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ABSTRACT: Severe allergic reactions to certain types of meat following tick bites have been reported in geographic regions which
are endemic with ticks. This immune response is directed to a carbohydrate antigen (galactose-α-1,3-galactose or α-Gal), which is
present in glycoproteins of mammalian meats. At the moment, asparagine-linked complex carbohydrates (N-glycans) with α-Gal
motifs in meat glycoproteins and in which cell types or tissue morphologies these α-Gal moieties are present in mammalian meats
are still unclear. In this study, we analyzed α-Gal-containing N-glycans in beef, mutton, and pork tenderloin and provided for the first
time the spatial distribution of these types of N-glycans in various meat samples. Terminal α-Gal-modified N-glycans were found to
be highly abundant in all analyzed samples (55, 45, and 36% of N-glycome in beef, mutton, and pork, respectively). Visualizations of
the N-glycans with α-Gal modification revealed that this motif was mainly present in the fibroconnective tissue. To conclude, this
study contributes to a better understanding of the glycosylation biology of meat samples and provides guidance for processed meat
products, in which only meat fibers are required as an ingredient (i.e., sausages or canned meat).
KEYWORDS: galactose-α-1,3-galactose, N-glycans, meat allergens, MALDI-TOF-MS, mass spectrometry imaging

■ INTRODUCTION
Human allergic reactions against red meat (i.e., beef, mutton,
or pork) following tick bites (Figure 1a) were first reported in
2009 by van Nunen and co-workers.1 Since then, different
groups have further investigated this phenomenon for various
geographical regions with endemic tick populations and
reported similar results to the 2009 study (Australia,2,3

Europe,4 and America5). It was subsequently revealed that
these allergic reactions to red meat are triggered by
immunoglobulin E (IgE)-sensitized mast cells and, more
specifically, to a post-translational carbohydrate modification of
the meat proteins, namely, the N-glycan-linked galactose-α-1,3-
galactose (α-Gal) motif.6−9 This α-Gal motif is omnipresent in
all mammals except humans and Old World monkeys7 and
results from the α-1,3-galactosyltransferase (α1,3GT)-medi-
ated addition of a terminal galactose residue to the galactose of
complex N-glycans in α-1,3-linkage which takes place in the
Golgi apparatus.10−12 In contrast to most other mammals,
humans are unable to synthesize the α-Gal motif due to two-
point mutations in the α1,3-galactosyltransferase gene coding
for α1,3GT and making it catalytically inactive.13−15 This
particular α-Gal carbohydrate motif has since also been
identified in the saliva of ticks. Upon a tick bite, saliva
containing α-Gal-decorated N-glycans enters the human skin
and triggers an IgE antibody-directed hypersensitivity against
α-Gal.16−18

Prior to the exposure to the α-Gal motif via tick bites,
patients with red meat allergy were able to consume red meat
on a regular basis (1−2 times a week) for years without any
noticeable symptoms.5 The described allergic symptoms
include itching and swelling of the skin and, in some cases,
severe anaphylaxis was reported.19,20 Interestingly, in compar-
ison to the rapid onset period of under 2 hours of other known
IgE-induced food allergies, red meat-induced allergic reactions
generally require a longer onset period of 3 to 6 hours.18 Diary
glycoproteins are digested into small molecules (e.g., amino
acids and small molecular weight peptides), ensuring that the
nutrients could be absorbed by the intestine.21,22 In addition,
the stability of glycoproteins may be also affected in a
gastrointestinal environment,23 with nonhuman glycan motifs
increasing the resistance of glycoprotein digestion.21,24 There-
fore, it is hypothesized that this delayed immune response is
caused by slower proteolytic degradation of α-Gal-bearing
meat glycoproteins prior to their absorption into the
circulatory system.25

Received: November 19, 2022
Revised: February 2, 2023
Accepted: February 7, 2023
Published: February 21, 2023

Articlepubs.acs.org/JAFC

© 2023 American Chemical Society
4184

https://doi.org/10.1021/acs.jafc.2c08067
J. Agric. Food Chem. 2023, 71, 4184−4192

D
ow

nl
oa

de
d 

vi
a 

L
E

ID
E

N
 U

N
IV

 o
n 

M
ay

 2
3,

 2
02

3 
at

 0
7:

