylated, biantennary,
triantennary, core fucosylated, trigalactosylated and tetragalac-
tosylated glycans (Knežević et al. 2010). In all five individuals,
these glycans were either below the 5th percentile or above the
95th percentile of the general population. All five individuals

had increased fibrinogen level, and three of them had de-
creased creatinine and albumin levels (Supplementary
Table 4), but they did not share any peculiar medical status.

Individuals with elevated biantennary nongalactosylated
glycans
A notable individual (Figure 1, outlier C, 75-year-old female)
with extremely high levels of biantennary nongalactosylated
glycans (GP2 and DG2 glycan groups) was identified. Four
first neighbors (38-, 47- and 50-year-old males and 72-year-
old female) with the most similar glycan profiles were identi-
fied (Figure 4, Supplementary Table 2). In addition to high
biantennary nongalactosylated and monogalactosylated gly-
cans, the common feature of this group was a decreased
level of triantennary and tetraantennary glycans. Three of these
five individuals had increased levels of fibrinogen and insulin.
The original outlier (75-year-old female) and her most similar
neighbor 1 (50-year-old male) had increased levels of glucose,
insulin, HbA1c and fibrinogen. Both of them also suffered
from hypertension (Supplementary Table 4). In the whole pop-
ulation, 7.3% of individuals had diabetes, among which 16.5%
had levels of triantennary glycans below the 10th percentile.

Individuals with altered levels of different IgG glycans
Another individual identified as an outlier displayed complex
changes in levels of glycans that mostly originate from IgG
(Figure 1, outlier D, 81-year-old female). From the performed
experiments, it is not possible to unequivocally determine ex-
act structural changes in this individual, but it appears that the
main feature was an increase in core-fucosylated biantennary
glycans with bisecting GlcNAc. Four closest neighbors were
identified (73-year-old male and 27-, 47- and 72-year-old fe-
males). A shared biochemical feature of this group was a
high level of fibrinogen in all individuals.

Individuals with increased core fucosylated glycans
A female individual, 57 years old, who was an outlier with an
extremely high level of core fucosylated glycans was identified
(Figure 1, outlier E). Most of this core fucosylation was restric-
ted to biantennary monogalactosylated or digalactosylated
structures which were also showing distinct increase. Distance
matrix calculation identified four additional individuals (57- and
65-year-old males and 45- and 78-year-old females), all of
which had similar plasma glycan profiles. Three of these four
individuals had increased levels of triglycerides and LDL, while
their high-density lipoprotein and creatinine were decreased
(Supplementary Table 4). There were no other shared character-
istics, and they appeared to be healthy despite highly increased
core-fucosylated glycans.

Discussion

After analyzing plasma N-glycans in 1991 individuals, we
identified six groups of people who were significantly different
from the rest of the studied population. One of the groups was
identified manually, while the others were formed around out-
lying individuals by advanced computing algorithms. In the
manually identified group, two individuals were siblings; all
the other individuals were not related. Computational identifi-
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Fig. 2. Individuals lacking antennary fucose on triantennary and
tetraantennary glycans. Section of HPLC chromatograms showing affected
glycan peaks are showed.
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cation of people with similar glycome characteristics using
consensus scoring of pairwise distances between vectors con-
taining measured glycan values was subsequently verified by
manual scanning of the chromatograms. Glycan vectors used
to identify first neighbors were adjusted for age and sex before
computation, and the original chromatograms were not, but the
successfulness of this approach is still clearly visible in
Figures 3 and 4 which show similarities among the identified
individuals.

The observed deviations from the normal plasma glycan
profiles in these six groups of individuals were much more
pronounced than changes that were reported to occur in com-
mon diseases (Alavi and Axford 2008; Gornik and Lauc
2008), and the incidence of these deviations in the studied
population was much lower than the incidence of any common
disease. These all indicate that the observed deviations were
not a result of altered physiological conditions but were in-
stead a consequence of some relatively rare mutations and/or
rare combinations of common polymorphisms. Hundreds of
different genes are involved in protein glycosylation, and nu-
merous common polymorphisms in these genes are among the
principal reasons for high variability of glycans. Contrary to
proteins which are being made according to a specific genetic
template, glycans are products of complex interactions be-
tween hundreds of proteins. Specific combination of several

slightly altered protein functions could result in specific
changes in the efficacy of the glycosylation machinery, which
would be reflected in altered patterns of plasma glycans (gly-
co-phenotypes). Altered glycosylation of numerous proteins
would result in a specific phenotype and could be associated
with predispositions to some diseases.
Our study population was characterized in great detail; thus,

we were able to identify some of the shared characteristics for
different glyco-phenotypes. Some of the aberrations from the
normal plasma proteins were associated with rather serious
conditions like renal problems in people with increased
A2G2S1 (Figure 1, outlier A). Some other changes, although
apparently rather dramatic like the absence of neutral glycans
(Figure 1, outlier B) or increased core-fucosylation (Figure 1,
outlier E), were apparently healthy. Determining the exact
physiological and/or medical consequences of specific aberra-
tions from the normal glycan profiles would require more
detailed examination of many additional individuals with the
same aberration; thus, the results reported here should be con-
sidered as only an indication and not the definite proof of
association between specific glyco-phenotypes and medical
conditions. However, the results presented here represent a sol-
id proof that specific common glyco-phenotypes do exist in the
general population and that they might represent risk factors
for the development of specific diseases. However, in some
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Fig. 3. An outlying individual with elevated A2G2S1 glycans was identified in a population. Further five individuals with similar glyco-phenotype (neighbors
1–5) were identified by consensus scoring of pairwise distances between vectors containing measured glycan values. Sections of HPLC chromatograms showing
affected glycan peaks are showed.
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cases, even dramatic changes in the glyco-phenotype, like the
near complete absence of neutral glycans, or antennary fucosy-
lated tri- and tetraantennary glycans were apparently not
detrimental to health.

Materials and methods
Plasma samples and glycan analysis
Blood samples were collected from unselected examinees from
two Croatian Adriatic islands, Vis and Korčula, as a part of a
larger genetic epidemiology program, and glycans were ana-
lyzed as described in detail in the accompanying article
published in the same issue of Glycobiology (Knežević et al.
2010). Levels of glycans sharing the same structural features
were approximated by adding the structures having the same
characteristic, from either HILIC, weak anion exchange or af-
ter sialidase treatment-integrated glycan profiles (individual
glycan structures present in each glycan group are listed in
Supplementary Table 1).

Identification of outliers and their nearest neighbors
Individuals containing the most similar glycan profiles to
identified outliers were determined using a consensus scoring

of pairwise distances between vectors containing measured
glycan values. Glycan profiles from both cohorts were nor-
malized for age and gender differences and scaled to the
mean residuals of linear regression. Five nearest neighbors
(the individuals with the smallest respective profile distances)
were calculated for each candidate using five distance calcu-
lation methods: maximum value (maximum difference in any
coordinate dimension); Manhattan (city block); Euclidean
(square root of the sum of squared vector coordinates); Can-
berra (sum of differences between the vector coordinates); and
Minkowski generalized distance of order 4 (fourth root of the
sum of vector coordinates raised to the fourth power). Neigh-
bors occurring in a group of five nearest neighbors using at
least two different methods were selected as true neighbors
and are listed in Supplementary Table 2. Calculations were
performed using the R package for statistical computing
(http://www.r-project.org).

Supplementary data

Supplementary data for this article is available online at http://
glycob.oxfordjournals.org/.
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