04
:0

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui-Rui+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guinevere+S.+M.+Lageveen-Kammeijer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans+Dalebout"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wangang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manfred+Wuhrer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manfred+Wuhrer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bram+Heijs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josef+Voglmeir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.2c08067&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c08067?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c08067?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c08067?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c08067?goto=supporting-info&ref=pdf
https://pubs.acs.org/toc/jafcau/71/9?ref=pdf
https://pubs.acs.org/toc/jafcau/71/9?ref=pdf
https://pubs.acs.org/toc/jafcau/71/9?ref=pdf
https://pubs.acs.org/toc/jafcau/71/9?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jafc.2c08067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf


While the role of α-Gal sensitization in mammalian meat
allergy has thoroughly been investigated and demonstrated as
illustrated above, the α-Gal moiety, as the terminal
modification linked to N-glycans, has been rarely investigated
in meat samples until now. Furthermore, protein glycosylation
in meat samples is so far only studied using homogenized
tissues.26,27 Matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI) allows one to address
this by generating two-dimensional illustrations of selected
analytes by scanning the surface of biological samples (Figure
1b).28−30 This methodology is generally used to detect
analytes such as proteins,31 peptides,32 lipids,33 and metabo-
lites,34 but various studies also report on its usage to explore
the distribution of the N-glycome.35−40 While MALDI-MSI
has already been applied in food studies,41,42 this technique
has, to the best of our knowledge, not yet been exploited to
investigate the N-glycome distribution of various meats.
Therefore, the identity and spatial distribution of α-Gal-
containing N-glycans in meat species is of keen interest from
the nutritional perspective and consequently can provide
scientific guidance for meat manufacturing, especially for
processed meat products. We herein analyzed the homoge-
neous and spatial distribution of the responsible α-Gal motif of
the N-glycans in beef, mutton, and pork tenderloin by a
combination of MALDI-TOF-MS, capillary electrophoresis
hyphenated with mass spectrometry via electrospray ionization
CE-ESI-MS(/MS), and MALDI-MSI. By this approach, the
abundance of N-glycans with α-Gal motif in different
tenderloin samples could be analyzed both at an in-depth
and at the spatial level.

■ MATERIALS AND METHODS
Materials. Glacial acetic acid (HAc) and ethanol (EtOH) were

obtained from Merck (Darmstadt, Germany). Formaldehyde solution
(4%) (buffered, pH 6.9), 40% dimethylamine, dimethylsulfoxide
(DMSO), 28% ammonium hydroxide solution, 1-hydroxybenzotria-
zole hydrate (HoBt), α-cyano-4-hydroxycinnamic acid (CHCA),
trifluoroacetic acid (TFA), trichloroacetic acid, poly-L-lysine 0.1%
solution, Nonidet P-40 substitute, and maltoheptaose (DP7) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) was obtained from
Fluorochem (Hadfield, UK). HPLC SupraGradient acetonitrile

(ACN) was purchased from Biosolve (Valkenswaard, The Nether-
lands). Recombinant PNGase F PRIME-LY glycosidase from
Flavobacterium meningosepticum was purchased from N-Zyme
Scientifics (Doylestown, PA, USA). 1-(Hydrazinocarbonylmethyl)-
pyridinium chloride (Girard’s Reagent P; GirP; cat. nr. G0030) was
purchased from TCI Development Co. Ltd. (Tokyo, Japan). Indium-
tin-oxide (ITO) glass slides and peptide calibration standard II were
purchased from Bruker Daltonics (Bremen, Germany). All buffers
were prepared using deionized water generated from a Q-card 2
system (Millipore).

Meat Sample Preparation. Three dry-aged meat samples for
each species (beef, mutton, and pork), which were representative for
the Dutch consumer market, were purchased from a butcher in
Leiden, the Netherlands. Ice cold phosphate buffered saline (1 ×
PBS) was used to remove excessive tissue fluids. For the
determination of the homogenous N-glycan composition, approx-
imately 100 mg of each meat sample was frozen in liquid nitrogen and
homogenized with a mortar and pestle. For the spatial N-glycan
release, each meat sample was cut into roughly 10 mm × 5 mm × 2
mm blocks. For the purpose of tissue fixation, the meat samples were
further incubated in 4% formaldehyde solution (v/v, pH 6.9, the ratio
of fixative volume to tissue volume is 10:1) at room temperature for
24 h to protect tissues from post-mortem degradation and to prevent
protein delocalization during further tissue processing. The formalin-
fixed tissue blocks were then cut into 10 μm thick slices and mounted
on poly-L-lysine and indium-tin-oxide (ITO)-coated glass slides. The
slices were dried in a vacuum desiccator for 10 min and stored at −80
°C for further analysis.

N-Glycan Release. The release of N-glycans was performed as
previously described.26 In brief, approximately 100 mg of minced
meat was suspended in 500 μL of deionized water, followed by the
addition of 500 μL of 40% trichloroacetic acid (TCA, v/v) for protein
precipitation. After centrifugation at 12,000 × g for 10 min, the
supernatant was removed. The obtained proteins were washed with
deionized water until the supernatant of the suspension was pH
neutral. The proteins were resuspended in 400 μL of deionized water.
The resulting protein solution was only denatured by heating (95 °C
for 10 min); no denaturing agents (such as dithiothreitol or sodium
dodecyl sulfate) were used to avoid interference with the subsequent
linkage-specific derivatization procedures. A total of 10 μL of PNGase
F (0.2 mg/mL) was added after the sample cooled down to room
temperature. The enzymatic N-glycan release was performed at 37 °C
overnight. The released N-glycans were collected by centrifugation at
12,000 × g for 10 min followed by centrifugal evaporation to
concentrate the sample to a volume of 10 μL. The concentrated N-

Figure 1. (a) Development of allergic reactions after tick bites to the α-Gal motif in meats and (b) overview on the spatial distribution of analytes
using MSI.
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glycans were directly used for sialic acid ethyl esterification and
amidation.

Sialic Acid Ethyl Esterification and Amidation. Linkage-
specific derivatization of sialic acids through ethyl esterification of
α2,6-linked sialic acid residues and via amide formation of α2,3-linked
sialic acids was performed as previously described.43 Briefly, 1 μL of
concentrated meat N-glycans was added to 20 μL of ethyl
esterification reagent (0.25 M EDC and 0.25 M HoBt in EtOH)
and incubated at 37 °C for 30 min. After the addition of 4 μL of 28%
NH4OH, an additional incubation was followed for 30 min at 37 °C.
Afterward, 24 μL of ACN was added, and the N-glycans were isolated
by cotton HILIC (hydrophilic interaction liquid chromatography)
solid phase extraction, as previously described.44 In short, a 3−4 mm
long cotton thread was positioned at the bottom of 20 μL tips. The
cotton was conditioned three times with 10 μL of deionized water and
subsequently equilibrated three times with 85% ACN. The sample
was loaded onto the cotton by slowly aspirating and dispensing the
sample with the pipette twenty times, followed by a washing step with
85% aqueous ACN containing 1% TFA and a second washing step
with 85% aqueous ACN. The N-glycans were eluted by aspirating and
dispensing the sample for five times in 10 μL of deionized water.

MALDI-TOF-MS Measurement and Data Processing. For
MALDI analysis, 5 μL of purified N-glycan sample was spotted on an
Anchorchip 384 MALDI plate (Bruker Daltonics, Bremen, Germany)
and overlayed with 1 μL of DHB matrix solution (5 mg/mL with 1
mM NaOH in 50% ACN). Mass spectra were recorded from m/z 900
to 4500 using a rapifleX MALDI-TOF mass spectrometer (Bruker
Daltonics) in positive ion reflectron mode. For every spectrum,
10,000 laser shots were summed and recorded using a random walk
pattern at a repetition rate of 1000 Hz. Per raster spot 500 shots were
used. Mass spectra were processed with flexAnalysis software (Version
3.4 Build 50, Bruker Daltonics) and further analyzed with the
MassyTools glycan processing software,45 which standardized the
calibration of mass spectra and performed quality control calculations
based on a user-defined list of glycans. The following selection criteria
were chosen: <20 ppm mass error, S/N ratio > 9, isotopic pattern
quality (IPQ) score > ±0.2 score. The N-glycan relative abundances
are fractions of the total signal (100%). The workflow for the MALDI-
TOF-MS measurement of beef, mutton, and pork tenderloin N-
glycans analysis is shown in Supporting Information, Figure S1a.

CE-ESI-MS/MS Measurement and Data Processing. The 10
μL sample containing derivatized and purified N-glycans solutions
were dried by centrifugal evaporation. Subsequently, 2 μL of GirP
reagent (50 mM GirP in 90% EtOH and 10% HAc) was added for
labeling (the working principle is shown in the Supporting
Information, Figure S1b). All experiments were performed on a
bare fused capillary cartridge (90 cm long, 30 μm ID, 150 μm OD,
SCIEX Framingham, MA, USA) using a CESI 8000 system (Sciex,
Framingham, MA, USA). Prior to each analysis, the capillary was
rinsed thoroughly with 0.1 M NaOH (2.5 min), 0.1 M HCl (2.5 min),
ultrapure water (4 min), and the background electrolyte (BGE) of
20% HAc (4 min) at 100 psi. The conductive line was rinsed with
BGE for 3 min at 75 psi. Before analysis, all samples were diluted with
the leading electrolyte (ammonium acetate at pH 3.17, final
concentration 400 mM). Injection of the samples was performed
hydrodynamically by applying 25 psi for 24 s (corresponding to 14%
of the total capillary volume ∼88 nL), unless stated otherwise. After
each sample injection, a BGE post plug was injected by applying 0.5
psi for 25 s (0.3% of the capillary volume). For each analysis, a
constant flow was established, by applying 2 psi and 20 kV over the
capillary with a constant temperature of 20 °C.

The CESI 8000 system was coupled to an Impact HD UHR-
QqTOF-MS (Bruker Daltonics) via a sheathless CE-ESI-MS interface
(Sciex) which allowed alignment between the capillary spray tip and
the front of the nanospray shield (Bruker Daltonics). All experiments
with DEN-gas were performed in positive ionization mode with a
capillary voltage of 1200 V. In addition, an in-house made polymer
cone was attached onto the porous tip housing to enable the usage of
the DEN-gas.46 For all analysis, the temperature and flow rate of the
drying gas were set at 150 °C and 1.2 L/min, respectively. To

minimize the in-source decay, the collision cell energy as well as the
quadrupole ion energy were set at 7.0 eV and the pre-pulse storage
was set at 15.0 μs. The theoretical masses highlighted with yellow
color were used for targeted CE-ESI-MS/MS analysis (see the
Supporting Information, Table S1−S3). Depending on the m/z
values, the precursor ions were isolated with a width of 8, 10, 15, or 15
Th at m/z 500, 800, 1300, 1500, respectively. The collision energies
were set as a linear curve in a m/z-dependent manner, ranging from
20 eV at m/z 150 to 70 eV at m/z 3500 for all charge states (1−3),
applying a basic stepping mode with collision energies of 100% (80%
of the time) or 50% (20% of the time). Acquired mass spectra were
processed using the DataAnalysis software package (Version 5.0 Build
203.2.3586, Bruker Daltonics). The workflow for the CE-ESI-MS
measurement of beef, mutton, and pork tenderloin N-glycans analysis
is shown in the Supporting Information, Figure S1a.

In Situ Derivatization and N-Glycan Release. Tissue sections
were transferred to the center part of the ITO glass slides and
conditioned using sequential solvent washes in 100% EtOH (10 × 2
s), 70% EtOH (10 × 2 s), 50% EtOH (10 × 2 s) and deionized water
(10 × 2 s). Afterward, the slides were dried in a vacuum desiccator for
10 min. Linkage-specific sialic acid derivatization as well as the N-
glycan release were carried out as described before.47 Briefly, tissue
slides were incubated in derivatization solution (0.25 M EDC, 0.5 M
HoBt, and 0.25 M dimethylamine in DMSO) at 60 °C for 1 h, and
additional incubation for 2 h at 60 °C was followed after the addition
of 28% NH4OH (the ratio of derivatization solution to 28% ammonia
solution is 1:0.4 (v/v)). The tissue sections were rinsed with 50 mL of
EtOH after derivatization and sequentially washed with EtOH (2 × 2
min) and deionized water (2 × 5 min). Sample slides were dried in a
vacuum desiccator for 10 min before PNGase F solution (0.2 mg/mL
in water) was sprayed homogeneously on a tissue slide using a
SunCollect spraying robot (Sunchrom, Friedrichsdorf, Germany)
applying 10 layers at 10 μL/min with the following settings: 1 mm of
line distance, 30 mm of motor height (Z direction), and 900 mm/min
of motor speeds (X and Y directions). The N-glycans were released at
37 °C for 16 h in a humid environment. After incubation, the slides
were dried in a vacuum desiccator for 10 min, and the MALDI matrix
including a maltoheptaose DP7 internal standard (0.25 μM DP7 in
50% ACN containing 5 mg/mL CHCA) was applied in 6 layers using
the SunCollect spraying robot (layer 1: 10 μL/min, layer 2: 20 μL/
min, layer 3: 30 μL/min, layer 4−6: 40 μL/min) with settings of 2
mm line distance, 25 mm motor height, and 900 mm/min motor
speeds. Using CHCA and this layered matrix application scheme
resulted in smaller crystal growth compared to the DHB matrix and
allowed a higher spatial resolution during MALDI-MSI analysis. The
sprays of PNGase F solution and the MALDI matrix were both
performed under 30 psi of nitrogen pressure.

MALDI-MSI Measurement and Data Analysis. The MALDI-
MSI measurement of N-glycans was performed using a rapifleX
MALDI-TOF/TOF instrument (Bruker Daltonics) in positive ion
reflectron mode. Mass spectra were recorded from m/z 900 to 4500
using 1000 laser shots per pixel with 50 × 50 pixel size (laser setting
“single”). MSI data acquisition was enabled by the flex-software suite
(flexImaging 5.0 Build 80, flexControl 4.0 Build 46). MSI data were
normalized to the total ion count (TIC) using the flexImaging
software package (Version 5.0 Build 80, Bruker Daltonics). The
selected peaks were monoisotopic masses and the mass range was set
to m/z ± 0.01%. The glycan annotation was performed in
GlycoWorkbench (Version 1.1 Build 3480). The workflow scheme
for the MALDI-MSI measurement of the beef, mutton, and pork
tenderloin N-glycans analysis is shown in the Supporting Information,
Figure S2.

■ RESULTS
N-Glycan Analyses of Meats in Homogenous Tissues.

The analysis of protein-linked carbohydrates using MALDI-
TOF-MS can result in ionization biases due to the lability of
sialic acid modifications.47 Therefore, sialic acids were
neutralized and stabilized by chemical derivatization after the

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.2c08067
J. Agric. Food Chem. 2023, 71, 4184−4192

4186

https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.2c08067/suppl_file/jf2c08067_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.2c08067/suppl_file/jf2c08067_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.2c08067/suppl_file/jf2c08067_si_002.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.2c08067/suppl_file/jf2c08067_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.2c08067/suppl_file/jf2c08067_si_001.pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.2c08067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. MALDI-TOF-MS N-glycan profiles obtained from (a) beef, (b) mutton, and (c) pork. The glycan compositions are shown. Error bars
represent the standard deviation (n = 3); the replicated relative abundances of glycan compositions from beef, mutton, and pork are, respectively,
shown in the Supporting Information, Tables S1−S3. The red columns represent N-glycans with the terminal α-Gal motif; the black columns
represent N-glycans without the α-Gal motif. H = hexose, N = N-acetylhexosamine, F = fucose, Am = amidated N-acetylneuraminic acid (α2,3-
linked Neu5Ac), E = ethyl esterified N-acetylneuraminic acid (α2,6-linked Neu5Ac), Ga = amidated N-glycolylneuraminic acid (α2,3-linked
Neu5Gc), and Ge = ethyl esterified N-glycolylneuraminic acid (α2,6-linked Neu5Gc).
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enzymatic N-glycan release by PNGase F and analyzed by
MALDI-TOF-MS and CE-ESI-MS (Supporting Information,
Table S1−S3). Extracted ion electropherograms of several
typical N-glycans from beef, mutton, and pork tenderloin are
shown in the Supporting Information, Figure S3. CE-ESI-
MS(/MS) of N-glycans after GirP labeling was used to further
elucidate glycan compositions from each meat sample
(Supporting Information, Figures S4−S6). The stable cationic
character of this derivatization agent allows an efficient mass
spectrometric analysis of the N-glycans.43,48 In total, 53, 56,
and 55 N-glycans were identified in beef, mutton, and pork,
respectively (Supporting Information, Figures S7−S9 and
Table S1−S3). The identity and abundance of meat N-glycans
based on the obtained MALDI-TOF mass spectra are
summarized in Figure 2. The α-Gal motif was present on
multiple N-glycan structures (a total of 17, 16, and 16 N-glycan
species in beef, mutton, and pork, respectively). Detected N-
glycans were classified into six structural groups: oligomanno-
sidic type, N-glycans with the terminal α-Gal motif (consists of
only terminal α-Gal, both terminal α-Gal and N-acetylneur-
aminic (Neu5Ac) or N-glycolylneuraminic acid (Neu5Gc)),
Neu5Ac or Neu5Gc motif, N-glycans with both terminal
Neu5Ac and Neu5Gc motifs, and neutral complex N-glycans
without α-Gal motif (Figure 3). The relative abundances of the

various N-glycan types were comparable for all meat species,
with average relative abundances of 14.3, 55.4, 18.7, 0.3, 4.6,
and 6.8% in beef, 11.2, 44.8, 35.5, 0, 2.7, and 5.8 in mutton,
and 14, 36.2, 38.6, 0.3, 4.4, and 6.5% in pork (Supporting
Information, Table S4). The highest relative abundance of N-
glycans with terminal α-Gal motif among the three meat
samples was detected in beef, followed by a moderate amount
found in mutton and the lowest relative abundance in pork.
Furthermore, N-glycans with only terminal α-Gal motif
represented a great portion of the total α-Gal-containing N-
glycans, followed by both terminal α-Gal and Neu5Ac,
however, the N-glycans with both terminal α-Gal and
Neu5Gc was only a very low proportion for all meat species.
Although CE-ESI-MS/MS analysis was able to identify the α-
Gal motif based on signature mass fragments, there is a
possibility that in some cases N-glycan isomers (i.e., the
biantennary H5N4 and H5N4F1 species bearing terminal
LacNAc motifs) may co-elute with the α-Gal-containing H5N4

and H5N4F1 and therefore be misattributed to the α-Gal
species. Nevertheless, given that the affected N-glycan species
have a relatively low abundance, attributing them in their
entirety to the group of N-glycans without the α-Gal motif
only slightly reduced the abundance of the rest of N-glycans
with the terminal α-Gal motif to 49.3% (from 55.4%) in beef,
40.1% (from 44.8%) in mutton, and 31.1% (from 36.2%) in
pork, respectively (Supporting Information, Table S4).

Although most N-glycan structures were present among the
meat samples of the three species, quantitative differences for
each structure in the N-glycan profile of each species were
observed (Supporting Information, Figure S10). In order to
achieve a systematic analysis of N-glycans, the datasets were
pooled together and subjected to principal component analysis
(PCA) based on relative abundances of N-glycans from beef,
mutton, and pork acquired by MALDI-TOF-MS. As shown in
the Supporting Information, Figure S11, the obtained dataset
was transformed into two principal components (PC1 and
PC2). PC1 and PC2 explained 48.4 and 43.5% of variance,
respectively. The PCA results can be regarded as reliable by
over 90% of the total variance that can be accounted for the
two principal components. The resulting score plot, based on
the PCA of N-glycan profiles of the meat samples, allowed the
discrimination of the three tested meat species and the meat
sample of each species showed good reproducibility.

Distribution of α-Gal-Containing N-Glycans in Beef,
Mutton, and Pork Tenderloin. Glycosylation analysis
revealed that the majority of N-glycans of the analyzed beef,
mutton, and pork samples contain the α-Gal motif. To further
understand the local distribution as well as the spatial
abundance of these N-glycans in the meat, MSI was performed
on various sections of each species. As shown in Figure 4a, the
maltoheptaose DP7 internal standard was distributed in the
whole meat tissues, mutton tenderloin generally contained the
highest amounts of N-glycans, and the α-Gal-containing N-
glycans were mainly detected at high levels in the perimysial
(fibroconnective) surrounding the muscle fascicles (Figure
4b,c). Similar findings were found in a MALDI-MSI analysis of
N-glycans from pancreas and liver tissues, which also showed
higher levels in the fibrous/fibroconnective tissue compared to
adjacent regions.49 A similar spatial distribution for the
presence of α-Gal-containing N-glycans was reported for
porcine heart muscle tissue by using immunohistochemistry.50

Meat glycoproteins (i.e., collagen, decorin, and fibronectin) are
reported to be present in connective tissues, and N-
glycosylation helps regulate core protein transit, secretion,
and cell adhesion.51−55 Therefore, we hypothesize that these
shared N-glycan structural motifs across the three meat tissues
reflect the glycoproteins carrying them in fibroconnective
tissues.

■ DISCUSSION
The identification of food-derived protein N-glycosylation has
become increasingly important and has been reported to be a
reliable tool in food safety.26,56,57 Food allergy/sensitivity is
one of the most common safety problems, affecting people of
all ages and races from all regions.58 Meat allergies induced by
α-Gal following tick bites have only recently been appreciated
as a world-wide problem.59 In-depth, meat glycomics are still
limited and mainly based on liquid chromatography−mass
spectroscopy (LC−MS) technologies.26,27 Here, we present a
comprehensive overview by analyzing the meat N-glycome
using MALDI-TOF-MS and CE-ESI-MS, as exemplified by the

Figure 3. Comparison of the relative abundance of red meat N-
glycans based on their terminating sugar moiety.
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identification of 53 and 55 N-glycans in beef and pork,
respectively, versus the identified 18 and 17 N-glycans in a
recent study by Chia et al.27 The similar points with the study
by Chia et al. are that we both present a similar level of
Neu5Ac-containing N-glycans in beef and pork and a much
higher level of Neu5Ac-containing N-glycans than Neu5Gc-
containing N-glycans in pork (Supporting Information, Table
S5). Interestingly, while the study by Chia et al. reported on
high relative abundances of α-Gal-containing N-glycans in beef
(35.8%) but not in pork (5.1%), our data point to high levels
of α-Gal-containing N-glycans in both animal species (averages
of 55.4% in beef versus 36.2% in pork, Supporting Information,
Table S5). Of note, our off-tissue MALDI-TOF-MS data are
supported by the MSI data which revealed relative abundances
of α-Gal-containing N-glycans of approximately 50% in beef
and 33% in pork. The possible explanation for the difference
between our study and the report by Chia et al.27 is the use of
various analytical platforms (this study used MALDI-TOF-MS,

whereas the reported data by Chia et al. used LC−MS
analysis27) or/and construction of samples (tenderloin in this
study versus shank cuts in the study by Chia et al.27).

Knowing the distribution of N-glycans in meat species not
only infers different cell biology aspects about N-glycan-related
biosynthesis, vesicular transport, or degradation processes but
also clearly shows where glycosylated proteins are located,
offering the opportunity to further study the effect of
glycosylation on meat proteins. The MALDI-MSI analysis of
the α-Gal motif in the three meat samples presented herein
shows that they are mainly located in the fibroconnective
tissues, giving information about its spatial localization and
providing guidance on which parts of the meat tissue are less
abundant (the actual meat fibers) and which part is highly
abundant in N-glycans (connective tissues). This knowledge
could be used especially for processed meat products, in which
only meat fibers are required as a functional ingredient (i.e., for
certain sausages or canned meat). Separation of the

Figure 4. Visualization of maltoheptaose standard (a), terminal α-Gal modified N-glycans (b), and H6N2 (c). T = total ion count normalization.
For the abbreviations and symbols, refer back to the legend of Figure 2.
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extracellular matrix would make these meat products virtually
α-Gal-free. Some proteins from connective tissues were
reported to undergo N-glycosylation;52,54,55 even though the
role of glycosylation has not been fully elucidated, it is
speculated that glycosylation is related to the directional
arrangement of fibroconnective tissues.53 In addition, although
our study shows similar results to those of other related
studies,34,49 it is worth pointing out that the construction may
differ between fibroconnective tissues and other tissues;
therefore, the release efficiency difference by PNGase F on
fibroconnective tissues and other tissues should be considered.

The herein analysis on the identification and spatial
distribution of α-Gal-containing N-glycans in three meat
samples may promote a deeper understanding on meat
glycosylation and also provide theoretical guidance for
processed meat products. However, the herein analyzed meat
samples for each species were limited to tenderloin cuts;
therefore, the herein presented relative abundance of N-glycans
from other beef, mutton, and pork cuts may vary. Furthermore,
the meat tissues used in this study were only from one cut type
(tenderloin part). As glycosylation varies significantly between
various organs of the same animal, potential differences in the
N-glycan profile of various muscle tissues may also be
possible60 and should be further investigated. The application
of this herein presented methodology to analyze the spatial
organization of N-glycans of various types of animal offal is
part of our current research endeavor.
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GirP, 1-(hydrazinocarbonylmethyl)pyridinium chloride; ITO,
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chromatography; IPQ, isotopic pattern quality; BGE, back-
ground electrolyte
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